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Abstract 

Synaptic transmission involves protein-protein interactions underlying presynaptic transmitter 

release and postsynaptic signal reception and propagation. Recently, interaction proteomics 

technology enabled us to elucidate the constituents of synaptic protein complexes, and to detect 

both known and novel interactors without bias. The pre-synaptic protein network dynamically 

regulates synaptic vesicle trafficking, fusion and replenishment. In this study we performed 

large-scale immunoprecipitation followed by mass spectrometry identification to characterize the 

pre-synaptic protein interactome. Our analysis confirmed most previously reported protein-protein 

interactions, and detected novel interacting proteins and new functional groups. Based on these 

data, a preliminary protein network model of synaptic vesicle recycling is proposed. 
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Introduction 

A typical synapse, consisting of a pre- and postsynaptic element, contains thousands of proteins 

that together orchestrate synaptic signal transmission and the modulation thereof. Synaptic 

transmission is initiated at pre-synaptic terminals by synaptic vesicles (SVs), that dock and fuse with 

the plasma membrane, and subsequently release neurotransmitter into the synaptic cleft. The 

released transmitter binds to receptors in the post-synapse, and initiates postsynaptic signaling. SV 

proteins, that after fusion become part of the presynaptic membrane, are then retrieved in vesicles 

to the pre-synapse cytosol, and are reloaded with transmitters for a next round of release.  

The presynaptic cycle of exocytosis and endocytosis of SVs involves highly coordinated 

intermolecular interactions of proteins in the pre-synaptic active zone (Chua et al., 2010). Most 

current models posit that SVs are tethered to the presynaptic membrane through interaction of SV 

proteins in a large protein complex at the target membrane which in turn is linked to  

post-synaptic protein complexes via transsynaptic signaling molecules such as Neurexin (NRXN) 

(Südhof, 2012; Olsen et al., 2006). In addition, many proteins account for the fact that SVs recycle in 

the presynaptic terminal, such as Syntaxin binding protein 1 (STXBP1, Munc18), Unc13, RIM, CAPS, 

Rabphilin (RPH), Complexin, Synatotagmin (SYT), scaffold proteins Bassoon and Piccolo (Südhof, 

2004; Verhage and Sørensen, 2008; Mukherjee et al., 2010). The SV fusion with the plasma 

membrane requires interaction of t- and v-SNARE proteins including Synaptosomal-associated 

protein 25 (SNAP25), Vesicle-associated membrane protein 2 (VAMP2) and Syntaxin 1 (STX1), and is 

modulated by several associated proteins, such as SYT 1, Complexin (CPLX) and Munc18-1 / STXBP1 

(Rizo and Rosenmund, 2008; Südhof and Rizo, 2011). After exocytosis, SV membranes are retrieved 

from the plasma membrane, and packaged with neurotransmitters in the pre-synaptic terminal. 

Clathrin-mediated endocytosis is proposed to be the major pathway for compensatory endocytosis, 

which involves the formation of a putative nucleation module FCHO complex, adaptor 

protein-dependent cargo selection, subsequent coat building, Dynamin-mediated scission and 

finally Auxilin- and HSC70-dependent uncoating (McMahon and Boucrot, 2011; Dittman and Ryan, 

2009). In response to a stimulus, active zone proteins mediate short- and long-term presynaptic 

plasticity through dynamic molecular network changes that govern neurotransmitter release and 

signal transduction cascades (Südhof, 2012; García-Junco-Clemente et al., 2005). 

In the past a few years, the studies of synapse proteomes have revealed more than two thousand 

proteins enriched in the purified synaptic fractions (Filiou et al., 2010; Trinidad etal., 2008; 

Morciano et al., 2009), of which many protein’s roles in neurotransmission are still unknown, 

indicating the involvement of additional proteins in synapse functions on top of those we currently 

know. Whether and how these proteins affect synapse function and plasticity are largely unclear. A 

first step to gain insight into this is to elucidate protein interactions in the synapse, with the 

rationale that novel proteins can be interpreted more easily in terms of potential function when 

they are added to a network of proteins of known function. In the present study we followed a 

large-scale interaction proteomics approach to characterize the global pre-synaptic protein 

interactome. We selected 50 proteins with well-known function as the primary baits, covering 

active zone assembly, SV exocytosis and endocytosis. Using immunoprecipitation and subsequent 

mass spectrometric analysis (IP-MS), we identified a number of novel protein interactors that are 
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positioned in distinct groups of proteins known to be involved in diverse synaptic processes; 56 of 

these proteins were selected as secondary baits for reverse immunoprecipitation to validate 

interactions and to further expand on the screening scale. From these data we constructed a first 

draft of the pre-synaptic protein interactome that may give insights into the organization of 

pre-synaptic molecular processes. 
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Material and Methods 

Synaptosome and microsome enrichment 

8-12 week old C57Bl6 mice were sacrificed by cervical dislocation, and the brains were immediately 

removed. Hippocampi were dissected on ice and stored at -80 °C for further use (Spijker, 2011). 

Frozen hippocampi were homogenized in ice-cold isotonic buffer (320 mM sucrose, 5 mM HEPES 

(pH 7.4) and a protease inhibitor mixture (Roche Applied Science)) with a potter and piston (potter 

S from Braun) at 900 rpm for twelve strokes, and then centrifuged at 1,000 × g to remove the cell 

nucleus and cell debris. The supernatant was centrifuged at 100,000 × g for two hours to obtain a 

pellet enriched in synaptosomes and microsomes (Pellet 2 + microsome, P2 + M). The pellet was 

resuspended in an ice-cold buffer containing 150 mM NaCl, 50 mM HEPES pH 7.4 and protease 

inhibitor. Protein concentration was determined by Bradford assay and adjusted to 10 µg/µl. 

 

Affinity purification of protein complexes by immunoprecipitation (IP) 

Antibodies were purchased, custom made by companies, or kindly provided by researchers (listed in 

Table 1).  The P2 + M fraction was mixed with an equal volume of 2% Triton X-100 extraction 

buffer (2% Triton X-100, 150 mM NaCl, 50 mM HEPES pH 7.4 and protease inhibitor), and incubated 

on a rotator at 4 °C for 1 h. After centrifugation at 20,000 × g for 20 min, the pellet was re-extracted 

with 1% Triton X-100 extraction buffer (1% Triton X-100, 150 mM NaCl; 50 mM HEPES pH 7.4 and 

protease inhibitor). The supernatants from both extractions were pooled, centrifuged at 20,000 × g 

for 20min, and served as IP input. The extracts were incubated with primary antibodies against bait 

proteins on the rotator at 4 °C overnight. Typically 5 mg P2 + M and 10 µg antibody was used for 

each IP experiment. After overnight incubation, 50 µl slurry of Protein A/G PLUS-Agarose beads 

(Santa Cruz) were added for each IP, and incubated on the rotator at 4 °C for one hour. To 

distinguish background proteins we performed (1) mock IPs with empty beads, where the extracts 

without antibody was incubated with the beads; (2) peptide antigen blocking in which 10 µg 

antibody was pre-incubated with 30 µg peptide antigen on ice for 20 min before it was added to the 

extracts (Li et al., 2012) (the peptide antigens specifically bind to the antibody recognition site 

during the pre-incubation and block the antibody-bait protein interaction during the IP procedure 

due to the large excess of the peptide antigens). The beads were spun down at 1000 × g for 1 min 

and washed four times in an ice-cold buffer containing 0.1% Triton X-100 extraction buffer. The 

bound protein complexes were eluted off from beads with SDS loading buffer.  

 

SDS-PAGE and in-gel digestion 

For a typical IP-MS experiment, the beads with bound protein complexes were mixed with 14 µl 2x 

SDS-PAGE loading 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. Proteins were then resolved 

on a 10% SDS polyacrylamide gel, fixed overnight and stained with Coomassie Blue for 30 min. Each 

sample lane was cut into five slices for in-gel digestion (Chen et al., 2001). The gel slice was chopped 

into small pieces using a scalpel, destained with 50% acetonitrile in 50 mM ammonium bicarbonate, 
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dehydrated in 100% acetonitrile, and rehydrated in 50 mM ammonium bicarbonate. The destaining 

cycle was repeated once. After dehydration in 100% acetonitrile and drying 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. The extracted 

peptides were then dried in a speedvac and stored at -20 °C. 

 

LC-MS-MS characterization of the tryptic peptides 

Peptides were re-dissolved in 20 μL 0.1% acetic acid, and analyzed by the LTQ-Orbitrap mass 

spectrometer (Thermo Electron, San Jose, CA, USA) equipped with an HPLC system (Eksigent). 

Samples were 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 

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

from 5 to 40% solvent B in 40 min at a flow rate of 400 nL/min. The eluted peptides were 

electro-sprayed into the LTQ-Orbitrap discovery. The mass spectrometer was operated in a 

data-dependent mode, in which one MS full scan (m/z range from 330 to 2000) was followed by 

MS-MS scans on the five most abundant ions. The exclusion window was set to 25 sec. 

The mass spectrometric data was searched against the Uniprot proteomics database (version 

2013-01-06) with the MaxQuant software (version 1.3.0.5) to obtain peptides and proteins 

identified in each experiment, as well as their label-free abundance. The search parameters were: 

MS accuracy 6 ppm, MS-MS accuracy 0.5 Da, fixed modification of cysteine alkyation with 

acrylamide, variable modification of methionine oxidation and protein N-terminal acetylation, 

digestion with trypsin, protein hits containing at least one unique peptide, and false discovery rates 

of both peptides and proteins within 0.01. The protein intensity is defined as the sum of all its 

assigned peptide intensities. 

 

Removal of false interactions and network analysis 

The protein intensities for each IP experiment were combined in a matrix table and were 

log-transformed before analysis. False positives were removed from the bait-prey matrix by 

comparing the abundance of proteins identified in each IP against their abundance in the matching 

empty bead and peptide blocking controls, in which the true positive bait-prey interactions should 

be >10-fold enriched in the IPs. Same-complex relations between pairs of proteins were inferred by 

their co-occurrence over all columns in the cleaned up bait-prey matrix. Finally, we clustered the 

resulting PPI graph using Modularity (Newman, 2006) and visualized the results using Gephi (Bastian 

et al., 2009). To illustrate the functional network in detail, we manually interpreted the data and 

focused on (1) presynaptic component interactome of transsynaptic signaling, (2) the SNARE 

interactome, and (3) global endocytic interactome. The protein interactomes were constructed with 

the Ingenuity Pathway Analysis (IPA) software, based on the reported protein interactions. 
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Protein extraction test with different detergents 

Here, we tested four detergents for synaptic complex extraction, namely Triton X-100, 

n-Dodecyl-β-D-maltoside (DDM), Complexiolyte 91 (LOGOPHARM GmbH) and sodium deoxycholate 

(DOC). The pellet 2 fraction was isolated from hippocampus as described previously (Klemmer, et al., 

2009), and the protein complexes were extracted in a buffer containing 1% detergent, 150 mM NaCl, 

50 mM HEPES pH 7.4 and protease inhibitor, on a rotator at 4 °C for 1 h. After centrifugation at 

20,000 × g for 20 min, the pellet was re-extracted with 1% detergent extraction buffer. The 

supernatants from double extraction were pulled and served as the soluble fraction. The pellet was 

suspended in an ice-cold buffer containing 150 mM NaCl, 50 mM HEPES pH 7.4 and protease 

inhibitor, and adjusted to the same volume as the soluble fraction. To determine detergent 

extraction efficiency, soluble and insoluble fractions from the same amount of P2 sample were 

resolved on SDS-PAGE gels and examined by immunoblotting. 

 

Two-dimensional BN-SDS-PAGE 

To estimate the masses of the protein complexes and to gain a first impression of multiple 

complexes for the selected bait proteins, we combined blue-native gel electrophoresis (BN-PAGE) 

with SDS-PAGE as a two-dimensional approach. The Triton X-100 soluble fraction from hippocampal 

P2+M was centrifuged at 100,000 x g for 20 min, and then mixed with 8 x BN-PAGE loading buffer 

(200 mM BisTris, 80% Glycerol, 0.008% Ponceau S, (pH 7.4)) and Coomassie G-250 additive. After 

centrifugation at 20,000 x g for 20 min, the protein complexes were separated on BN-PAGE on ice 

as the first dimension, run at 150 V for 60 min, then at constant 250 V. Single lanes containing the 

separated complexes were cut out with a sharp blade, equilibrated with 3% SDS, 0.15 M 

dithiothreitol in 50 mM Tris (pH 7.4) for 1 h to denature proteins, and then placed at the top of 

SDS-PAGE gel for the separation in the second dimension. The remaining space between the 

stacking gel and BN-PAGE gel lane was filled with molten 0.5% agarose in SDS-PAGE running buffer. 

The second dimension run was started at 40 V for 30 min, and increased to 100 V until the end. 

 

Immunoblotting 

After electrophoresis, the proteins were transferred to PVDF membranes (Bio-rad) at 40 V at 4°C 

overnight. The membranes were blocked 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, 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 a 

scanner (LICOR). 
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Results and discussion 

Global pre-synaptic interaction proteomics workflow  

To systematically characterize the presynaptic protein network, we established a standard workflow 

for large-scale immunoprecipitation – mass spectrometry (IP-MS) screening (Fig. 1). 

 

 

Figure 1. Overall schematic of the workflow used for global IP-MS screening of the presynaptic protein 

interactome. The workflow included testing of the specificity of the antibodies using immunoblotting. To 

determine which detergent was suitable for pre-synaptic protein complex extraction, the protein extraction 

efficiency was tested for several marker proteins. For all analyses mouse hippocampus were used. In 

particular, synaptosome and microsome enriched fraction, P2+M, were isolated from hippocampal extracts by 

centrifugation, and the detergent-solubilized fraction served as input for the IPs. The co-immunoprecipitated 

proteins were separated by SDS-PAGE, and then characterized by LC-MS-MS. After optimization, replicates of 

IP – SDS-PAGE – LC-MS-MS were performed to estimate the sample variation. Multiple novel interacting 

candidates were selected as baits and went through the workflow. Finnally, all these data were combined for 

data analysis to illustrate the presynaptic protein interactome. 

 

Antibody testing 

Antibodies were selected for proteins known to play a prominent role in presynaptic function (for 

overview, see Chua et al., 2010). The antibodies directed to pre-synaptic proteins that were used 

for this large-scale screening are given in Table 1. 



 

 
 

Table 1. Pre-synaptic IP-MS screening protein targets (primary baits) and antibodies.  

Bait (Gene Name) Antibody source 
Polyclonal / 
Monoclonal 

Host 
species 

IB  
test 

# IP 
replication 

# Peptide 
blocking 

replication 

ADAM22 Neuromab (Cat.No.75-083, N46/30) Monoclonal Mouse ++ 3 
 

ADD1 Genscript (Cat.No.A00925) Polyclonal Rabbit 
 

2 
 

AHNAK Santa Cruz (Cat.No.sc-98373) Polyclonal Rabbit 
 

1 
 

AMPH Custom made by Genscript (aginst peptide CADIKTGIFAKNVQK) Polyclonal Rabbit +/- 5 2 

AP2A2 Custom made by Genscript (against peptide CKRERSIDVNGGPEP) Polyclonal Rabbit + 4 2 

AP2A2 Epitomics (Cat.No.3154) Monoclonal Rabbit 
 

1 
 

APBA1 
Gift (homemade against N-termini half of rabbit APBA1) from Dr. Südhof, Stanford University 
School of Medicine, USA 

Polyclonal Rabbit +/- 2 
 

APBA1-APBA2 
Gift (homemade against the PDZ A and B of APBA1) from Dr. Südhof, Stanford University 
School of Medicine, USA 

Polyclonal Rabbit +/- 3 
 

ARHGEF7 Cell Signaling Technology (Cat.No.4515) Polyclonal Rabbit +/- 2 
 

ATP6V1A Genscript (Cat.No.A00938) Polyclonal Rabbit + 5 2 

ATP6V1B Genscript (Cat.No.A00960) Polyclonal Rabbit 
 

2 
 

BSN Enzo Life Sciences (Cat.No.SAP7F407) Monoclonal Mouse 
 

1 
 

CADPS Custom made by Genscript (aginst peptide CGGGLQGISMKDSDE) Polyclonal Rabbit + 4 1 

CASK Neuromab (Cat.No.75-000, K56A/50) Monoclonal Mouse + 3 
 

CASKIN1 Custom made by Genscript (aginst peptide CGQGPRPSSIEEKST) Polyclonal Rabbit 
 

4 2 

CASKIN1 Custom made by Genscript (aginst peptide PRPGKAKLLGSTKKC) Polyclonal Rabbit +/- 5 2 

CNNM1 Custom made by Genscript (aginst peptide CTKAPTTRGTPQTPK) Polyclonal Rabbit +/- 5 2 

CNTNAP1 Neuromab (Cat.No.75-001, K65/35) Monoclonal Mouse ++ 3 
 

CNTNAP2 Genscript (Cat.No.A01426) Polyclonal Rabbit + 8 3 

CPLX1-CPLX2 Custom made by Genscript (aginst peptide GGDEEKDPDAAKKEC) Polyclonal Rabbit + 2 1 

CSNK2A Epitomics (Cat.No.2079) Monoclonal Rabbit 
 

1 
 

CSNK2B Epitomics (Cat.No.2072) Monoclonal Rabbit 
 

3 
 

CTNNA1 GenScript (Cat.No.A00931) Polyclonal Rabbit 
 

1 
 

CTNNA2 DSHB (Cat.No.NCAT2) Monoclonal Rat 
 

1 
 

CTNNB1 DSHB (Cat.No. PY654-B-catenin) Monoclonal Mouse 
 

4 
 

CTNND1 Custom made by Genscript (aginst peptide CRDQDNKIAIKNCDGCTNNDI) Polyclonal Rabbit 
 

1 
 

CYFIP1 
Gift from Dr. Bagni, VIB Center for the Biology of Disease, K.U. Leuven Center for Human 
Genetics, Belgium. 

Polyclonal Rabbit 
 

1 
 



 

 
 

Bait (Gene Name) Antibody source 
Polyclonal / 
Monoclonal 

Host 
species 

IB  
test 

# IP 
replication 

# Peptide 
blocking 

replication 

DMXL2 Custom made by Genscript (aginst peptide CHEDGEREGSPRTHP) Polyclonal Rabbit +/- 2 2 

DMXL2 Custom made by Genscript (aginst peptide CISEDSTKKPQSYED) Polyclonal Rabbit + 6 3 

DNAJC5 Custom made by Genscript (aginst peptide ADQRQRSLSTSGEsC) Polyclonal Rabbit + 5 2 

DNM1 Epitomics (Cat.No.1851) Monoclonal Rabbit + 1 
 

DNM1 Genscript (Cat.No.A00808) Monoclonal Mouse ++ 3 
 

DPYSL2 Custom made by Genscript (aginst peptide CSSAKTSPAKQQAPP) Polyclonal Rabbit 
 

2 1 

DPYSL5 Custom made by Genscript (aginst peptide CLVQREKTLKVRGVD) Polyclonal Rabbit 
 

2 1 

EPN1 Epitomics (Cat.No.2543) Monoclonal Rabbit - 3 
 

EPS15L1 Epitomics (Cat.No.2388) Monoclonal Rabbit 
 

3 
 

GIT1 Neuromab (Cat.No.75-094, N39B/8) Monoclonal Mouse ++ 3 
 

GRIK2 Santa Cruz (Cat.No. sc-7618) Polyclonal Goat 
 

1 
 

HCN1 Neuromab (Cat.No.75-110, N70/28) Monoclonal Mouse 
 

2 
 

ITSN1 Custom made by Genscript (aginst peptide CQQEEQPRPRKPHEE) Polyclonal Rabbit +/- 7 2 

ITSN1 
Gift (human ITSN1 EH(AA1-440)) from Dr. Shupliakov, Karolinska Institutet, Stockholm, 
Sweden 

Polyclonal Rabbit 
 

1 
 

ITSN1 
Gift (mouse ITSN1 SH3A-C(mAC)) from Dr. Shupliakov, Karolinska Institutet, Stockholm, 
Sweden 

Polyclonal Rabbit 
 

1 
 

KCNA1 Neuromab (Cat.No.75-007, K20/78) Monoclonal Mouse - 1 
 

KCNA1 Neuromab (Cat.No.75-105, L36/12) Monoclonal Mouse 
 

2 2 

KCNA2 Neuromab (Cat.No.75-008, K14/16) Monoclonal Mouse - 1 
 

KNCAB2 Neuromab (Cat.No.75-021, K17/70) Monoclonal Mouse ++ 1 
 

LIN7A SYSY (Cat.No.184003) Polyclonal Rabbit 
 

1 
 

LIN7B Custom made by Genscript (aginst peptide CRQQHHSYTSLESRG) Polyclonal Rabbit + 6 3 

LRFN2 Custom made by Genscript (aginst peptide CRTPAGRGAGTSSRG) Polyclonal Rabbit +/- 2 
 

LRFN2 Custom made by Genscript (aginst peptide CSNSTSRMAPPKSRL) Polyclonal Rabbit +/- 3 
 

LRFN4 Custom made by Genscript (aginst peptide CTSAEGGRPGPSDIA) Polyclonal Rabbit 
 

2 
 

LRFN5 Neuromab (Cat.No.75-192, N140A/12) Monoclonal Mouse - 3 
 

LRP1 Epitomics (Cat.No.2703) Monoclonal Rabbit +/- 1 
 

MCF2L Custom made by Genscript (aginst peptide CSEPRQGRTSSTGEE) Polyclonal Rabbit - 2 
 

MPP2 Custom made by Genscript (aginst peptide CKAFVKRDLELTPTS) Polyclonal Rabbit +/- 4 1 

MPP2 Sigma-Aldrich (SAB1400169) Polyclonal Mouse ++ 2 
 



 

 
 

Bait (Gene Name) Antibody source 
Polyclonal / 
Monoclonal 

Host 
species 

IB  
test 

# IP 
replication 

# Peptide 
blocking 

replication 

MRCKA Santa Cruz (Cat.No.sc-15295) Polyclonal Goat +/- 1 1 

NAPA-NAPB SYSY (Cat.No.112111) Monoclonal Mouse 
 

2 
 

NBEA Homemade (against a fragment containing the mouse NBEA AA 953-1318) Polyclonal Rabbit + 2 
 

NECAB2 Custom made by Genscript (aginst peptide CEEEWKRHLQSPVCK) Polyclonal Rabbit +/- 2 
 

NECAB2 Custom made by Genscript (aginst peptide CKPSHAVNESRYGG) Polyclonal Rabbit 
 

2 
 

NOS1 Epitomics (Cat.No.2081) Monoclonal Rabbit + 3 
 

NOS1AP Custom made by Genscript (aginst peptide MPSKTKYNLVDDGHC) Polyclonal Rabbit + 3 1 

NSF Custom made by Genscript (aginst peptide CALMREEGASP LDFD) Polyclonal Rabbit + 4 1 

NUMBL Custom made by Genscript (aginst peptide SRSAAASGGPRRPDC) Polyclonal Rabbit - 3 2 

PAK1 Genscript (Cat.No.A00651) Polyclonal Rabbit 
 

2 
 

PCLO Gift from Dr. Gundelfinger, Leibniz Institute for Neurobiology, Magdeburg, Germany Polyclonal 
Guinea 

pig  
1 

 

PCLO SYSY (Cat.No.142002) Polyclonal Rabbit 
 

1 
 

PPFIA1 Santa Cruz (Cat.No.sc-271373) Monoclonal Mouse + 3 
 

PPFIA2 Custom made by Genscript (aginst peptide CRRGSTWRRQFPPRE) Polyclonal Rabbit +/- 4 1 

PPFIA3 Custom made by Genscript (aginst peptide CREKDLRGVTPDSAE) Polyclonal Rabbit - 5 1 

PPP2CA Custom made by SKD Biotech (aginst peptide CGEPHVTRRTPDYFL) Polyclonal Rabbit ++ 2 
 

RAB3A 
Gift (homemade against a peptide from the N-terminus of rab3A (antibody T957)) from Dr. 
Südhof, Stanford University School of Medicine, USA 

Polyclonal Rabbit +/- 3 
 

RALBP1 Epitomics (Cat.No.5245) Monoclonal Rabbit +/- 1 
 

RIMS1 
Gift (homemade, pGEX-RIM-52, N-terminal Zn

2+
 finger domain: EcoRI fragment from 

pPreyRim-52 into pGEX-KG) from Dr. Südhof, Stanford University School of Medicine, USA 
Polyclonal Rabbit + 1 

 

RPH3A 
Gift (homemade against N-terminal Zn

2+
 finger domain of recombinant rabphilin) from Dr. 

Südhof, Stanford University School of Medicine, USA 
Polyclonal Rabbit + 2 

 

SBF1 Custom made by Genscript (aginst peptide CWEHRGQPPPEDQED) Polyclonal Rabbit + 3 
 

SCRIB Custom made by Genscript (aginst peptide CSSRRSVRPGRRGL) Polyclonal Rabbit - 4 1 

SH3GLB2 Santa Cruz (Cat.No.sc-50569) Polyclonal Goat +/- 4 
 

SLC17A8 Neuromab (Cat.No.75-073, N34/34) Monoclonal Mouse +/- 1 
 

SNAP25 Epitomics (Cat.No.3132) Monoclonal Rabbit + 2 
 

SNAP25 Epitomics (Cat.No.3173) Monoclonal Rabbit + 1 
 

SNAP25 Genscript (Cat.No.A01445) Polyclonal Rabbit + 3 
 

SNAP91 Custom made by Genscript (aginst peptide CQHLNTLEGKKPGNNEGSGAPS) Polyclonal Rabbit +/- 3 
 



 

 
 

Bait (Gene Name) Antibody source 
Polyclonal / 
Monoclonal 

Host 
species 

IB  
test 

# IP 
replication 

# Peptide 
blocking 

replication 

STRN Santa Cruz (sc-136084) Monoclonal Mouse +/- 2 
 

STX1A Custom made by Genscript (aginst peptide CNPAIFASGIIMDSS) Polyclonal Rabbit + 4 1 

STXBP1 Homemade (against last 20 amino acids of STXBP1 C-termini) Polyclonal Rabbit + 4 1 

STXBP1 Epitomics (Cat.No.3630) Monoclonal Rabbit + 1 
 

STXBP5 Custom made by SYSY (against mouse STXBP5 AA 651-741) polyclonal Rabbit 
 

2 
 

STXBP5L Custom made by SYSY (against mouse STXBP5L AA 828-983) polyclonal Rabbit 
 

1 
 

SV2A DSHB (Cat.No.SV2) Monoclonal Mouse 
 

1 
 

SYN1-SYN2-SYN3 Genscript (Cat.No.A00531) Polyclonal Rabbit + 6 2 

SYN2 Epitomics (Cat.No.2564) Monoclonal Rabbit + 1 
 

SYNJ1 Custom made by Genscript (aginst peptide CLPSDSSPQLQQEQP) Polyclonal Rabbit +/- 4 1 

SYP Epitomics (Cat.No.1485) Monoclonal Rabbit + 1 
 

SYP Epitomics (Cat.No.1870) Monoclonal Rabbit ++ 1 
 

SYP Genscript (Cat.No.A01307) Polyclonal Rabbit + 1 
 

SYP Santa Cruz (Cat.No.sc-9116) Polyclonal Rabbit + 3 
 

SYT1 DSHB (Cat.No.mAb 30 (asv 30)) Monoclonal Mouse ++ 3 
 

SYT1 DSHB (Cat.No.mAb 48 (asv 48)) Monoclonal Mouse ++ 3 
 

TSC2 Epitomics (Cat.No.1613) Monoclonal Rabbit + 1 
 

VAMP2 Custom made by Genscript (aginst peptide CATAATVPPAAPAGE) Polyclonal Rabbit + 4 1 

VCP Custom made by Genscript (aginst peptide CRFARRSVSDNDIRK) Polyclonal Rabbit +/- 4 1 

VCP Epitomics (Cat.No.3339) Monoclonal Rabbit + 1 
 

VTI1A Custom made by SYSY (against recombinant mouse VTI1A (AA 2 - 185)) Polyclonal 
Guinea 

Pig 
+ 2 

 

VTI1B Custom made by SYSY (against recombinant rat VTI1B (AA 1 - 206)) Polyclonal 
Guinea 

Pig 
+ 2 

 

WASF1 Neuromab (Cat.No.75-048, K91/36) Monoclonal Mouse ++ 2 
 

ZER1 Custom made by SYSY (against peptide SNFREENMDTSR) Polyclonal Rabbit 
 

2 
 

“++”, the antibody recognizes the protein band at predicted MW of the target protein in immunoblotting (IB) test; “+”, the antibody recognizes multiple protein bands and 

the band at predicted MW of target protein is stronger than others; “+/-”, the antibody recognizes multiple protein bands, and the band at predicted MW of target protein 

is similar or weaker than other bands; “-”, the antibody does not recognize any protein bands or the bands are not at predicted MW of target protein. 
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We first tested the immunoreactivity of antibodies by immunoblotting on the hippocampus P2+M 

fraction. Because the amount of some of the antibodies was only enough for IP experiments they 

were not all tested (Table 1). Immunoblotting typically resulted in detecting proteins of interest, 

however, in many instances other protein species were detected that, based on molecular weight, 

were different from the target protein. Given the diversity in outcome, the quality of the antibodies 

was scored (see legend Table 1). Typical results of antibodies with different scores are shown in Fig. 

2. Unspecific binding or cross-reactivity of the antibodies may not only affect immunoblotting 

interpretation, but also directly influences the outcome of IP-MS screening. Absence of 

immunoreactivity would not be a good argument for not using the antibody in IP, since some 

antibodies may only react in the context of the folded, native protein, leaving the possibility that 

they would bind to the baits during IPs, however, not recognize the linear sequence from denatured 

proteins in immunoblotting. Therefore we decided to also test these antibodies in our IP-MS 

screening. Taken together, 136 antibodies were selected for IP experiments, of which we tested 77 

by immunoblotting and 68 of them recognized a protein band at the predicted MW of target 

protein (summarized in Table 1). 

 

Figure 2. Typical example of 

Immunoblotting test of antibodies 

used for the large-scale IPs. The 

examples given are according to 

the rating (++, +, +/-, and –), as 

described in the legend of Table 1. 

Red arrows indicate the protein 

bands of baits suggested by the 

product data sheet or at the 

predicated molecular weight from 

the datasheet of commercial 

antibodies or in the SwissProt 

database.  

 

Extraction efficiency analysis 

For immuno-purification of protein complexes the lysis of the tissue should be relatively mild so as 

to keep the protein interactions intact, whilst harsh enough to efficiently solubilize proteins from 

the tissue or cells. As such, the extraction buffer needs to be chosen as a balance between favoring 

protein complex integrity and protein extraction efficiency.  

Here, we tested four detergents for synaptic protein extraction, including Triton X-100, 

n-Dodecyl-β-D-maltoside (DDM), Complexiolyte 91 and sodium deoxycholate (DOC). Triton X-100 is 

a mild non-ionic detergent commonly used for protein complex extraction; DDM is increasingly 

used to solubilize membrane protein with retention of functional properties; Complexiolyte 91 

(LOGOPHARM GmbH) is a commercial solubilisation buffer, which has been used previously for 

AMPAR complex extraction (Schwenk et al., 2009); and the anionic detergent DOC is much more 
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stringent and has been used for protein complex extraction from the post-synaptic density (PSD) 

(Fernández et al., 2009). Proteins from the P2 fraction were extracted with these detergents and 

checked for the amount of soluble and insoluble proteins by immunoblotting (Fig. 3A). The majority 

of the pre-synaptic proteins solubilized easily in all these buffers. A major exception is PCLO, which 

probably forms multimers of extremely high MW and is not readily extracted by detergents. CASK, 

which is known to be localized in both pre- and post-synapse, was partially solubilized in Triton 

X-100. Given that proteins localized in the PSD generally require harsh extraction conditions for 

solubilization, we detected considerably more PSD proteins (e.g., DLG4 and GRIN2B) with the 

stronger ionic detergent DOC than the other three milder detergents. Because Triton X-100 mildly 

solubilized the pre-synapse but not the PSD fraction, and most IP procedures of pre-synaptic 

proteins reported previously (Abul-Husn et al., 2009; Lazzell et al., 2004; Li and Smit, 2007) have 

used 1% Triton X-100 in salt solution at physiological concentration, we choose 1% Triton X-100 in 

150 mM NaCl, 50 mM HEPES (pH 7.4), as extraction buffer for pre-synaptic IP-MS screening. 

 

 

Figure 3. Protein extraction efficiency test of detergents Triton X-100, DDM, Complexiolyte buffer 91 and DOC. 

Soluble and insoluble fractions of the equal amount of P2 were separated on SDS-PAGE (A), and the 

extraction efficiency of bait proteins were checked by immunoblotting (B). Vesicle-associated membrane 

protein 2 (VAMP2), Syntaxin 1A (STX1A), SNAP25 are SNARE proteins for vesicle fusion in both pre- and post- 

synaptic terminals; Syntaxin-binding protein 1 (STXBP1), Complexin 1 (CPLX1), Complexin 2 (CPLX2), 

Synaptotagmin 1 (SYT1) are associated with SNARE proteins in the pre-synaptic terminal; Synaptophysin (SYP), 

Synaptic vesicle protein 2A (SV2A), SYT1 and Rabphilin 3A (RPH3A) are SV or SV associated proteins; Piccolo 

(PCLO) is a large scaffolding protein involved in the organization of synaptic active zones; CASK and Dynamin1 

(DNM1) are known to be localized in both pre- and post- synaptic terminals; AMPA receptor subunits 1 and 2 

(GRIA1 and GRIA2) and NMDA receptor 2B (GRIN2B) are subunits of glutamate-gated ion channels on the 

post-synaptic membrane; Disks large homolog 4 (DLG4 / PSD95) is a scaffolding protein of the post-synaptic 

density. TX: Triton X-100; C91: Complexiolyte buffer 91 is a commercial extraction buffer from LOGOPHARM 

GmbH. 

 

Antibody – specificity, bead and peptide-antigen blocking controls to distinguish false 
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positives 

 

 

Figure 4. Overview of the IP-MS procedure for global pre-synaptic protein interactome screening including 

controls. A. The workflow of pre-synaptic IP-MS experiments. Large-scale IPs, together with the beads and 

available peptide antigen blocking controls, were combined with quantitative MS to characterize the 

composition of target protein complexes. B. The peptide blocking control and the beads control were used to 

exclude non-specific binding proteins from antibodies and beads. As typical examples, the beads control, 

peptide blocking controls and IPs of CASKIN1 and DMXL2 were separated on SDS-PAGE gels and stained with 

colloidal coomassie. The arrows indicate the bands of target proteins. In the beads control, only a small 

amount of proteins can be detected. The majority of the protein bands from peptide blocking controls are 

similar to the IP, except the bait proteins and a few others. Red arrows, indicate the apparent MW of the 

target protein. 

 

A large-scale IP-MS screening of pre-synaptic proteins was performed following a standard 

procedure with the aim to keep the consistency and quality of the whole dataset (overview in Fig. 

4A). To be able to distinguish unspecific binding of proteins to beads or antibodies, we took both 

empty beads and peptide antigen-blocked antibodies as negative controls. Pre-saturation of the 

bait-directed antibody, with the peptide initially used to raise that antibody, disables the specific 

binding of bait proteins to the antibodies, whereas the unspecific binding proteins is not affected (Li 

et al., 2012). Typically, the target protein bands were significantly decreased or even disappeared in 

the controls with peptide-blocked antibodies, whereas the majority of the other proteins 

recognized non-specifically kept similar intensity (Fig. 4B). As such, beads and antibody non-specific 

binding proteins were identified through the quantitative MS comparison of the IP samples and 

controls. Peptide blocking controls were used for 31 IPs for which the peptide antigen was available 

for the antibody. Considering that peptide antigens might have similar sequences with other 

proteins besides the baits, the cross-reactivity proteins cannot be distinguished by the peptide 

blocking controls.  

 

Use of multiple antibodies to gain IP quality 
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In principle, the detection of the specificity of protein interactions will be improved using different 

antibodies for the same bait protein. We explored this strategy with a bait protein, SNAP25, by 

IP-MS experiments with three different antibodies (Ab1: three IP replicates; Ab2: two IP replicates; 

Ab3: one IP; empty beads control: six replicates). In total, 563 proteins were identified in these six 

IPs (Ab1: 269 proteins; Ab2: 279 proteins; Ab3: 416 proteins; full data set is not shown in this 

chapter.). To increase the IP data quality, we removed the low confident interacting proteins from 

the identied protein list. First, we deleted 78 contaminant proteins that were induced during the 

operation, such as proteins from different species, myelin, serum (complement, hemoglobin and 

immunoglobulin), keratin and trypsin. Second, we excluded 46 proteins, of which intensity in the IPs 

was less than 10-fold of the intensity in beads controls. Third, considering the IP experimental 

reproducibility, we excluded 51 proteins that only could be identified once in IP replicates with Ab1 

or Ab2. After the exclusion, 388 proteins were left in the protein list of SNAP25 IPs (Ab1: 93 proteins; 

Ab2: 74 proteins; Ab3: 357 proteins).  

 

 

Figure 5. The number of proteins immunoprecipitated in 

SNAP25 IPs using three different antibodies. Ab1: 

Genscript, polyclonal, A01445; Ab2: Epitomics, 

monoclonal, 3132; Ab3: Epitomics, monoclonal, 3173.  

 

 

 

 

Figure 5 shows the number of proteins immunoprecipitated among SNAP25 IPs with three different 

antibodies. Mass spectrometric MS1 intensities of proteins immunoprecipitated with multiple 

antibodies and a selection of the proteins identified with only one antibody are illustrated in Table 2. 

The co-immunoprecipited proteins with only one antibody were evaluated carefully with the 

antibody quality, protein function and subcellular annotation and related literatures, and the 

selected proteins are shown in Table 2.  

Among all the identifed 388 proteins, 44 proteins were detected in the SNAP25 IPs with all three 

antibodies, which account for less than 60% of proteins found in SNAP25 IP with Ab1 or Ab2, and 12% 

of proteins with Ab3 (Fig. 5). As expected, the cognate SNARE proteins (VAMP2 and STX1B and 1A) 

were the most prominent interactors in SNAP25 IPs and were detected in immunoprecipitations 

with all three antibodies. In addition, several established SNARE associated proteins (STXBP1, NAPA, 

NAPG, NSF and CPLX) were detected in SNAP25 IPs with all three antibodies. Importantly, proteins 

that were co-immunoprecipitated with one antibody only, should be considered carefully, as they 

might represent the ‘noise’ of the experiment. In case of SNAP25 IP with Ab3, multiple cellular 

abundant proteins, such as metabolic enzymes, transcription factors, ribosome proteins and 

mitochondria proteins, were generally co-immunoprecipitated. The overlapping proteins among IPs 

with multiple antibodies contribute to the effective reduction of false-positives of interaction 
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proteomics. However, the co-immunoprecipitated proteins with only one antibody might also be 

the true interactors, as the difference in outcome of IPs with multiple antibodies might due to the 

antibody quality or the epitope position (steric accessibility of the epitope). The 

co-immunoprecipited proteins with only one antibody should be considered comprehensively with 

the antibody quality, protein function and subcellular localization. In addition, reverse IPs, statistical 

analysis of multiple replicates and clustering algorithm based on bait-prey or prey-prey 

co-occurrence would also contribute to the exclusion of false-positives in the IP-MS screening. The 

co-immunoprecipitated proteins in our experiments may not cover all the interacting proteins of 

the bait, as immunoprecipitation only could characterize the stable protein interactions through the 

biochemical manipulation, and the co-immunoprecipitated proteins might vary with different 

antibody quality. Although the interpretation of the IP data would qualitatively increase when using 

multiple antibodies, this strategy is not feasible for large-scale screening. We have included multiple 

antibodies for some bait proteins, when available, but currently the absence of multiple antibodies 

to a single bait protein limits its use.  

The functional SNARE core complex consists of four SNARE motifs, including three Q (Qa-, Qb- and 

Qc-) SNARE motifs and one R-SNARE motif, defined by a glutamine (Q) or arginine (R) residue at the 

centre layer of the motif. SNAP25 contributes to two SNARE motifs Qb and Qc. In the example of 

SNAP25 IPs, besides the known interacting proteins VAMP2 (R) and STX1 (Qa) and their associated 

proteins CPLX, SYT1, STXBP1, SNAPs and NSF, many other SNARE protein isoforms were identified 

(Table 2), indicating that multiple sub-complexes of SNAP25 might co-exist in the brain.  

(1) The R-SNARE proteins STXBP5 (Tomosyn 1), STXBP5L (Tomosyn 2) and STXBP6 (Amisyn) are 

considered to be negative regulators of exocytic SNARE complex assembly through the interaction 

with STX1 (Qa) and SNAP25 (Qbc) that precludes the associateion of VAMP2 (Masuda et al., 1998; 

Hatsuzawa et al., 2003; Pobbati et al., 2004; Scales et al., 2002). In this current study, we identified 

STXBP5, STXBP5L and STXBP6 at high intensity in SNAP25 IPs with all three antibodies. Furthermore, 

SNAP25 and STX1 were detected in the IPs of STXBP5 and STXBP5L. Our data has confirmed the 

existence of these non-fusogenic SNARE complexes.  

(2) Previous studies have shown that STX5 (Qa), GS27 (Qb) or GS28 (Qb), BET1 (Qc) and SEC22B (R) 

or YKT6 (R) form a SNARE complex mediating vesicle trafficking between endoplasmic reticulum and 

the Golgi apparatu s (Jahn and Scheller, 2006; Zhang and Hong, 2001). In this current study, YKT6 (R), 

SEC22B (R) and a low amount of STX5 (Qa) were co-immuoprecipiated with SNAP25. The fact that 

GS27 (Qb) and BET1 (Qc) were not found in the immunoprecipitations indicates that SNAP25 (Qbc) 

might replace GS27 and BET1 to form a SNARE complex with STX5 and SEC22B or YKT6 and regulate 

the vesicle trafficking between endoplasmic reticulum and the Golgi apparatus. 

(3) The STX16 (Qa) - VTI1A (Qb) - STX6 (Qc) - VAMP4 (R) complex and the STX16 (Qa) - VTI1A (Qb) - 

STX10 (Qc) - VAMP3 (R) complex are proposed to mediate the retrograde transport from early 

endosomes and late endosomes, respectively (Ganley et al., 2008; Mallard et al., 2002). Here, we 

detected STX16 (Qa), VTI1A (Qb), STX6 (Qc), VAMP4 (R) and VAMP3 (R) in the SNAP25 IPs. In this 

case, SNAP25 might replace either Qb- or Qc-SNARE to form quarternary SNARE complexes, such as 

STX16 - VTI1A - SNAP25 - VAMP4 complex, STX16 - SNAP25 - STX6 - VAMP4 complex and STX16 - 

VTI1A - SNAP25 - VAMP3 complex.  
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(4) It is proposed that STX7 (Qa), VTI1B (Qb), STX8 (Qc) and VAMP7 (R) or VAMP8 (R) form a SNARE 

complex facilitating the fusion of late endosomes with lysosome (Antonin et al., 2000a; Pryor et al., 

2004; Jahn and Scheller, 2006). In this current study, STX7, VTI1B and VAMP7, but not STX8, were 

detected in SNAP25 IPs, suggesting that the Qc-SNARE motif of SNAP25 might replace STX8 to form 

a quarternary SNARE complex with STX7, VTI1B and VAMP7.  

(5) The Qbc SNARE proteins SNAP47 and SNAP29 were detected in the SNAP25 IPs. In this case, 

SNAP47 or SNAP29 might substitute only one Q-SNARE motif of SNAP25 to assembly the 

quarternary complex with Qa- and R-SNARE proteins or quarternary SNARE-complexes might exist 

that consist of SNAP25-SNAP29 / 47 dimers. 

If SNAP25 is contained in multiple protein complexes, reverse IPs should reveal the presence of 

SNAP25. Indeed, VTI1A and VTI1B reverse IPs validated the interactions with SNAP25 (Table 3). Both 

VTI1A and VTI1B were detected in synaptosome and synaptic vesicle fractions (Antonin et al., 2000b, 

Takamori et al., 2006). VTI1A-β was identifed as a brain-specific splice variant of VTI1A in rats, which 

is enriched in synaptic vesicles and clathrin-coated vesicles in nerve terminals. VTI1A-β is part of an 

NSF- and α-SNAP-containing SNARE complex in nerve terminals, but not detectable in the 

co-immunoprecipitated exocytic SNARE complex (SNAP25-VAMP2-STX1) by western blotting 

(Antonin et al., 2000b). It is proposed that VTI1A forms complexes with SNARE proteins, such as 

STX6, STX13, STX16, VAMP3 and VAMP4, which function in fusion reactions of intracellular 

organelles, but not the plasma membrane (Brandhorst et al., 2006; Mallard et al., 2002). VTI1B 

could function in the fusion of late endosomes through the association with STX7, STX8, STX11 and 

VAMP7 (Antonin et al., 2000a; Brandhorst et al., 2006; Pryor et al., 2004; Offenhäuser et al., 2011). 

However, our study suggests that mouse VTI1A might form a complex with SNAP25 according to the 

IP - MS dataset, in which the VTI1A isoforms can not be specified. The protein intensities of VTI1A 

and VTI1B in SNAP25 IPs were much lower than VAMP2 and STX1, indicating that only a small 

amount of SNAP25 might be associated with VTI1 and whether this interaction is direct or indirect is 

still unknown. The divergency between Antonin et al. and the current study might be due to the 

difference of detection sensitivity between Western Blotting (WB) and mass spectrometry, sample 

preparation procedure (e.g. subcellular fraction, protein amount, buffers and centrifugation speed) 

and even isoform difference. In the IP - WB results by Antonin et al, parallel negative controls of 

immuprecipitation, such as beads, IgG or knockout controls, were not shown in their study. If the 

bait protein participates in multiple complexes, the interactions between low-amount proteins 

might be omited in this case. 

In addition, immunoprecipiation characterizes protein interactions under biochemical manipulation, 

in which tissue / cell / subcellular fractions are prepared by lysis using mild detergents. It is possible 

that after lysis, proteins or protein complexes from different subcellular localization bind, and form 

complexes not existing under native conditions and that will be immunopreciated together with the 

native complexes. Future experiments, such as yeast two hybrid, immunocytochemistry, and 

reverse-IPs followed by BN-PAGE and MS, should be performed to check their interactions, to 

identify their subcellular localization and to further dissect the composition of multiple 

sub-complexes.  



 

 
 

Table 2. Mass spectrometric MS1 intensities of co-immunoprecipitated proteins by three different antibodies against SNAP25. 

  
SNAP25 IP   Beads control 

# Abs IP-ed Gene Ab1_IP1 Ab1_IP2 Ab1_IP3 Ab2_IP1 Ab2_IP2 Ab3_IP1   BC-1 BC-2 BC-3 BC-4 BC-5 BC-6 

3 SNAP25 3.6E+09 2.0E+09 1.6E+09 1.0E+09 1.3E+09 1.9E+09   1.3E+06           

3 STX1B 5.0E+08 3.8E+08 2.5E+08 2.6E+08 6.9E+08 2.9E+08       2.9E+04   6.7E+05 8.3E+05 

3 VAMP2 5.2E+08 3.3E+08 2.6E+08 1.9E+08 1.9E+08 1.3E+08   9.1E+05       1.2E+05   

3 HSPA8 3.8E+08 2.9E+08 1.6E+08 2.5E+07 8.6E+07 2.4E+08   1.6E+06 2.6E+06 1.8E+06 3.3E+05 1.1E+06 7.6E+06 

3 STX1A 1.8E+08 1.6E+08 8.7E+07 8.4E+07 1.5E+08 9.1E+07               

3 SLC25A4 1.2E+08 4.6E+07 7.2E+07 2.1E+07 8.0E+07 1.8E+08   2.7E+06 2.4E+06 8.6E+06 4.9E+05 1.3E+06 7.2E+06 

3 YKT6 1.3E+08 8.2E+07 4.7E+07 2.3E+07 1.1E+08 4.9E+07               

3 STX12 8.0E+07 3.8E+07 3.4E+07 2.2E+07 1.1E+08 6.1E+07               

3 STXBP5L 8.2E+07 6.0E+07 6.5E+07 1.8E+07 8.7E+07 4.2E+07               

3 AP2B1 1.1E+06 1.6E+06   2.9E+05 1.0E+06 1.6E+08     9.8E+04 1.2E+05   2.0E+04 1.3E+05 

3 NSF 7.6E+07 6.8E+07 3.2E+07 7.3E+06 2.9E+07 5.3E+07   1.5E+06 4.5E+04 1.5E+05   4.0E+04 3.9E+05 

3 STXBP5 5.0E+07 3.1E+07 2.3E+07 2.3E+07 9.2E+07 3.7E+07               

3 NAPG 7.2E+07 3.9E+07 1.7E+07 1.3E+07 4.8E+07 3.7E+07               

3 STXBP1 5.1E+07 4.5E+07 1.8E+07 5.5E+06 2.5E+07 3.5E+07     1.6E+05 1.7E+05 2.0E+04 4.0E+04 2.1E+06 

3 NAPA 4.5E+07 4.4E+07 2.7E+07 6.3E+06 4.9E+07 2.1E+07               

3 SLC25A12 1.7E+07 2.0E+07 7.2E+06 2.9E+06 1.4E+07 6.3E+07     1.7E+05 1.5E+05   5.7E+04 1.0E+06 

3 NAPB 3.9E+07 1.7E+07 1.6E+07 2.7E+06 3.0E+07 3.1E+07           3.7E+04   

3 VAMP1 5.8E+07 3.1E+07 2.0E+07 9.7E+06 3.0E+07 1.2E+07               

3 STX7 4.8E+07 8.5E+06 8.7E+06 6.8E+06 3.3E+07 2.3E+07               

3 SLC25A5 3.9E+07 2.1E+07 1.5E+07 1.8E+06 8.7E+06 3.3E+07     5.7E+05     6.1E+04 8.8E+05 

3 STXBP6 3.3E+07 2.8E+07 1.3E+07 9.1E+06 2.0E+07 7.0E+06               

3 ATP2B1 1.4E+07 9.5E+06 3.2E+06 2.8E+06 1.2E+07 2.4E+07         5.1E+04 1.6E+05 7.0E+05 

3 SNAP47 1.2E+07   4.1E+06 5.5E+06 4.0E+07 3.3E+06               

3 STX6 1.0E+07 9.6E+06 5.7E+06 6.5E+06 3.3E+07 3.0E+06               

3 DNM1 5.2E+06 6.9E+06 1.5E+06 9.2E+05 9.4E+06 8.9E+09       4.6E+05     1.5E+06 

3 SLC25A3 4.1E+06 6.9E+06 4.8E+06 9.6E+05 4.7E+06 2.0E+07           3.7E+05 2.4E+05 

3 CPLX2 1.9E+06 8.3E+05 9.2E+05 1.0E+06 3.2E+07 4.1E+06               

3 SFXN3 4.9E+06 2.5E+06 2.3E+06 2.8E+05 3.4E+06 1.5E+07               

3 ATP1A1 3.6E+06 2.4E+06 1.3E+06 8.0E+05 6.2E+06 1.3E+07   1.6E+05     2.0E+04 7.2E+04 1.2E+06 

3 SEC31B 1.6E+07 5.5E+06 5.5E+06 5.0E+05 1.6E+06 8.3E+06               

3 ATP6V1A 3.7E+06 6.6E+06 3.6E+06 1.8E+06 4.1E+06 9.7E+06       1.1E+05   1.9E+04 4.3E+05 

3 NCDN 5.1E+06 3.3E+06 1.6E+06 3.9E+05 3.2E+06 1.1E+07             1.1E+05 



 

 
 

  
SNAP25 IP   Beads control 

# Abs IP-ed Gene Ab1_IP1 Ab1_IP2 Ab1_IP3 Ab2_IP1 Ab2_IP2 Ab3_IP1   BC-1 BC-2 BC-3 BC-4 BC-5 BC-6 

3 PFKM 2.2E+06   1.3E+06 2.0E+05 4.7E+05 1.5E+07               

3 SLC25A22 5.3E+06 4.5E+06 9.5E+05 6.6E+05 1.8E+06 7.5E+06               

3 ATP2B2 2.0E+06 2.1E+06 9.5E+05 1.8E+05 3.9E+06 8.1E+06             1.7E+05 

3 SV2B 1.0E+07 6.2E+06 2.4E+06 6.9E+05 2.3E+06 1.7E+06             2.0E+05 

3 VAMP4   2.1E+06 1.6E+06 4.4E+05 5.8E+06 3.6E+06               

3 HSPA12A 2.6E+06 9.0E+05 8.7E+05 2.0E+05 1.1E+06 5.7E+06               

3 SLC12A5 5.4E+05 6.7E+05 2.0E+05 7.9E+04 1.2E+06 6.0E+06               

3 SLC3A2 2.2E+06 1.0E+06   2.9E+05 3.4E+06 3.2E+06               

3 Sept7 4.8E+06 2.2E+06   2.9E+05 2.5E+06 2.0E+06     2.4E+05 1.1E+05   2.4E+05   

3 SCN 3.9E+06 2.2E+06 6.2E+05 1.2E+05 4.8E+05 8.0E+05               

3 STX17 2.3E+06   9.8E+05 1.1E+05 2.5E+06 9.6E+03               

3 GNAQ   8.3E+05 8.6E+05 1.0E+05 4.1E+05 5.2E+05           9.2E+04   

2 AP3D1 1.3E+06 1.5E+06 2.7E+06     1.5E+06       4.3E+05       

2 CAMKV 1.0E+07 1.6E+07 7.5E+06 1.9E+05 9.4E+05 2.9E+06       3.7E+05       

2 CAPZA2   1.3E+06 3.9E+05     6.9E+06               

2 CNTN1   2.6E+05 4.6E+05     3.9E+05               

2 HSPA1 8.8E+05 1.8E+06     7.1E+05 7.4E+06               

2 SEC22B 7.7E+06   3.2E+05     6.5E+06               

2 SFXN5   1.6E+05 2.9E+05   2.5E+05 1.3E+06               

2 ATP6V0D1 8.6E+06 5.1E+06 1.0E+06 1.8E+05 4.3E+05 1.2E+06           1.8E+05 7.3E+04 

2 CLTC 1.6E+07 7.7E+06 4.1E+06 2.0E+05 8.4E+06 2.8E+07   3.0E+06 6.8E+05 1.7E+05 7.8E+04   9.1E+05 

2 GNAZ   4.3E+05 4.2E+05   3.4E+05 8.2E+05               

2 GNB1 1.8E+07 1.2E+07 4.3E+06 1.5E+06 6.1E+06 2.1E+07       7.7E+05   7.4E+05 9.3E+05 

2 GNB2 1.9E+06 9.7E+05     1.8E+06 2.0E+06           1.6E+05 2.2E+05 

2 HSPA5 1.0E+06 8.5E+05     7.4E+05 2.3E+06             3.2E+05 

2 MAP1A 2.4E+05 2.1E+05     4.6E+04 9.6E+06       5.4E+04       

2 MAP2 2.0E+06 1.1E+06 8.3E+05 2.8E+04 1.2E+05 3.2E+06       2.0E+05       

2 SLC1A3 3.0E+07 1.3E+07 2.5E+06 6.1E+05 1.7E+07 3.4E+07     1.9E+06 2.1E+06   9.5E+05 2.4E+06 

2 GAPDH 9.0E+07 8.6E+07 5.3E+07 1.3E+07 2.4E+07 4.3E+08   1.1E+06 4.9E+06 5.0E+06 1.2E+06 8.4E+06 3.5E+06 

2 PYGB   1.3E+06 8.8E+05   9.3E+05 7.0E+06       2.7E+05       

2 8-Sep 8.5E+05 4.5E+05 2.7E+05   6.5E+05 1.4E+06       1.1E+05       

2 VDAC2 1.1E+06 1.8E+06 9.0E+05 1.1E+05   2.4E+05   5.6E+04           

2 GNAO1 4.1E+07 2.2E+07 1.8E+07 3.4E+06 7.6E+06 6.6E+07   9.8E+05 1.7E+06 1.7E+06 2.7E+05 1.9E+06 2.1E+06 

2 RPS27A 1.6E+07 5.3E+06 7.1E+06 1.1E+06 1.9E+06 3.9E+06   3.4E+05 5.9E+05 1.1E+06       



 

 
 

  
SNAP25 IP   Beads control 

# Abs IP-ed Gene Ab1_IP1 Ab1_IP2 Ab1_IP3 Ab2_IP1 Ab2_IP2 Ab3_IP1   BC-1 BC-2 BC-3 BC-4 BC-5 BC-6 

2 ATP5C1   2.7E+06 3.5E+06   8.3E+05 4.3E+07     1.7E+05 5.8E+05   3.1E+04 8.5E+04 

2 BDH1 4.8E+05 4.9E+05       1.5E+06               

2 SDHA 9.6E+05 6.5E+05 1.5E+05   2.8E+05 5.8E+06             8.9E+04 

2 SYT1 2.5E+08 2.1E+08 1.1E+08 6.1E+07 1.0E+08 7.0E+07   1.5E+07 5.7E+06 1.7E+07   5.0E+06 1.0E+06 

2 VAMP3 5.0E+06 2.0E+06 1.4E+06 3.3E+05 3.4E+06                 

2 VAMP7 2.8E+07 4.2E+06 1.0E+07 9.7E+06 3.9E+07                 

2 VPS45 1.0E+06 9.7E+05 8.8E+05 5.0E+05 1.0E+07                 

2 ATP6V0A1 4.3E+06 4.0E+06 3.5E+06 2.7E+05 1.2E+06               3.2E+05 

2 PFKP 9.5E+05 4.8E+05   7.9E+04 2.2E+05                 

2 ATP1B2 1.9E+07     4.3E+06 7.7E+06 1.8E+06               

2 ATP2A2     4.0E+05 1.2E+05 8.5E+05 5.5E+05               

2 ATP2B3     9.1E+04 7.2E+04 1.4E+06 1.5E+06               

2 CAND1       3.5E+04 2.3E+05 1.7E+06               

2 CYFIP2 2.9E+05     6.8E+04 5.8E+05 4.4E+07               

2 RPH3A     4.8E+05 1.1E+05 1.3E+06 2.8E+06               

2 SLC8A2     2.7E+05 1.4E+05 6.8E+05 1.2E+06               

2 SNAP29       2.5E+06 2.3E+07 1.9E+06               

2 STX16     3.2E+05 4.5E+05 6.9E+06 5.2E+04               

2 HSP90AB1 5.0E+05     6.3E+05 1.7E+06 1.3E+07             1.6E+05 

2 LDHA     2.7E+05 6.0E+04 2.6E+05 8.8E+06               

2 LDHB       5.5E+04 5.0E+05 5.5E+07           1.4E+05   

2 ATP1A2 2.0E+06 2.1E+06 1.2E+06 8.2E+05 3.4E+06 7.7E+06             1.1E+06 

2 SEPT5 1.9E+05     4.5E+05 3.3E+06 9.2E+06           3.5E+05   

2 GPD2   4.8E+05   1.8E+05 9.2E+05 2.1E+06               

2 LRPPRC       3.0E+04 8.2E+05 1.3E+06               

2 SLC25A11 2.2E+06     1.1E+05 7.4E+05 6.5E+06               

1 HSPA2 5.2E+05 1.0E+06 5.3E+05   1.3E+05                 

1 LRRC59 1.4E+06 6.4E+05   5.2E+04                   

1 RAB3C 1.3E+06 1.4E+06 1.0E+06                     

1 SYT5   8.6E+05 3.7E+05 3.8E+04                   

1 CNTNAP2 2.4E+07 5.2E+06 3.1E+06         5.7E+05           

1 FKBP15 2.4E+06 2.3E+06 1.4E+06                     

1 GNAI1 4.9E+05 1.3E+06 6.3E+05   7.9E+05             8.9E+04 1.1E+05 

1 RAB10 1.7E+06 1.0E+06   3.3E+05               3.4E+04 3.4E+05 



 

 
 

  
SNAP25 IP   Beads control 

# Abs IP-ed Gene Ab1_IP1 Ab1_IP2 Ab1_IP3 Ab2_IP1 Ab2_IP2 Ab3_IP1   BC-1 BC-2 BC-3 BC-4 BC-5 BC-6 

1 THY1 3.8E+06 3.6E+06 9.8E+05 3.9E+05                   

1 FUS 7.3E+06 5.1E+06 2.2E+06         5.7E+05   9.2E+05       

1 MOGS 1.3E+06 9.5E+05 7.1E+05                     

1 SFPQ 1.1E+06 5.6E+06 1.1E+06           7.6E+05         

1 SLC6A1 1.0E+06 8.9E+05                       

1 CPSF6 3.8E+05   2.6E+05                     

1 HSPA9 1.3E+08 1.0E+08 4.6E+07 2.8E+06 1.3E+07 1.7E+07   6.1E+06 2.9E+06 1.8E+06 4.3E+05 7.7E+05 6.5E+06 

1 MTCH2   8.0E+05 6.3E+05                     

1 CAMK2B 5.9E+05   3.7E+05                 1.1E+05   

1 PHB2 1.9E+05 6.2E+05                   7.1E+04   

1 STX4       2.6E+05 1.1E+06                 

1 STX5 1.9E+05     7.1E+04 4.3E+05                 

1 SV2A       3.7E+05 6.3E+05 2.1E+05             1.3E+05 

1 VTI1A       2.0E+06 2.4E+07                 

1 VTI1B       8.3E+05 1.7E+06                 

1 PRKCE       2.9E+04 2.2E+05                 

1 SLC6A11     4.8E+05 1.3E+05 2.4E+05                 

Ab1: Genscript, polyclonal, A01445, three IP replicates were performed and labeled as Ab1_IP1, Ab1_IP2 and Ab1_IP3; Ab2: Epitomics, monoclonal, 3132, two IP replicates were 

performed and labeled as Ab2_IP1 and Ab2_IP2; Ab3: Epitomics, monoclonal, 3173, only one IP was performed as Ab3_IP. # Abs IP-ed, is the number of antibodies that 

successfully precipitated the target protein. Six replicates of matching empty beads control were performed and labeled as BC1~BC6. 

 

Table 3. Mass spectrometric MS1 intensities of SNAP25 from the IPs of VTI1A, VTI1B, VAMP2, Synaptotagmin1 (SYT1), and Syntaxin 1A (STX1A). The IPs were repeated twice 

(IP1 and IP2; for VTI1A and VTI1B IPs) or three times (IP1~IP3; for VAMP2, SYT1 and STX1A IPs) with similar results. 

 
 

VTI1A IPs VTI1B IPs VAMP2 IPs 
SYT1 IPs  

(Ab1) 

SYT1 IPs  

(Ab2) 
STX1A IPs 

SNAP25 intensity  

in IP replications 

IP1 2.50E+07 2E+06 2E+07 2E+07 1E+07 8E+06 

IP2 4.1E+07 2E+06 8E+07 6E+06 8E+06 1E+07 

IP3 
  

1E+08 1E+07 1E+07 2E+07 
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Overview of the data from the pre-synaptic IP-MS screening  

For the large-scale presynaptic IP-MS screening, we collected 136 antibodies for 106 baits, of which 

108 antibodies for 87 baits yielded successful IPs. Table 1 summarizes the specific information of 

antibodies effective in the IPs. To achieve a high-quality dataset, 18 bait complexes were analyzed 

with double or multiple antibodies; 29 baits with 31 antibodies have peptide blocking controls. In 

total, we performed 274 IPs, 49 peptide blocking controls and 30 beads controls (Fig. 6). 

 

 

Figure 6. Pre-synaptic IP-MS screening summary. We selected 50 proteins as primary baits with well-known 

function, covering active zone assembly, SV exocytosis and endocytosis. 68 antibodies were collected for 

these 50 primary baits, of which 12 baits with more than two antibodies and 29 baits with single antibodies 

yielded successful IPs. In addition, we performed parallel peptide blocking controls for 20 antibodies of 19 

primary baits. For these primary baits, we performed at least triple IP replicates for 31 antibodies, double IP 

replicates for 9 antibodies, and single IP for 17 antibodies. A number of novel protein interactors were 

detected by IP-MS analysis, and 56 of them were chosen as secondary baits for reverse IPs to validate 

interactions and to further expand on the screening scale. 68 antibodies were collected for these 56 

secondary baits, of which 6 baits with more than two antibodies and 39 baits with single antibodies yielded 

successful IPs. In addition, we performed the parallel peptide blocking controls for 11 antibodies of 10 

secondary baits. For these secondary baits, we performed at least triple IP replicates for 16 antibodies, double 

IP replicates for 19 antibodies, and single IP for 16 antibodies. In total, 136 antibodies for 106 baits were 

collected for the pre-synaptic IP-MS screening, of which 37 baits had parallel peptide blocking controls or 

multiple antibodies suitable for IPs. 

 

All of the mass spectrometric raw files were processed by Maxquant software, and the label-free 

quantification data from different IPs were assembled in a matrix table. In total, 2459 proteins were 

detected in the large-scale pre-synaptic IP-MS screening. Based on statistical analysis and 

quantitative comparison with empty beads and peptide blocking controls, multiple false positive 

interacting proteins were excluded from our dataset (see Materials and Methods). The remaining 

proteins (n = 1649) were then clustered into groups according to the prey-prey co-occurrence or the 

bait-prey co-occurrence (see Materials and Methods). The bioinformatics analysis for this data set is 

still going on.  

To visualize data specifically for distinct groups of proteins and to discuss the implication of the 

presence of novel interactors, the networks of transsynaptic signaling, SNARE proteins and SV 

endocytosis are presented below. These individual networks (Fig. 7 - 9) are drawn by Ingenuity 
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Pathway Analysis (IPA) preliminarily. The nodes represent the proteins that were identified in 

specific IPs from our dataset. All the edges between protein nodes in the IPA graphs are based on 

the known interactions from the literature. These interactions were established by using different 

methods (IP, GST pull down, yeast two hybrid, BN-PAGE, immunocytochemistry, surface plasmon 

resonance and so on), in-vivo (cells or tissues) or in-vitro, often in combination. However, the 

interactomes from the IPA are not complete yet. In our study, we confirmed the known interactions 

(the edges in IPA graphs), and also detected novel interactions (without edges between the protein 

nodes in IPA graphs). Reverse IPs were performed to check their interactions. Our dataset might 

help to expend the interactomics information for IPA, and also contribute to the brain specific 

protein interactome. However, our presynaptic interactome dataset is currently only based on 

interaction proteomics, and the novel interactions found still need to be validated by other 

biochemical or biophysical approaches. 

 

Presynaptic components of transsynaptic signaling 

In the pre-synapse, multiple SVs are transported and anchored near the pre-synaptic membrane at 

the active zone, serving as a releasable pool for neurotransmission. It is believed that the SV 

membrane-attached protein RAB3A interacts with RIM, which links to PPFIA, LAR, LIN7, APBA, CASK 

and finally Neurexin (NRXN), a pre-synaptic adhesion molecule that interacts with Neuroligin on the 

postsynaptic membrane, allowing the SVs to dock appropriately to the active zone (Olsen et al., 

2006; Schoch and Gundelfinger, 2006). 

In the current study, CASK, LIN7B, PPFIA and APBA were chosen as primary baits for the IP-MS 

screening. We combined these individual bait interactomes into a comprehensive network (Fig. 7). 

CASK, LIN7B and APBA were always affinity co-purified with high protein levels (MS intensity values) 

in these IPs, indicating their tight interactions. 

Besides the known interactors PPFIA and NRXN, we also detected novel interacting protein 

candidates, such as Leucine-rich repeat and fibronectin type III domain-containing proteins (LRFNs) 

and MAGUK p55 subfamily member 2 (MPP2). LRFNs belong to a class of cell adhesion molecules at 

the plasma membrane, which promote neurite outgrowth and synapse formation (Wang et al., 

2008; Mah et al., 2010.). Expression of epitope-tagged proteins in cultured hippocampal neurons 

showed that LRFNs were distributed throughout neurons, including axons, dendrites, and growth 

cones (Wang et al., 2008.). There is a PDZ-binding motif at the C-terminal of isoform 1, 2 and 4, but 

not in isoform 3 and 5. It is reported that this PDZ-binding motif interacts with DLG4, and LRFN2 

could also interact with NMDA receptor (Wang et al., 2006.). MPP2 is a member of MAGUK family. 

Membrane-associated guanylate kinases (MAGUKs) are scaffolding proteins, which tether adhesion 

molecules, receptors and cytoskeletons and regulate cell proliferation, signaling pathways and 

intracellular junctions (Elias and Nicoll, 2007; Montgomery et al., 2004). It is known that MPP2 

interacts with DLG1 (Karnak et al., 2002) and SRC (Baumgartner et al., 2009), but the function of 

MPP2 is still largely unknown. To confirm these novel interactions, we performed reverse IPs of 

LRFN2 and MPP2, in which PPFIA, CASK, LIN7 and PPP2C were detected, indicating their 

associations with the CASK-APBA-LIN7 complex (Fig. 7C). 
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Figure 7. Presynaptic component network of transsynaptic signaling. A. Individual protein interactomes of 

CASK, LIN7B, APBA and PPFIA. The nodes are proteins detected by MS. The edges among proteins are drawn 

by IPA, based on literature reported protein interaction. The protein intensity is represented by the density of 

the red color; a deeper red corresponds to a higher protein amount in the sample. B. The combined 

presynaptic component network of transsynaptic signaling, taking all interactions from the A panel. C. LRFN2 

and MPP2 interactomes overlaid with the combined presynaptic component network of transsynaptic 

signaling. D. The network model of presynaptic component network of transsynaptic signaling. The known 

interactions are marked with red circles, and the novel interacting candidates were marked with blue circles. 

(Continued on the next page) 
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Figure 7. Presynaptic component network of transsynaptic signaling (continued). 

 

Interestingly, LIN7B IPs are highly enriched with a group of associated proteins including PPP2C, 

STRN, CTNNBP2, FAM40A, KIDNIS220 and MOBKL3. This protein complex is implicated in protein 

phosphorylation, signal transduction and vesicle endocytosis (Goudreault et al., 2009; Benoist et al, 

2006; Sheth et al., 2009). In addition, Adaptor protein 2 (AP2), SNAP91, Synaptojanin (SYNJ), 

DNAJC6 and Clathrin (CLT) were also detected in CASK and APBA IPs (which are not shown in Fig.7), 

indicating that Cask and Mint might also take part in SV endocytosis. A model of the complex is 

presented in Fig. 7D. CASK, APBA and LIN7 probably form a core complex, which might associate 

with adhesion proteins, MAGUKs, signal conduction proteins and even Clathrin-coated pits. From 

this we conclude that probably subsets of these proteins play a role in different biological processes. 

Whereas these interacting proteins were detected in our large-scale pre-synaptic network screening, 

several of these proteins, such as STRN, MPP2 and LRFN2 are also known to associate with 

post-synaptic proteins, arguing that the sub-localization and the individual function of their 

interactions needs further investigation.  
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SNARE interactome 

It is known that STX1, SNAP25 and VAMP2 associate to form the SNARE complex involved in SV 

fusion with the plasma membrane at the active zone. In this study, we first analyzed the molecular 

size of protein complexes by BN-SDS-PAGE and detection by immunoblotting. SNAP25 and VAMP2 

were detected across a wide range of molecular weights, i.e., from 50 kDa to 1300 kDa, STX1A and 

STXBP1 were observed mainly between 140 kDa and 480 kDa, and SYT1 was found mainly between 

200 kDa and 700 kDa (Fig. 8A). As BN-PAGE separates the protein complexes according to their 

molecular mass, a single protein complex should be resolved at a single position by BN-PAGE. 

SNAP25, VAMP2 and STX1 overlap only at the low molecular weight ranges, indicating that they 

form relatively small complexes, and SNAP25 and VAMP2 are probably involved in multiple protein 

complexes with different molecular sizes. 

To identify the constituents of the SNARE interactome, we characterized the SNAP25, VAMP2 and 

STX1A complexes by IP-MS. As expected, the SNARE complex and known interacting proteins, 

including STXBP1, STXBP5, STXBP5L, NAPA, NAPB and NAPG, were consistently detected in the IPs. 

In addition to the known interacting proteins, multiple SNARE protein isoforms were identified 

specifically in the SNAP25 IPs with three different antibodies (Table 2, Fig. 8B). It is known that 

many SNARE proteins are predominantly, or even selectively localized in specific subcellular 

compartments (Jahn and Scheller, 2006). They are the crucial fusion elements of vesicle formation, 

trafficking, maturation, secretion and even endosome recycling. In addition, they regulate cell 

growth, membrane repair, cytokinesis and synaptic transmission (Malsam et al., 2008; Wang and 

Tang, 2006). It is proposed that STX5, GS27, BET1, SEC22B and YKT6 are involved in vesicle 

trafficking between the endoplasmic reticulum and the Golgi apparatus, whereas STX4, STX6, STX7, 

STX16, VAMP4, VAMP7 and VTI1 facilitate vesicle recycling of early and late endosomes (Hong, 2005; 

Jahn and Scheller, 2006; Antonin et al., 2000a; Antonin et al., 2000b). SNAP25 have been detected 

in intracellular membranes in addition to the plasma membrane (Duc and Catsicas, 1995; Morgans 

and Brandstatter, 2000; Tao-Cheng et al., 2000). In PC12 neuroendocrine cells, approximately 20% 

of the SNAP25 resides in a perinuclear recycling endosome–trans-Golgi network compartment 

(Aikawa et al., 2006b). Besides, BN-PAGE immunoblotting analysis of VTI1A and VTI1B revealed that 

they partially overlaid with the SNAP25 protein complexes (Fig. 8A). Reverse IP - MS confirmed their 

interactions with SNAP25.  

Considering the subcellular localization of SNAP25, biochemically co-immunoprecipitated SNARE 

proteins, and partially overlapped BN-PAGE - WB of exocytic SNARE proteins, SNAP25 probably 

regulates vesicle fusion in multiple processes of intracellular trafficking and recycling in addition to 

the SV exocytosis. The SNAP25 null mutation leads to the abolished action potential-dependent SV 

release, but the axonal outgrowth, synapse formation and spontaneous tranmistter release can still 

occur. No apparent cellular or architectural defects of brain were detected in SNAP25 null mutant 

mice embryo (Washbourne et al., 2002). SNAP25 null muation probably does not influence the 

intracellular vesicle trafficking severely or maybe the deficiency of functional SNAP25 is 

compensated by other mechanistically related proteins, such as SNAP23. 

VAMP2 is a transmembrane protein localized on the SV membrane. It associates with SNAP25 and 

STX1 on the target presynaptic membrane, contributing to SV membrane fusion. In addition to the 
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common proteins in SNARE protein IPs, we identified several functional groups in VAMP2 

complexes (Fig. 8B), including (1) SV proteins, such as Synaptophysin and V-ATPases ATP6V0A1, 

ATP6V1A and ATP6V0D1; (2) proteins involved in the Clathrin-mediated pathway, such as CLTC, 

SNAP91, DNM1, AP2A1, AP2B1 and SYNJ1; (3) SNARE proteins involved in recycling of early and late 

endosomes, such as STX6, STX7, STX12 and SNAP47. Recently, Xu et al. detected that cleavage of 

VAMP2, SNAP25 or STX by chemical treatment could inhibit rapid and slow endocytosis at the calyx 

of Held nerve terminal, indicating the involvement of these exocytic SNARE proteins in endocytosis 

(Xu et al., 2013). Besides, Zhang et al. reported that knocking down SNAP25 or VAMP2 leads to 

disruption of slow endocytosis at hippocampal synapses (Zhang et al., 2013). In our dataset, we 

found several endocytosis components in VAMP2 IPs and some in STX1A IPs.The dual role of 

SNAP25-VAMP2-STX1A complex might contribute to the tight coupling of exocytosis and 

endocytosis at conventional synapses. Consistent with our BN-PAGE immunoblotting analysis, 

VAMP2 covers a wide range of MW, indicating it is present in multiple complexes. As a SV 

membrane protein, VAMP2 probably participates in several processes of SV exocytosis, endocytosis 

and recycling. 

In the STX1A IPs, we identified the common proteins among SNAP25 and VAMP2 complexes as 

described above, and also AP2 and Synaptophysin are found with lower intensities compared to 

VAMP2 IPs. From BN-PAGE immunoblotting, we detected STX1A mainly between 140 kDa and 480 

kDa, different from the wide ranges of SNAP25 and VAMP2, suggesting a relatively simple, discrete 

protein composition of the STX1A complex. In addition, the spot density difference of STX1A and 

STXBP1 also indicates a distinct stoichiometry of their sub-complexes. 

Taken together, based on the interaction proteomics data of the SNARE complex, we confirmed the 

essential SNAP25-VAMP2-STX1A complex and their commonly associated proteins STXBP1, STXBP5, 

STXBP5L, NAPA, NAPB and NAPG. In addition to the exocytic SNARE complex, we detected many 

other SNARE proteins in SNAP25 and VAMP2 IPs, indicating they might participate in multiple 

processes of synaptic transmission, such as SV endocytosis and recycling. BN-PAGE provides 

evidence that the depicted interactome in fact consists of multiple independent sub-complexes. 

These sub-complexes might exist as independent smaller complexes in situ and not as the single, 

large complex as depicted in the figure. Reverse-IPs followed by BN-PAGE and MS in the future 

might contribute to revealing the size, composition and relative abundance of their sub-complexes 

(methods as used in Chapters 4, 5). In addition, immunocytochemistry should also be performed to 

determine the precise subcellular localization of these sub-complexes. 
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Figure 8. Representation of the SNARE interactome, showing that typical SNARE proteins are involved in 

multiple sub-complexes. A. The molecular size of protein complexes from hippocampus were checked by 

BN-SDS-PAGE followed by immunoblotting. SNAP25 and VAMP2 were detected over a wide range of 

molecular weights, and the other proteins were found over a limited range. B. The individual interactomes of 

SNAP25, VAMP2 and STX1A. Nodes are proteins detected in the IP by MS. The edges among proteins are 

drawn by IPA, based on reported protein interactions. The red color intensity corresponds to the protein 

intensity in each IP. C. The combined SNARE interactome.  
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SV endocytosis interactome 

SVs are retrieved and recycled at the pre-synaptic terminals after exocytosis. Clathrin-mediated 

endocytosis is the major endocytic mechanism mediating internalization of receptors and other 

protein- and lipid- cargos in all cell types. In this study, we chose twelve baits including Amphiphysin 

(AMPH), AP2A, DnaJ homolog subfamily C member 5 (DNAJC5), DNM1, Epsin 1 (EPN1), Epidermal 

growth factor receptor substrate 15-like 1 (EPS15L1), Intersectin 1 (ITSN1), NSF, Numb-like protein 

(NUMBL), Endophilin-B2 (SH3GLB2), SNAP91 and SYNJ1, to screen for the Clathrin-mediated 

endocytic protein network. 

We identified multiple proteins known for their involvement in the endocytic process and our 

model (Fig. 9) is consistent with previous findings (Dittman and Ryan, 2009; Saheki and De Camilli, 

2012). Being crucial adaptor proteins, AP2 and SNAP91 link the cargos to the accessory 

cargo-specific adaptor proteins, such as Stonin (STON), NUMB and EPN. As expected, we detected 

multiple well-known endocytic proteins in AP2A IPs, including, CLT, SNAP91, STON2, EPN1, DNM1, 

AMPH, SYNJ1, SH3GL2, ITSN1, EPS15, EPS15L1, NUMB, NUMBL. In SNAP91 IPs, we detected among 

others, CLT, AP2, DNM1, SYNJ1, ITSN1, NUMBL, DNAJC6. EPN is an accessory adaptor, and we 

identified multiple endocytic proteins in EPN1 IPs, such as CLT, AP2, SNAP91, ITSN1, DNM1, DNM3, 

AMPH, SYNJ1, SH3GL2, ITSN1, EPS15L1, DNAJC6. Scaffolding proteins EPS15 and ITSN are known to 

be involved in nucleation (Henne et al., 2010). In their IPs, we detected both with high intensity, 

indicating their tight association. In addition, we also identified several adaptor proteins, CLT, 

DNM1, SYNJ1, AMPH, NUMBL, DNAJC6. BAR domain-containing proteins AMPH and SH3GL could 

bind the phospholipids as crescent-shaped dimers, generating or stabilizing the highly curved 

regions of membrane (Saheki and De Camilli, 2012). Besides, both of these associate with DYN and 

SYNJ, coordinating fission and uncoating of Clathrin-coated vesicles (McMahon and Boucrot, 2011). 

Consistent with previous research, we detected these known interactions in our study. 

Many endocytic proteins were co-IP-ed, indicating that they are tightly associated. EPS15, EPS15RL1, 

FCHO and ITSN are known to be involved in the endocytic nucleation complex, and were all 

characterized in our dataset. The most abundant adaptor proteins, AP2 and SNAP91, were 

consistently detected in these IPs. Besides, we also identified Clathrin light chain and heavy chain 

and their known associated proteins, including AMPH, SH3GL, DNM, Cyclin G-associated kinase 

(GAK), SYNJ, which mediate the Clathrin-coat assembly, vesicle scission and uncoating. Taken 

together, our study confirmed the known protein interactome of endocytosis. 
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Figure 9. The SV endocytosis protein 

network. A. Multiple single protein 

interactomes of SV endocytosis proteins, 

including AMPH, AP2A, DNAJC5, DNM1, 

EPN1, EPS15L1, ITSN1, NSF, NUMBL, 

SH3GLB2, SNAP91 and SYNJ1. Nodes are 

proteins detected in IP by MS. The edges 

were drawn by IPA software and are 

based on reported interactions from 

literature. The red color intensity 

corresponds to the protein intensity in 

each IP. B. Combined protein network of these individual interactomes, suggesting that IP data has covered a 

substantial part of the SV endocytic process and no potentially new interactors were identified. 
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Conclusion 

Presynaptic terminals are specialized subcellular structures responsible for the stimulus-dependent 

quantal release of synaptic neurotransmitters. Networks of proteins facilitate multiple dynamic 

physiological processes controlling presynaptic action potential generation, ion channel activation, 

SV trafficking, docking, fusion and recycling. Characterization of the global synaptic protein network 

provides insight into how protein complexes might function and how they are regulated, and 

contributes to revealing the molecular basis of neurotransmission and synaptic plasticity.  

Here, we used a global analysis of the synaptic protein interactome by IP experiments for isolation 

of protein complexes, in conjunction with LC-MS-MS for protein detection. The efficiency of IP 

experiments relies on the extraction of protein complexes, the affinity and specificity of antibodies 

binding to target proteins, and the ability to recognize and remove off-target proteins. In this study, 

we used 1% Triton X-100 to extract protein complexes, since it was suitable to solubilize the 

presynaptic protein complexes, and only dissolve few proteins in the postsynaptic density. The 

various antibody-related properties such as target-selectivity, cross-reactivity and interference with 

protein-protein interactions may lead to false-positive and false negative results. From the 

immunoblotting test of the antibodies, many non-specific binding proteins and high background 

was observed. The quality of antibodies also strongly affected the IP results. In this study, we 

collected more than one hundred antibodies for the synaptic protein network screening, and ~ 77% 

bound adequately to the bait complexes in IPs.  

Typically, 200 - 300 proteins were characterized in a single IP experiment, but the majority of the 

identified proteins were false-positive. These false-positive proteins can be categorized in 4 classes:, 

including (1) proteins introduced during operation, such as IgG and keratin, (2) proteins attached to 

immunoglobulin or solid supports used in the purification procedure, which are commonly high 

abundant or sticky proteins in the soluble fractions, (3) antibody cross-reactive proteins, which 

contain similar epitope sequence as the bait protein, and (4) heterogeneous off-target binding 

proteins of the antibody, which bind strongly to different epitopes at the bait. How to distinguish 

the physiological interacting proteins from these false positive proteins remains a notorious 

problem in IP-MS experiments. Multiple negative controls have been introduced to exclude 

false-positives, including empty beads, IgG, pre-immuno serum and knockout animals or cell lines. 

Although protein extracts from knockout animals or cell lines were regarded as a marvelous control 

for IPs due to their similar protein background, for only a limited number of genes knockouts are 

readily available and the production itself maybe long, laborious and costly. Therefore in this study, 

we applied an additional negative control “peptide antigen blocking” for the synaptic interactome 

screening. Pre-saturation of the bait-specific antibody with the peptide antigens disables the 

binding of antibodies to bait proteins, whereas the non-specific binding proteins are not affected. 

Besides, we also tried to affinity purify the bait complexes with multiple antibodies to decrease the 

false positives. Quantitative MS approaches, along with a series of appropriate control experiments, 

can identify changes in the composition of protein complexes, and predict background 

contaminants reliably from true interacting partners. In addition, statistical analysis of multiple 

replicates and clustering algorithms based on bait-prey or prey-prey co-occurrence also contribute 

to the exclusion of false-positives in the IP-MS screening.  
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In this study of the presynaptic protein interactome, we performed hundreds of IP experiments 

along with negative controls to affinity isolate the target complexes and characterized their 

composition by LC-MS-MS quantitatively. Many previously reported protein-protein interactions 

were confirmed in our dataset. As shown in the data of the presynaptic component network of 

transsynaptic signaling or endocytosis network, the overlaid interactomes from different baits 

indicate that target proteins are involved in the same complex with high confidence. In addition, 

novel interacting protein candidates were detected in the screening, and some of them were 

validated by reverse IPs. For example, we detected novel interacting candidates LRFN2 and MPP2 in 

the transsynaptic signaling interactome and VTI1A and VTI1B in SNAP25 interactome, and 

confirmed their interactions by reverse IPs. The subcellular localization and biological function of 

these novel interacting candidates needs to be investigated. 

We observed that a single target protein may be involved in several protein complexes with 

different functions.. Under physiological conditions, proteins dynamically interact to facilitate 

multiple biological functions. Besides, many proteins are detected to be in several subcellular 

localizations where they might associate with different proteins. For instance, in the SNAP25 

network, we detected several SNARE proteins for endosome cycling and vesicle trafficking between 

endoplasmic reticulum and Golgi apparatus, in addition to the known interacting proteins STX1 and 

VAMP2. It is suggested that SNAP25 might interact with different protein groups to regulate vesicle 

fusion in multiple processes of synaptic transmission.  

IP combined with MS identification of proteins allows the investigation of endogenous protein 

complexes under normal gene expression conditions. However, it cannot distinguish direct or 

indirect interactions, and multiple sub-complexes for the same bait. Multiple independent methods 

were adopted to confirm the interaction proteomics screening data, such as reverse-IPs, yeast 

two-hybrid, BN-PAGE, immunochemistry, and these experiments and data analyses are still ongoing. 

Yeast two-hybrid can quickly screen large numbers of binary candidates and report on the direct 

interactions. BN-PAGE is used to separate protein complexes according to their size. Combination of 

IP, BN-PAGE and MS identification allows the characterization of sub-populations of target protein 

complexes (see Chapters 4, 5). In addition, immunochemistry and in situ proximity ligation assays 

(e.g., Duolink) might reveal the protein subcellular localization, and can be used to determine 

whether the candidates are co-localized with the bait. In the future, a protein network model would 

benefit from information on localization, function in addition to protein-protein interaction. 

Synaptic transmission depends on the spatially and temporally coordinated cascades of 

protein-protein interaction. Based on a static interactome model, we aim to subsequently delineate 

the dynamic aspects of the synaptic protein network, which could provide profound insight in 

neuroplasticity and brain disorders of synaptic dysfunction. Upon chronic activation or 

pharmacological challenges, synaptic transmission is dynamically regulated and these paradigms 

might serve to investigate the specific process of neurotransmission regarding its dynamic features. 

In addition, quantitative interactome comparison between mutant and wild type animals would 

contribute to the discovery of multiple associated protein changes accounting for certain biological 

functions. Thus, the dynamic network analysis might provide valuable insights into the molecular 
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mechanism of synaptic dysfunction and generate a better understanding of the etiology of human 

brain disorders. 
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