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Abstract
Parkinson’s Disease (PD) is characterized by the aggregation and accumulation of α-synuclein (α-syn), along with 
abnormally high levels of α-syn phosphorylation at the serine 129 site (pSer 129 α-syn, p-α-syn). However, the 
mechanisms underlying the extensive phosphorylation at the serine 129 site in the pathogenesis of PD, as well 
as the role of p-α-syn in the process, remain unclear. Furthermore, though α-syn could bind to VAPB and loosen 
Endoplasmic Reticulum (ER)-mitochondria associations by disrupting VAPB-PTPIP51 tethers, whether and how 
the phosphorylation of α-syn at the serine 129 site regulates VAPB-PTPIP51 interactions, remains unclear. Herein, 
Co-Immunoprecipitation and Mass Spectrometry (CO-IP/MS) studies were preformed to identify and compare the 
Protein-Protein Interactions (PPIs) of phosphorylated and total α-syn in the midbrains of Thy1-SNCA transgenic 
mice. We further performed CO-IP and Molecular Dynamics (MD) simulation assays to confirm the influence of 
α-syn phosphorylation on the aforementioned interactions. Additionally, we performed Gene Ontology (GO) 
and Kyoto Encyclopedia of Genes and Genomes (KEGG) analyses to annotate the functional features of the 
common interacting proteins of p-α-syn and VAPB. The potential downstream proteins were further verified via 
CO-IP. According to the CO-IP and MD results, phosphorylation at the serine 129 site of α-syn increased VAPB-
PTPIP51 interactions, and α-syn interacted directly with PTPIP51. Furthermore, functional and pathway enrichment 
analyses revealed that the common interacting proteins of p-α-syn and VAPB were significantly involved in protein 
binding, metal ion binding, structural constituent of the cytoskeleton, the intermediate filament cytoskeleton, and 
microtubule organization processes. Moreover, our findings confirmed the interactions of potential downstream 
target proteins (CLTC, CAMK2A, ATP1A3, and TUBB4B) with p-α-syn and VAPB. These findings collectively elucidate 
the structural underpinnings of serine 129 phosphorylation regulates the interaction between α-syn and both VAPB 
and PTPIP51. We hope that these findings will provide valuable insights into the role and regulatory mechanisms of 
serine 129 phosphorylation in the pathogenesis of pertinent diseases.
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Introduction
Parkinson’s Disease (PD), a multisystem neurodegen-
erative disease with both motor and non-motor symp-
toms, has demonstrated an increasing prevalence with 
the aging global population [1, 2]. Notably, α-synuclein 
(α-syn), the primary component of proteinaceous inclu-
sions in patients’ affected tissues, has been associated 
with both familial and sporadic forms of PD [3, 4]. Fur-
thermore, in-depth biomarker research on the detection 
of pathological α-syn (misfolded and aggregated) suggest 
that, α-syn pathology could serve as the gold standard 
for definitively diagnosing PD [3, 5]. Despite signifi-
cant scholarly progress in elucidating α-syn pathology, 
its underlying pathophysiological mechanisms remain 
unclear [4]. Therefore, exploring the molecular mecha-
nisms of α-syn pathology, a crucial therapeutic target, is 
imperative to halt or slow PD progression.

According to research, Posttranslational Modifica-
tions (PTMs) could influence the propensity of α-syn to 
misfold and aggregate [6]. Additionally, intensive stud-
ies targeting α-syn phosphorylation revealed unusually 
high α-syn phosphorylation levels at the serine 129 site 
of α-syn (pSer 129 α-syn, p-α-syn) in pathological α-syn 
inclusions, a modification crucially involved in α-syn 
aggregation, membrane association, internalization, 
and other processes [7–9]. As a result, various inves-
tigators have used p-α-syn antibodies to detect α-syn 
pathologies in multiple peripheral tissues and biofluids 
of PD patients during preclinical phases, highlighting 
the potential of p-α-syn as a diagnostic or progression 
biomarker for PD [6, 10–13]. For instance, through pep-
tide pulldown assays and MS analyses, some researchers 
found that, unlike non-phosphorylated α-syn, the α-syn 
peptide phosphorylated at the serine 129 site was highly 
enriched in association with certain cytoskeletal proteins, 
vesicular trafficking proteins, and multiple enzymes [14]. 
Additionally, the GST-tagged recombinant Wild-type 
(Wt)/S129A mutant/S129D mutant h-α-syn (S129A and 
S129D mutations were employed to simulate the absence 
of phosphorylation and constitutive phosphorylation of 
serine 129 site, respectively.) was used as bait in previous 
research to enrich proteins in order to evaluate the inter-
actions of phospho-incompetent and phospho-mimic 
h-α-syn in mouse brain [12]. Furthermore, a recent study 
employed biotinylation via antibody recognition to label 
total α-syn and p-α-syn in situ for subsequent MS analy-
sis of brain tissues from patients [15, 16]. Despite these 
valuable research insights, the precise pathophysiologi-
cal mechanisms of p-α-syn in PD pathologies, especially 
its roles relative to non-phosphorylated α-syn, remain 
unclear.

Increasing research evidence has associated PD pathol-
ogies with the dysfunction of Mitochondria-Associated 
Endoplasmic Reticulum (ER) Membranes (MAMs), 

signaling hubs involved in vital cellular processes such 
as calcium signaling, lipid metabolism, and autophagy 
[17, 18]. According to research, MAMs are enriched in 
specific proteins such as the membrane tether Vesicle-
Associated Membrane Protein Associated Protein B 
(VAPB) and the outer mitochondrial membrane protein 
Tyrosine Phosphatase Interacting Protein 51 (PTPIP51) 
[19, 20]. Notably, VAPB is localized at the surface of the 
ER and acts as a receptor for protein partners [21]. Fur-
thermore, it could interact with proteins relevant to PD. 
A de novo in-frame deletion of a valine residue at position 
25 (p.ΔV25) in VAPB was detected in a sporadic PD case 
[22], highlighting the close association between VAPB 
dysfunction and PD pathogenesis. Moreover, α-syn was 
found in MAMs, and mutations in PD-related α-syn 
reduced its association with these MAMs [23, 24]. It is 
also noteworthy that previous Co-Immunoprecipitation 
(CO-IP) results showed that α-syn bound to the con-
served N-terminal Major Sperm Protein (MSP) domain 
of VAPB but not to PTPIP51 [23]. Furthermore, although 
α-syn and PTPIP51 were found to bind to the MSP 
domain of VAPB [25, 26], these studies did not clearly 
define the VAPB-PTPIP51 interaction domains, and it 
remains unclear whether α-syn interacts directly with 
PTPIP51 [23].

To fully understand whether and how phosphoryla-
tion at the serine 129 site of α-syn regulates protein 
interactions, we first screened α-syn and p-α-syn anti-
bodies with high affinity and specificity. We then used 
h-α-syn (Abcam, ab138501) and p-α-syn (CST, #23706) 
antibodies to capture total and phosphorylated α-syn in 
the midbrains of Thy1-SNCA transgenic mice. Subse-
quently, we identified and compared protein interactions 
via CO-IP and Mass Spectrometry (CO-IP/MS) stud-
ies. Biochemical techniques and Molecular Dynamics 
(MD) simulations were then employed to further confirm 
the influence of phosphorylation at the serine 129 site 
of α-syn and to predict the interaction domains in the 
α-syn-VAPB-PTPIP51, p-α-syn-VAPB-PTPIP51, α-syn-
VAPB, and p-α-syn-VAPB complexes. Additionally, we 
performed Gene Ontology (GO) and Kyoto Encyclopedia 
of Genes and Genomes (KEGG) enrichment analyses to 
annotate the functional features of the common inter-
acting proteins of p-α-syn and VAPB. Finally, we used 
CO-IP to validate the potential downstream proteins 
(CLTC, CAMK2A, ATP1A3, and TUBB4B) that inter-
acted with p-α-syn and VAPB. Our findings, for the first 
time, to the best of our knowledge, revealed that phos-
phorylation at the serine 129 site of α-syn increased the 
interaction between VAPB and PTPIP51 and influenced 
the interacting proteins of VAPB. Notably, VAPB and 
PTPIP51 mainly interacted with the C-terminus of α-syn 
(90-140AA) and the N-terminus of α-syn (1-60AA), 
respectively. Furthermore, in pathological circumstances, 
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p-α-syn and VAPB correlated closely with protein bind-
ing, metal ion binding, structural constituent of the cyto-
skeleton, the intermediate filament cytoskeleton, and 
microtubule organization pathways. Overall, in addi-
tion to elucidating the structural basis of how serine 129 
phosphorylation regulates the Protein-Protein Interac-
tion (PPIs) of α-syn and downstream pathways, our find-
ings also reveal a novel regulatory mechanism of serine 
129 phosphorylation in α-syn pathology.

Materials and methods
Animals
Herein, human α-syn (h-α-syn) overexpressing trans-
genic mice [JAX stock #017682; C57BL/6  N-Tg (Thy1-
SNCA) 15Mjff/J; hemizygotes] and Wild-type (Wt) 
C57BL mice (both from Jackson Laboratory, Bar Har-
bor, ME, USA), as well as α-syn Knock-Out (KO) mice 
(C57BL/129 × 1-Sncatm1Rosl/J; Model Animal Research 
Center of Nanjing University) were used. All animals 
were on the BALB/6 background and were housed at 
Room Temperature (RT) conditions under a 12  h: 12  h 
light/dark cycle in SPF animal facility of China Rehabili-
tation Research Center [SYXK (Beijing) 2015-0047]. All 
animal experiments adhered to the National Institute 
of Health’s (NIH; Bethesda, MD, USA) animal care and 
use guidelines. Capital Medical University’s Institutional 
Animal Care and Use Committee (Capital Medical Uni-
versity Animal Experiments and Experimental Animals 
Management Committee, AEEI-2023-247 and AEEI-
2022-073) reviewed and approved the study protocol.

Western Blotting (WB)
We performed WB as outlined in previous research 
[27, 28]. Briefly, samples of recombinant protein (h-α-
syn/p-α-syn, 200 ng/lane), cell lysate, and mice midbrain 
homogenate (mixed with 1 X protease inhibitors and 
phosphatase inhibitors cocktail; all from ServiceBio) were 
first mixed with loading buffer (250 mM Tris-HCl, pH 
6.8, 30% glycerol, and 0.02% Bromophenol Blue) and then 
incubated at 95ºC for 10  min. After denaturation, pro-
tein samples were separated using 10% and 12% Sodium 
Dodecyl Sulfate Polyacrylamide Gel Electrophoresis. The 
gels were then transferred to Polyvinylidene Difluoride 
(PVDF) membranes (0.22  μm, ISEQ00010, Millipore) at 
2 mA/cm2 for 90 min. For α-syn and p-α-syn detection, 
the membranes were incubated with 0.4% paraformal-
dehyde (PFA) for 30  min and then washed three times 
with TBST. After being blocked with 5% skimmed milk 
for 1  h at RT, the membranes were incubated with pri-
mary antibodies against h-α-syn (ab138501, Abcam, 
1/2,000), p-α-syn (#23706, CST, 1/2,000), α-syn (Sc69977, 
Santa Cruze, 1/1,000), VAPB (14477-1-AP, Proteintech, 
1/1,000), PTPIP51 (20641-1-AP, Proteintech, 1/1,000), 
CLTC (26523-2-AP, Proteintech, 1/2,000), CAMK2A 

(13730-1-AP, Proteintech, 1/1,000), ATP1A3 (10868-
1-AP, Proteintech, 1/500), Beta-Tubulin (10094-1-AP, 
Proteintech, 1/2,000), and β-actin (AC026, ABclonal, 
1/4,000) at 4 °C. The membranes were then washed three 
times with TBST and incubated with secondary antibod-
ies at RT for 1 h with gentle agitation to facilitate com-
prehensive binding to the primary antibodies. For WB 
following immunoprecipitation (IP), a conformation-
specific anti-rabbit IgG secondary antibody for IP, con-
jugated with horseradish peroxidase (HRP) (RA1008-01, 
Vazyme, 1/2,000), was employed to detect CAMK2A 
(50  kDa) and TUBB4B (55  kDa). This method ensured 
that the detection was not confounded by the denatured 
light chain (25  kDa) or heavy chain (55  kDa) of the IP 
antibody. Following that, the membranes were washed 
three times with TBST and enhanced chemilumines-
cence chromogenic substrate (E422-01, Vazyme) was 
employed for protein visualization, and the chemical 
fluorescence from blots was photographed and scanned 
using a ChemiDoc MP imaging system (Bio-Rad). In 
other experimental conditions, fluorophore-conjugated 
secondary antibodies, including mouse 680 (926-68070; 
LI-COR Biosciences, Lincoln, NE, USA) and rabbit 680 
(926-68071; LI-COR Biosciences, USA), diluted 1/10,000, 
were utilized. The fluorescence from blots were visual-
ized in an Odyssey imaging system (LI-COR Biosciences, 
USA).

Co-immunoprecipitation (CO-IP) assay
CO-IP method is similar to that previously reported [29]. 
First, protein concentrations in brain homogenates and 
cell lysates were determined using the Bicinchoninic Acid 
BCA assay kit (23225, Thermo Scientific). Subsequently, 
2,000 µg brain homogenates or 1,500 µg cell lysates were 
incubated with IP antibodies or rabbit IgG (2729S, CST) 
in a 400 µL IP buffer system (25 mM Tris-HCl, 150 mM 
NaCl, 1 mM EDTA-Na2, 1% NP-40, 1 X protease inhibi-
tors, and phosphatase inhibitors cocktail; all from Ser-
viceBio). The IP antibodies included h-α-syn (ab138501, 
Abcam, 1/200), p-α-syn (#23706, CST, 1/50), VAPB 
(14477-1-AP, Proteintech, 1/60), CLTC (26523-2-AP, 
Proteintech, 1/60), and Flag (C1305, Applygen, 1/100). 
The mixture was incubated with constant rotation for 
16 h at 4 °C. Following that, 30 µL Protein A/G Magnetic 
Beads (HY-K0202, MCE) were added into the system and 
incubated for 6  h at 4 °C. The bead–antigen-antibody 
complex was separated using a magnetic rack. The super-
natant (40 µL, Output fraction) was mixed with 10 µL 5 X 
loading buffer, and the bead–antigen-antibody complex 
(IP fraction) was mixed with 30 µL 2 X loading buffer. 
Both mixtures were then incubated at 95ºC for 10 min.
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Cell culture and transfection
First, SHSY5Y human neuroblastoma cells (The Cell 
Bank of the Chinese Academy of Science, BFN60700126, 
Shanghai, China) were cultured in a DMEM-F12 medium 
(11320033, Gibco) supplemented with 10% Fetal Bovine 
Serum (FBS) and 1% penicillin/streptomycin. Plasmids 
Flag-PTPIP51 (NM_018145, Vigene) and myc/myc-
h-α-syn/myc-S129A (CH884935, Vigene) were then 
transiently co-transfected into SHSY5Y cells using Trans-
porter 5 Transfection Reagent (26008–1A, Polysciences). 
After 48  h of transient transfection, the cells were har-
vested and cell lysates were extracted via treatment with 
an IP buffer (25 mM Tris-HCl, 150 mM NaCl, 1 mM 
EDTA-Na2, 1% NP-40, 1 X protease inhibitors and phos-
phatase inhibitors cocktail; all from ServiceBio). Finally, 
the lysates were sonicated and centrifuged at 12,000 x g 
for 30 min at 4 °C, before collecting the supernatant and 
storing, awaiting IP tests.

Molecular docking
The complete 3D structure of PTPIP51 was predicted 
using AlphaFold 2 [30]. The complex structure between 
VAPB dimer with α-syn/p-α-syn, PTPIP51 with α-syn/
p-α-syn were predicted using AlphaFold3 [31]. The 
molecular visualizations were carried out using PyMOL 
software (Version 1.8. 2015). On the other hand, the 
complex interaction of VAPB dimer with PTPIP51, and 
of α-syn with VAPB-PTPIP51, were predicted using 
HDOCK [32]. The grid spacing was set to 1.2 Å for a 3D 
translational search and the angle interval was set to 15 
degrees for rotational sampling in the 3D Euler space. All 
docked poses were ranked based on scoring to generate 
100 poses, with the highest ranked pose selected as the 
final binding mode.

Molecular dynamics (MD) simulation
Herein, MD simulation was performed with GROMACS 
(version 2020.6) for the complexes of α-syn-VAPB-
PTPIP51, p-α-syn-VAPB-PTPIP51, α-syn-VAPB, and 
p-α-syn-VAPB. The AMBER14 Force Field and General 
AMBER Force Field (GAFF) parameters were employed 
for the protein and mutant residue Serine 129 (defined as 
SEP129) of α-syn, respectively. The partial atomic charges 
of SEP129 were determined using the Restrained Electro-
static Potential (RESP) charge following the optimization 
of SEP129 at the B3LYP/6-31G (d) level with the Gauss-
ian16 package. Subsequently, sodium counter ions were 
added to neutralize the complexes, which were solvated 
in a box with TIP3P water molecules. The solvent layers 
between the box edges and the solute surface were set to 
1.2 nm.

The long-range electrostatic interactions were treated 
with the Particle Mesh Ewald (PME) method and the 
cutoff for van der Waals interactions was set to 1.0 nm. 

Before the production run, the systems were relaxed for 
1,000 steps using the steepest descent algorithm, fol-
lowed by an additional 1,000 steps using the conjugate 
gradient method. The temperature and pressure in the 
equilibration phase were controlled using the Berendsen 
coupling algorithm, with time constants of 0.1 and 1.0 ps, 
respectively. Furthermore, the protein was constrained to 
allow for the relaxation of water molecules over 100 ps. 
For the production run, an integration time step of 2  fs 
was employed to integrate the motion equations. The 
simulation systems’ temperatures were controlled and 
kept constant using the V-rescale thermostat algorithm. 
On the other hand, the Parrinello-Rahman coupling algo-
rithm was used to keep the pressure constant. The simu-
lated temperature and pressure were set to 298.15 K and 
1  bar, respectively. The MD simulation was performed 
in the NPT ensemble within 200 ns. The binding free 
energy of proteins between each chain was determined 
using gmx_MMPBSA (Version 1.4.3) with MMPBSA.py 
from the AmberTools20 suit. Molecular visualizations 
were preformed using PyMOL software.

Preparation of h-α-syn and p-α-syn proteins
First, the purified recombinant protein was extracted 
from the bacterial lysate by combining it with glutathi-
one Sepharose 4B (17-0756-01, GE Health) as outlined 
in previous research [33]. After induction with 0.1 mM 
Isopropyl-β-D-1-Thiogalactopyranoside (IPTG) for 2.5 h, 
GST-human-α-syn/mouse-α-syn (h-α-syn/m-α-syn) was 
expressed, and α-syn was collected after digestion with 
human thrombin for 6  h at RT. The elution buffer for 
α-syn was changed into a working buffer (20 µM HEPES, 
10 µM MgCl2, 20 µM dithiothreitol, pH 7.4) using a 10 
kD molecular weight cut off filter. Polo-Like-Kinase 3 
(PLK3) was used to produce the p-α-syn monomer. The 
reaction system comprised 50 µL α-syn (2  mg/mL), 1.2 
µL PLK3 (PV3812, ThermoFisher Scientific), and 0.5 µL 
ATP (A26209-1G, Sigma). After incubation for 3 h in a 30 
°C water bath, the reaction was terminated using 25 mM 
EDTA-Na2. The resultant α-syn and p-α-syn were then 
verified with antibodies via WB.

In-gel solution digestion
Shanghai Genechem Co., Ltd performed the LC-MS/
MS analysis as outlined in previous research [34]. Briefly, 
purified protein samples prepared in the CO-IP stage 
were separated using SDS-PAGE. The desired pieces 
were then excised and split evenly into about 1 mm3 sizes 
for every gel slice. Subsequently, 1 mL destaining buffer 
(100 mM NH4HCO3/30% ACN) was added for destaining 
until a transparent solution was realized. The gel slices 
were dried after discarding the supernatant. The proteins 
were reduced with 10 mM DTT (in 100 mM NH4HCO3) 
for 30  min at 56 °C, after which the supernatant was 
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discarded. Subsequently, the ACN was added and incu-
bated for 5  min before discarding the supernatant. Fol-
lowing that, 60 mM Iodoacetamide (IAA) was added to 
block the cysteine residues and incubated for 20  min 
in the dark, after which the supernatant was discarded. 
Subsequently, 200 mM NH4HCO3 was added and incu-
bated for 15  min at RT before discarding the superna-
tant. The ACN was then added again and incubated for 
5 min before discarding the supernatant and drying the 
gel slices. Following that, 200 ng (20 ng/µL) trypsin was 
added and incubated for 30 min at 4 °C after which 40 µL 
25 mM NH4HCO3 was added and incubated overnight 
at 37 °C. The supernatant was then collected and trans-
ferred to another new tube. After adding 60% ACN/0.1% 
TFA in the first tube, the solutions were combined and 
transferred to a new tube after ultrasonication for 15 min. 
Following that, the pooled solution was lyophilized. The 
whole peptide sample was re-suspended in 0.1% TFA, 
desalted with the C18 Cartridge, and then re-suspended 
in 10 µL 0.1% formic acid.

LC-MS/MS assays and data analysis
The LC-MS/MS analysis was performed using a Q Exac-
tive mass spectrometer coupled with an Easy nLC (Ther-
moFisher Scientific). First, the peptide sample was loaded 
onto the C18-reversed phase analytical column (Thermo-
Fisher Scientific, Acclaim PepMap RSLC 50 μm X 15 cm, 
nano viper, P/N164943) in buffer A (0.1% formic acid in 
HPLC grade water), and then separated with a linear gra-
dient of buffer B (80% acetonitrile and 0.1% Formic acid) 
at a flow rate at 300 nL/min. Subsequently, the peptide 
was entered into the Q Exactive mass spectrometer. The 
raw data obtained was imported into Proteome Discov-
erer 2.2 for protein identification, after which, database 
searches were performed using embedded Mascot 2.6 
engines. A precursor mass tolerance of 10 ppm was spec-
ified, and a 0.05 Da tolerance was set for MS2 fragments 
ions. Protein identification was considered positive if the 
peptide score of a specific peptide exceeded the signifi-
cance threshold (FDR = 0.01).

Enrichment analysis
The GO and KEGG functional enrichment analyses on 
p-α-syn and VAPB interacting proteins in the midbrain 
of Thy1-SNCA transgenic mice were perform using the 
DAVID database (https://david-d.ncifcrf.gov/). The top 
10 GO and KEGG terms of p-α-syn and VAPB common 
interactome proteins were then listed. Venn diagrams 
were plotted using an online platform for data analysis 
and visualization (​h​t​t​p​​s​:​/​​/​w​w​w​​.​b​​i​o​i​​n​f​o​​r​m​a​t​​i​c​​s​.​c​o​m​.​c​n; 
last accessed on 20 June 2024).

Statistical analysis
Statistical analyses were performed using Prism 8.0.1 
software (GraphPad, La Jolla, CA, USA). Each experi-
ment was independently conducted at least three times, 
and the results are presented as the mean ± standard 
error of the mean (SEM). Differences in the p-α-syn/h-
α-syn ratio in SHSY5Y cells or α-syn/p-α-syn levels in 
mouse brain tissues were assessed using the unpaired 
t-test. Other datasets were analyzed using one-way 
ANOVA followed by Tukey’s multiple comparisons test. 
In all cases, a value of P < 0.05 was considered statistically 
significant.

Results
Identification of h-α-syn and p-α-syn interacting proteins 
via LC-MS/MS analysis of CO-IP products in midbrain of 
Thy1-SNCA transgenic mice
Previous research has indicated that duplications and 
triplications of the SNCA gene, which encodes α-syn, 
are responsible for autosomal dominant familial PD [35]. 
Additionally, it has been reported that the levels of α-syn 
can significantly influence the disease phenotype. The 
severity of the familial Parkinsonian phenotype is contin-
gent upon the dosage of the SNCA gene and the corre-
sponding protein levels [36]. Herein, we used a transgenic 
(Tg) mouse model (Thy1-SNCA Tg mice), that overex-
pressed human α-syn (h-α-syn) under the control of the 
mouse Thy1 promoter. This transgenic line could mimic 
familial forms of PD, exhibiting typical progression of 
nonmotor and motor symptoms that are exacerbated 
with age [11, 28, 37]. Western Blotting (WB) analysis 
revealed that the midbrain of Tg mice exhibited signifi-
cantly elevated levels of α-syn compared to Wt mice, with 
an increase of approximately 2–3 fold, as illustrated in 
Supplementary Material. Figure 3 A, I. This observation 
aligns with our prior findings, which demonstrated an 
upregulation of h-α-syn and p-α-syn in the midbrain of 
13-month-old Tg mice [33]. To further identify proteins 
involved in α-syn pathology, this study sought to detect 
proteins interacting with h-α-syn and p-α-syn in the 
midbrain of Tg mice. Specifically, we performed CO-IP 
assays with h-α-syn (Abcam, ab138501) and p-α-syn 
(CST, #23706) antibodies, and then subjected the bands 
of interest to MS analysis (Fig.  1A). Protein complexes 
were further pulled down and detected via WB using 
the above-indicated antibodies. According to the results, 
h-α-syn and p-α-syn exhibited significantly enrichment 
when bound to antibodies, compared to non-immune 
IgG. Meanwhile, the midbrain of α-syn Knock-Out (KO) 
mice barely exhibited any enrichment (Fig.  1B-C). Sub-
sequently, we subjected the IP protein complexes to 
electrophoresis and confirmed them via in-gel digestion 
and proteomics analyses. Our CO-IP/MS identified 205 
and 225 proteins (Peptides 95% ≥ 2) as putative binding 

https://david-d.ncifcrf.gov/
https://www.bioinformatics.com.cn
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partners of h-α-syn and p-α-syn, respectively (Fig.  1D, 
Supplementary Material. Table  8, and 9). Interestingly, 
the h-α-syn and p-α-syn interacting proteins exhibited an 
unexpected divergence, implying that, as one of the most 
common PTM, phosphorylation of α-syn at the serine 
129 site could be crucial in modulating its interactions 
with relevant proteins (Fig. 1E, Supplementary Material. 
Table 7).

Phosphorylation at the serine 129 site of α-syn increased 
the interaction between VAPB and PTPIP51
LC-MS/MS results for the Tg midbrains showed that p-α-
syn could interact with VAPB and PTPIP51. PTPIP51 
ranked first and VAPB ranked sixth in all the differen-
tial interacted proteins (specifically interacted with p-α-
syn but not h-α-syn) (Fig.  2A, Supplementary Material. 
Table  7). Therefore, among the 56 proteins potentially 
interacting with p-α-syn, our study concentrated on 
PTPIP51 and VAPB. It is well established that VAPB, the 
integral Endoplasmic reticulum (ER) protein, binds to 
PTPIP51, the outer mitochondrial membrane protein, 
forming a set of tethers that, regulate multiple key cellular 

processes [17, 25, 38, 39]. Although α-syn was found to 
bind to VAPB and the overexpression of Wild-type and 
familial PD’s disease mutant α-syn (A53T mutant/A30P 
mutant) was reported to loosen ER-mitochondria associ-
ations by disrupting VAPB-PTPIP51 tethers [23], whether 
and how phosphorylation of α-syn at the serine 129 
site regulates interactions between VAPB and PTPIP51 
remain unclear. For insights into the underlying mecha-
nisms of the phosphorylation of α-syn at the serine 129 
site impacts VAPB-PTPIP51 interaction, we first estab-
lished whether p-α-syn bound to VAPB and PTPIP51. 
The binding of h-α-syn/p-α-syn to PTPIP51 and VAPB 
was monitored using IP assays involving SHSY5Y cells 
co-transfected with Flag-PTPIP51 and myc-h-α-syn. 
Our findings confirmed the interaction between p-α-syn 
and the VAPB-PTPIP51 complex. Moreover, for the first 
time, to the best of our knowledge, we found that phos-
phorylation of α-syn at the serine 129 site increased its 
interaction with the VAPB-PTPIP51 complex (Fig.  2B-
C). Building on this foundation, we conducted a further 
investigation into whether phosphorylation of α-syn 
at the serine 129 site regulates the interaction between 

Fig. 1  LC-MS/MS identification of h-α-syn and p-α-syn interacting proteins in the midbrain of Thy1-SNCA transgenic mice A. Flowchart showing the 
experimental procedures used for identification of h-α-syn and p-α-syn interacting proteins in the midbrain homogenates of Thy1-SNCA transgenic (Tg) 
by mass spectrometry. By Figdraw. B-C. WB of proteins immunoprecipitated from the midbrain of Tg mice, extracted by h-α-syn antibody (B) and p-α-syn 
antibody (C). D. Proteins identified with a minimum of 2 unique peptides (Peptides 95% ≥ 2) were included in analyses (Supplementary Material. Table 7). 
E. Venn diagrams displaying the degree of overlap in numbers of proteins, which differentially interacted with h-α-syn and p-α-syn. The green area dis-
plays proteins interacting specifically with h-α-syn (includes 36 proteins), the pink area displays proteins interacting specifically with p-α-syn (includes 56 
proteins), the brown area displays proteins interacting with both h-α-syn and p-α-syn (includes 169 proteins). h-α-syn was analyzed with h-α-syn antibody 
(Abcam, ab138501), p-α-syn was analyzed with p-α-syn antibody (CST, #23706). The midbrain homogenates derived from the 13 months-old α-syn knock-
out (KO) mice and Tg mice were used, normal rabbit IgG served as the negative control. IP, immunoprecipitation
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VAPB-PTPIP51. It has been reported that the Wt/A53T 
mutant/A30P mutant α-syn does not alter the expression 
levels of VAPB or PTPIP51 [23]. In this study, SHSY5Y 
cells were transiently co-transfected with Flag-PTPIP51 
and myc/myc-h-α-syn/myc-S129A mutant α-syn (S129A) 
expression plasmids. After 48  h, cell lysates were col-
lected and analyzed via WB. Our WB results found that 
the overexpression of α-syn and S129A did not affect the 
expression of VAPB or PTPIP51 (Fig. 2D, Supplementary 
Material. Figure 2A, D, E). Subsequently, the cell lysates 
underwent CO-IP using an anti-Flag antibody, followed 
by WB analysis with VAPB and PTPIP51 antibodies. The 
results indicated that neither α-syn nor S129A reduced 
the amount of endogenous VAPB bound to Flag-PTPIP51 
(Fig. 2E, Supplementary Material. Figure 2B, F).

Phosphorylation at the serine 129 site of α-syn influenced 
the dynamics of the α-syn-VAPB-PTPIP51 complex
As a member of the VAPs family, VAPB contains a 
highly conserved N-terminal major sperm protein (MSP, 
1-125AA) domain, which interacts with a short, con-
served peptide motif named FFAT (two phenylalanines 
in an acidic tract) in various of membrane-associated 
proteins [21, 40]. Although both of α-syn and PTPIP51 
could bind to the MSP domain of VAPB, the regions of 
α-syn and PTPIP51 mediating these interactions remain 
unclear [23, 25, 26]. Therefore, we performed Molecu-
lar dynamics (MD) simulation to explore the interaction 
mechanisms using GROMACS (version 2020.6). First, 
a 3D structure of human PTPIP51 was predicted using 
AlphaFold 2 [30]. Following that, the complex dimeric 
crystal structure of the Wild-type human VAPB MSP 

Fig. 2  Post-transcriptional phosphorylation modification at the serine 129 site of α-syn can promote the interaction between α-syn and VAPB-PTPIP51 
complex A. LC-MS/MS results for the Tg midbrains showed that p-α-syn could interact with VAPB and PTPIP51. PTPIP51 ranked first and VAPB ranked sixth 
in all the differential interacted proteins (specifically interacted with p-α-syn but not h-α-syn). Flag-PTPIP51 and myc/myc-h-α-syn/myc-S129A expression 
plasmids were transiently co-transfected into SHSY5Y cells. After 48 h, the cell lysates were extracted and subjected to WB and CO-IP. B-C. CO-IP and WB 
analyses of the interaction between h-α-syn/p-α-syn and VAPB/PTPIP51. The cell lysates were subjected to the IP assay using the anti-h-α-syn antibody 
(B) and anti-p-α-syn antibody (C) followed by WB with the indicated antibodies. D. WB analysis of the protein expression of PTPIP51, VAPB, p-α-syn, and 
t-α-syn. E. CO-IP and WB analyses of the interaction between VAPB and PTPIP51. The cell lysates were subjected to the IP assay using the anti-flag antibody 
followed by WB with VAPB and PTPIP51 antibodies. 200 ng recombinant p-α-syn and h-α-syn proteins were used as positive controls in CO-IP experi-
ments. t-α-syn, total α-syn
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domain (PDB entry 3IKK) with both PTPIP51 and α-syn 
(PDB entry 1XQ8), as well as the VAPB-PTPIP51 com-
plex, was predicted using HDOCK [32]. All docked poses 
were ranked based on scoring to generate 100 poses, 
with the highest ranked pose selected as the final binding 
mode.

According to the results, the Root Mean Square Devi-
ation (RMSD) of the α-syn-VAPB-PTPIP51 complex 
tended to be in a horizontal line, indicating that this sys-
tem achieved an equilibrium state within the simulation 
time (Fig.  3A, blue line). On the other hand, the analy-
sis of Root Mean Square Fluctuation (RMSF) suggested 
that the protein fluctuated within a reasonable range 
(Supplementary Material. Figure  4  A-E, blue line). Fig-
ure  4  A shows the simulation outcome with the most 
energetically favorable binding pose of the α-syn-VAPB-
PTPIP51 complex. Tables 1 and 2 show the contact lists 

for VAPB with PTPIP51, α-syn with VAPB, and α-syn 
with PTPIP51 in the α-syn-VAPB-PTPIP51 complex.

We further performed MD simulations to detect the 
binding patterns of the mutant α-syn-VAPB-PTPIP51 
complex (p-α-syn-VAPB-PTPIP51) in order to establish 
the influence of the phosphorylation of α-syn at the ser-
ine 129 site on the stability of the VAPB-PTPIP51 tether. 
According to the RMSD results, the p-α-syn-VAPB-
PTPIP51 system achieved an equilibrium state within the 
simulation time (Fig.  3A, red line). On the other hand, 
the RMSF analysis suggested that the protein fluctuated 
within a reasonable range (Supplementary Material. Fig-
ure 4 A-E, red line). Figure 4B shows the binding mode 
for the p-α-syn-VAPB-PTPIP51 complex. Tables 3 and 4 
show the contact lists for VAPB with PTPIP51, p-α-syn 
with VAPB, and p-α-syn with PTPIP51 in the p-α-syn-
VAPB-PTPIP51 complex.

Fig. 3  The root mean square deviation (RMSD) plot of α-syn-VAPB-PTPIP51, mutant α-syn-VAPB-PTPIP51 (p-α-syn-VAPB-PTPIP51), α-syn-VAPB, and p-α-
syn-VAPB systems A. A representative RMSD plot for α-syn-VAPB-PTPIP51 and p-α-syn-VAPB-PTPIP51 complexes. B-C. The binding free energy (in kcal/
mol) and its components obtained from the MM/GBSA calculation for α-syn-VAPB-PTPIP51 (B) and p-α-syn-VAPB-PTPIP51 (C) complexes. D. A representa-
tive RMSD plot for α-syn-VAPB and p-α-syn-VAPB complexes. E-F. The binding free energy (in kcal/mol) and its components obtained from the MM/GBSA 
calculation for α-syn with VAPB (E) and p-α-syn with VAPB (F). The contribution to the binding free energy (ΔGtotal) from the Van der Waals and electrostatic 
interactions is represented by ΔEvdw and ΔEele, respectively. The polar and nonpolar solvation energy contributions to ΔGtotal are represented by ΔGpolar 
and ΔGnonpolar, respectively
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The extensive contact of p-α-syn along the VAPB-
PTPIP51 interface could impact VAPB-PTPIP51 
conformation and stability (Tables 1, 2, 3 and 4). To com-
putationally address this phenomenon, we assessed the 
binding free energies among the α-syn-VAPB-PTPIP51 
and p-α-syn-VAPB-PTPIP51 complexes. For the α-syn-
VAPB-PTPIP51 complex, the binding free energies 
for the interactions of VAPB with PTPIP51, α-syn with 
VAPB, and α-syn with PTPIP51 were − 96.98, -37.30 and 
− 74.77  kcal/mol, respectively (Fig.  3B). On the other 
hand, for the p-α-syn-VAPB-PTPIP51 complex, the 
binding free energies for the interactions of VAPB with 
PTPIP51, p-α-syn with VAPB, and p-α-syn with PTPIP51 
were − 161.55, -67.25 and − 51.90  kcal/mol, respectively 
(Fig. 3C). These findings suggest a better affinity between 
VAPB and PTPIP51 (-96.98 vs. -161.55) as well as 
between α-syn and the VAPB-PTPIP51 complex (-37.30 
+ -74.77 = -112.07 vs. -67.25 + -51.90 = -119.15), espe-
cially when residue SER129 mutates into residue SEP129 
in α-syn. Moreover, these findings prove the reliability of 
our IP/MS and CO-IP results (Fig. 2).

Overall, our molecular docking experiments revealed 
that, in the α-syn-VAPB-PTPIP51 and p-α-syn-VAPB-
PTPIP51 complexes, the VAPB-PTPIP51 binding 
interactions were more abundant in the p-α-syn-VAPB-
PTPIP51 complex than in the α-syn-VAPB-PTPIP51 
complex, leading to higher binding stability of VAPB 
and PTPIP51 in the former. The interaction residues in 
the 157–172 region (containing FFAT motif, 157-163AA) 
[41] were Thr160, Asp169, and Glu172 of PTPIP51 for 
the α-syn-VAPB-PTPIP51 complex, and Tyr158, Phe159, 
Ser162, Ser163, Ala170, and Glu171 for the p-α-syn-
VAPB-PTPIP51 complex, indicating that VAPB could be 
stably embedded in the 157–172 region of PTPIP51 in 
the p-α-syn-VAPB-PTPIP51 complex. This could be the 
reason why α-syn can competitively interact with Thr166 
and Thr168 to reduce interactions in the 157–172 region, 
whereas p-α-syn cannot. Furthermore, residues Pro108 
and Glu110 of p-α-syn extended to interact with resi-
dues Ser66 and Asn68 of VAPB-B, forming a ‘crab claw’ 
structure that chelates with the VAPB dimer, increasing 

Fig. 4  Molecular dynamics (MD) simulations to explore the interaction mechanism of α-syn-VAPB-PTPIP51, mutant α-syn-VAPB-PTPIP51 (p-α-syn-VAPB-
PTPIP51), α-syn-VAPB, and p-α-syn-VAPB systems. A. The interactions between VAPB and PTPIP51, α-syn and VAPB as well as α-syn and PTPIP51. B. The 
interactions between VAPB and PTPIP51, p-α-syn and VAPB as well as p-α-syn and PTPIP51. C. The interactions between α-syn and VAPB. D. The interac-
tions between p-α-syn and VAPB. Chain A of VAPB (VAPB_A) is colored with cyan, Chain B of VAPB (VAPB_B) is colored with yellow. PTPIP51 is colored with 
green. α-syn and p-α-syn are colored with magenta. The key residues in VAPB_A are presented as cyan sticks. The key residues in VAPB_B are shown as 
yellow sticks. The key residues in PTPIP51 are shown as green sticks. The key residues in α-syn and p-α-syn are indicated by the magenta sticks. The red 
dashes represent hydrogen bond. The blue dashes represent salt bridge. The black arrows represent SER 129 site. The red arrows represent SEP 129 site
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Table 1  The contact list between VAPB and PTPIP51 in α-syn-VAPB-PTPIP51 complex
Chain Residue Chain Residue Interaction type
PTPIP51 Ser149.N VAPB_A Pro35.O Hydrogen bond
PTPIP51 Ser149.O VAPB_A Asp37.N Hydrogen bond
PTPIP51 Thr160.O VAPB_A Ser100.OG Hydrogen bond
PTPIP51 Asp169.OD1/OD2 VAPB_A Thr97.OG1/N Hydrogen bond
PTPIP51 Glu171.OE2 VAPB_A Arg38.NH1/NH2 Hydrogen bond, Salt bridge
PTPIP51 Thr178.OG1 VAPB_A Asp62.OD1 Hydrogen bond
PTPIP51 Asn180.OD1 VAPB_A Thr99.OG1 Hydrogen bond
PTPIP51 Ser183.OG VAPB_A Asp62.OD1 Hydrogen bond
PTPIP51 Glu186.OE2 VAPB_A Ser66.OG Hydrogen bond
PTPIP51 Arg187.N VAPB_A Asn68.OD1 Hydrogen bond
PTPIP51 Glu194.OE2 VAPB_A Lys17.NZ Hydrogen bond, Salt bridge
PTPIP51 Glu199.O VAPB_A Arg19.NH1 Hydrogen bond
PTPIP51 Ser201.OG VAPB_A Leu125.N/OC2 Hydrogen bond
PTPIP51 Thr204.OG1 VAPB_A Glu124.OE1 Hydrogen bond
PTPIP51 Met207.SD VAPB_A Lys17.CE Hydrogen bond
PTPIP51 Gly208.N VAPB_A Glu15.OE2 Hydrogen bond
PTPIP51 Lys210.NZ VAPB_A Glu11.OE1 Hydrogen bond, Salt bridge
PTPIP51 Arg3.NE/NH2 VAPB_B Asp77.OD2 Hydrogen bond, Salt bridge
PTPIP51 Arg11.NH2/NH1 VAPB_B Asp79.OD1/OD2 Hydrogen bond, Salt bridge
PTPIP51 Glu121.OE2 VAPB_B Asn81.ND2 Hydrogen bond
PTPIP51 Asp184.OD1/OD2 VAPB_B Arg51.NH2/NH1 Hydrogen bond, Salt bridge
PTPIP51 Asn185.ND2 VAPB_B Asp77.OD1 Hydrogen bond
PTPIP51 Arg187.NH1/NH2 VAPB_B Asp77.OD2/OD1 Hydrogen bond, Salt bridge
PTPIP51 Ser189.OG VAPB_B Asp24.OD1 Hydrogen bond

Table 2  The contact list between α-syn and VAPB as well as α-syn and PTPIP51 in α-syn-VAPB-PTPIP51 complex
Chain Residue Chain Residue Interaction type
PTPIP51 Ser155.O α-syn Lys21.CE Hydrogen bond
PTPIP51 Thr166.OG1 α-syn Lys21.O Hydrogen bond
PTPIP51 Thr166.OG1 α-syn Gln24.NE2 Hydrogen bond
PTPIP51 Thr166.N α-syn Val70.O Hydrogen bond
PTPIP51 Thr168.N α-syn Thr22.OG1 Hydrogen bond
PTPIP51 Ser212.O α-syn Met5.N Hydrogen bond
PTPIP51 Asp214.N α-syn Met5.O Hydrogen bond
PTPIP51 Asp214.OD2 α-syn Lys6.NZ Hydrogen bond, Salt bridge
PTPIP51 Glu216.OE1 α-syn Lys6.NZ Hydrogen bond, Salt bridge
PTPIP51 Glu217.OE2 α-syn Gly7.N Hydrogen bond, Salt bridge
PTPIP51 Glu217.OE2 α-syn Ser9.N/OG Hydrogen bond
VAPB_A Lys45.NZ α-syn Asp98.OD1 Hydrogen bond, Salt bridge
VAPB_A Thr47.OG1 α-syn Asn103.OD1 Hydrogen bond
VAPB_A Arg50.NE/NH2 α-syn Glu105.OE1/OE2 Hydrogen bond, Salt bridge
VAPB_A Arg50.NH1/NH2 α-syn Asp119.OD1/OD2 Hydrogen bond, Salt bridge
VAPB_A Lys85.O α-syn Asn103.ND2 Hydrogen bond
VAPB_A Lys85.NZ α-syn Glu104.OE1/OE2 Hydrogen bond, Salt bridge
VAPB_A His86.ND1 α-syn Asn103.OD1 Hydrogen bond
VAPB_A Lys87.CE α-syn Gln99.OE1 Hydrogen bond
VAPB_A Asp98.OD1/OD2 α-syn Lys34.NZ Hydrogen bond, Salt bridge
VAPB_A Lys118.NZ α-syn Ala140.OC2 Hydrogen bond, Salt bridge
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the stability of the interaction between p-α-syn and the 
VAPB-PTPIP51 complex.

Phosphorylation at the serine 129 site of α-syn influenced 
the dynamics of the α-syn-VAPB and α-syn-PTPIP51 
complexes
In 2024, Christopher J. Obara and colleagues employed 
three-dimensional electron microscopy combined with 
high-speed molecular tracking to study VAPB. Their 
findings revealed that VAPB molecules transiently enter 
and exit ER-mitochondrial contact sites within seconds, 
while the contact sites themselves remain stable over sig-
nificantly longer time scales [39]. Based on these obser-
vations, we propose that, in addition to their role in 
tethering ER and mitochondria, VAPB and PTPIP51 pro-
teins may also have distinct functions in both physiologi-
cal and pathological contexts. Therefore, we conducted 
additional experiments to investigate the binding interac-
tions of p-α-syn with VAPB and PTPIP51 individually, in 
comparison to the interactions observed with α-syn. We 
focused on VAPB, which is notably expressed in mouse 

midbrain (Supplementary Material. Figure  3  C). RMSD 
analysis indicates that both the α-syn-VAPB and p-α-syn-
VAPB systems reached equilibrium within the simulation 
timeframe (Fig.  3B). Furthermore, RMSF analysis dem-
onstrates that the protein exhibited fluctuations within 
an acceptable range (Supplementary Material. Figure 4E-
G). Figure  4  C-D illustrate the binding configurations 
of the α-syn-VAPB and p-α-syn-VAPB complexes. The 
contact interactions for these complexes are detailed in 
Tables 5 and 6. We also assessed the binding free energy 
among the α-syn-VAPB and p-α-syn-VAPB complexes. 
The average binding free energies for the interactions of 
α-syn with VAPB, p-α-syn with VAPB were − 184.70 and 
− 201.28  kcal/mol, respectively (Fig.  3E-F). Additionally, 
we employed AlphaFold3 to predict the complex struc-
tures of α-syn-PTPIP51 and p-α-syn-PTPIP51. The bind-
ing configurations and contact interactions for α-syn 
with PTPIP51 and p-α-syn with PTPIP51 are presented 
in the Supplementary Material. Figure 5.

According to the MD results, we found the p-α-syn-
VAPB complex exhibits a more extensive and intricate 

Table 3  The contact list between VAPB and PTPIP51 in p-α-syn-VAPB-PTPIP51 complex
Chain Residue Chain Residue Interaction type
PTPIP51 Arg140.NH2 VAPB_A Glu11.OE1 Hydrogen bond
PTPIP51 Arg141.NH2 VAPB_A Glu11.OE1 Hydrogen bond
PTPIP51 Arg146.NH2 VAPB_A Gly64.O Hydrogen bond
PTPIP51 Ser149.N VAPB_A Pro35.O Hydrogen bond
PTPIP51 Ser149.O VAPB_A Thr36.CA Hydrogen bond
PTPIP51 Ser149.O VAPB_A Asp37.N Hydrogen bond
PTPIP51 Ser154.OG VAPB_A Met115.SD Hydrogen bond
PTPIP51 Ser155.OG VAPB_A Glu112.O Hydrogen bond
PTPIP51 Ser156.OG VAPB_A Asp113.O Hydrogen bond
PTPIP51 Tyr158.OH VAPB_A Asn39.OD1 Hydrogen bond
PTPIP51 Phe159.N VAPB_A Phe94.O Hydrogen bond
PTPIP51 Ser162.N VAPB_A Asp98.O Hydrogen bond
PTPIP51 Ser162.OG VAPB_A Ser100.N Hydrogen bond
PTPIP51 Ser163.N VAPB_A Asp98.O Hydrogen bond
PTPIP51 Ala170.N VAPB_A Ser100.O Hydrogen bond
PTPIP51 Glu171.OE1 VAPB_A Met102.N Hydrogen bond, Salt bridge
PTPIP51 Glu182.N VAPB_A Asp62.OD1 Hydrogen bond
PTPIP51 Asp184.OD1 VAPB_A Ser66.N/OG Hydrogen bond, Salt bridge
PTPIP51 Asn185.OD1 VAPB_A Lys31.NZ Hydrogen bond
PTPIP51 Asn185.OD1 VAPB_A Asn68.ND2 Hydrogen bond, Salt bridge
PTPIP51 Asp188.OD2 VAPB_A Lys31.NZ Hydrogen bond, Salt bridge
PTPIP51 Ser193.O VAPB_A Arg19.NH1 Hydrogen bond, Salt bridge
PTPIP51 Asp195.OD1/OD2 VAPB_A Lys17.NZ Hydrogen bond, Salt bridge
PTPIP51 Asp195.N VAPB_A Glu124.OE1 Hydrogen bond, Salt bridge
PTPIP51 Glu392.OE1/OE2 VAPB_A Arg19.NH1/NH2 Hydrogen bond, Salt bridge
PTPIP51 Arg112.OE1/OE2 VAPB_A Glu124.NH2/NH1 Hydrogen bond
PTPIP51 Arg112.NH2/NH1 VAPB_B Leu125.OC1 Hydrogen bond
PTPIP51 Arg116.NH2/NE VAPB_B Leu125.OC1/OC2 Hydrogen bond
PTPIP51 Glu171.OE2 VAPB_B Arg50.NH1/NH2 Hydrogen bond
PTPIP51 Lys191.NZ VAPB_B Asp24.OD2 Hydrogen bond
PTPIP51 Arg140.NH2 VAPB_B Glu11.OE1 Hydrogen bond
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interaction than the α-syn-VAPB complex. The p-α-syn 
protein undergoes a more pronounced conformational 
change compared to α-syn, resulting in a significantly 
enhanced interaction between its C-terminal and VAPB. 
Specifically, SER129 of α-syn forms an intermolecular 
hydrogen bond with Val54 of VAPB_B, whereas SEP129 
of p-α-syn can establish both hydrogen bonds and salt 
bridge interactions with Lys118 and Lys87 of adjacent 
VAPB_A due to its longer side chain. Furthermore, the 
region spanning Leu100 to Gly133 in p-α-syn presents a 
broader contact area with VAPB_B compared to α-syn, 
thereby facilitating increased interactions between p-α-
syn and VAPB. This leads to a more rapid attainment of 
a stable state during MD simulations. The lower binding 
free energy associated with the substitution of SER129 
in α-syn with SEP129 indicates that p-α-syn exhibits a 
higher affinity for VAPB.

Identification and functional annotation of the VAPB and 
p-α-syn common interacting proteins in the midbrain of 
Thy1-SNCA transgenic mice
Based on the aforementioned CO-IP and MD simula-
tion analysis results, we speculated that VAPB interacted 
mainly with the C-terminus of α-syn (90-140AA), with 
or without phosphorylation at the serine 129 site [42]. 
Nonetheless, the functional roles of these interactions 
remain unclear. Among the genes identified to carry de 
novo mutations, various data sources have supported the 
involvement of VAPB in PD, with one study reporting a 

de novo in-frame deletion of a valine residue at position 
25 (p.ΔV25) in VAPB in an independent cohort of spo-
radic PD cases [22]. To further establish whether α-syn 
overexpression or its interactions would affect VAPB 
function in a pathological state, we performed CO-IP/
MS experiments to identify the VAPB interacting pro-
teins in the midbrain of Wt and Tg mice. Protein com-
plexes were pulled down and detected via WB using the 
VAPB antibody (Proteintech, 14477-1-AP). According to 
the results, the antibodies significantly enriched VAPB 
compared to non-immune IgG controls (Fig. 5A-B). Sub-
sequently, we subjected the IP protein complexes to elec-
trophoresis and confirmed them via in-gel digestion and 
proteomics analyses. Our IP/MS identified 92 and 107 
proteins (Peptides 95% ≥ 1) as putative binding partners 
of VAPB in the Wt and Tg groups, respectively (Fig. 5C, 
Supplementary Material. Table  10 and 11). Considering 
the intersections of the p-α-syn and VAPB interacting 
proteins, we identified 53 proteins as high-confidence 
common interacting proteins of p-α-syn and VAPB 
(Fig. 5D, Supplementary Material. Table 7).

To further understand the physiological processes 
underlying the interactions of p-α-syn and VAPB, we 
uploaded the candidate 53 proteins of interest to DAVID 
(​h​t​t​p​​:​/​/​​d​a​v​i​​d​.​​a​b​c​​c​.​n​​c​i​f​c​​r​f​​.​g​o​v​/) for functional ​a​n​n​o​t​a​t​i​
o​n​. The top 10 GO terms for Biological Processes (BPs; 
Fig. 6A), Cellular Components (CCs, Fig. 6B), and Molec-
ular Functions (MFs; Fig.  6C) were then listed. Accord-
ing to the GO enrichment analysis results, the common 

Table 4  The contact list between p-α-syn and VAPB as well as p-α-syn and PTPIP51 in p-α-syn-VAPB-PTPIP51 complex
Chain Residue Chain Residue Interaction type
PTPIP51 Arg139.NH2/NE p-α-syn Glu57.OE2 Hydrogen bond, Salt bridge
PTPIP51 Arg139.NH2 p-α-syn Glu61.OE1 Hydrogen bond, Salt bridge
PTPIP51 Glu147.OE2 p-α-syn Lys6.NZ Hydrogen bond, Salt bridge
PTPIP51 Glu147.OE1/OE2 p-α-syn Lys10.NZ Hydrogen bond, Salt bridge
PTPIP51 Ser149.OG p-α-syn Met1.O Hydrogen bond
PTPIP51 Ser151.OG p-α-syn Met1.N Hydrogen bond
PTPIP51 Glu197.O p-α-syn His50.NE2 Hydrogen bond
PTPIP51 Lys206.NZ p-α-syn Glu35.OE1/OE2 Hydrogen bond, Salt bridge
PTPIP51 Leu213.O p-α-syn Lys23.NZ Hydrogen bond
PTPIP51 Asp214.O p-α-syn Lys23.NZ Hydrogen bond
PTPIP51 Glu306.OE2 p-α-syn Lys34.NZ Hydrogen bond, Salt bridge
PTPIP51 Glu313.OE2 p-α-syn Lys43.NZ Hydrogen bond, Salt bridge
VAPB_A Glu5.OE1 p-α-syn Ser87.OG Hydrogen bond
VAPB_A Gln13.O p-α-syn Gly86.N Hydrogen bond
VAPB_A Thr47.O p-α-syn Gln99.NE2 Hydrogen bond
VAPB_A Arg50.NH1/NH2 p-α-syn Asn103.O Hydrogen bond
VAPB_A Lys85.O p-α-syn Lys96.N Hydrogen bond
VAPB_A Lys87.NZ p-α-syn Ala90.O Hydrogen bond
VAPB_A Lys87.NZ p-α-syn Gly93.O Hydrogen bond
VAPB_B Ser66.O p-α-syn Glu110.N Hydrogen bond
VAPB_B Asn68.ND2 p-α-syn Pro108.O Hydrogen bond
VAPB_B Asn68.ND2 p-α-syn Glu110.OE1 Hydrogen bond

http://david.abcc.ncifcrf.gov/
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interacting proteins of p-α-syn and VAPB significantly 
involved in various fundamental processes including pro-
tein binding, metal ion binding, structural constituent of 
the cytoskeleton, intermediate filament cytoskeleton, and 
microtubule organization pathways, among others. On 
the other hand, the KEGG analysis results demonstrated 

that the common interacting proteins of p-α-syn and 
VAPB were mainly enriched in various PD-related and 
neurodegeneration pathways, including multiple dis-
eases, prion diseases, and PD (Fig.  6D), suggesting that 
these proteins could be crucially involved in the pathoge-
nicity of PD.

Verification of the downstream proteins interacted with 
VAPB and p-α-syn.
To further identify the proteins that mediate the syner-
gistic effects of p-α-syn and VAPB, we compared VAPB 
interacting proteins in the midbrains of Wt and Tg mice. 
Our MS analysis identified 53 proteins as partners of both 
p-α-syn and VAPB in the midbrain of Tg mice. Notably, 
only 15 of these proteins were unique to the Tg group and 
were absent in Wt group (Fig. 7A, Supplementary mate-
rial. Table  7). The functions of these 15 proteins were 
annotated using the DAVID bioinformatics resources. 
According to KEGG pathway enrichment analysis results, 
the 15 interacting candidates were mainly enriched in 
four pathways, including the synaptic vesicle cycle (NSF/
STXBP1/CLTC/SLC1A3/DNM1), calcium reabsorption 
(CLTC/ATP1A3/DNM1), Huntington disease (CLTC/
SLC1A3/VDAC1/TUBB4B), and bacterial invasion of 
epithelial cells (CLTC/DNM1) (Fig.  7B). We performed 
WB analysis to quantify the protein levels of CLTC 
(Clathrin Heavy Chain 1), TUBB4B (Tubulin β-4B chain), 
PTPIP51, CAMK2A (Calcium/Calmodulin-dependent 
Protein Kinase Type II Subunit α), and ATP1A3 (Sodium/
potassium-transporting ATPase subunit α-3) in the mid-
brain of Wt and Tg mice (Supplementary material. Fig-
ure 3E-H). Based on these results, we conducted CO-IP 
experiments to explore the interactions among the target 
proteins. Our findings confirmed the interaction between 
p-α-syn and CLTC (Fig. 7C), CLTC and VAPB (Fig. 7D), 
VAPB and p-α-syn, VAPB and PTPIP51 (Fig. 7E), VAPB 
and TUBB4B (Fig.  7F), VAPB and CLTC, VAPB and 
CAMK2A (Fig. 7G), VAPB and ATP1A3 (Fig. 7H) in the 
midbrain of Tg mice.

Discussion
Although α-syn phosphorylation occurs at the serine 129 
site in Lewy pathology, the drivers of this phosphoryla-
tion and the exact composition of Lewy bodies (LBs) 
remain unclear [43]. Therefore, further studies should 
identify molecules mediating the functional interaction 
with α-syn and the mechanism by which phosphoryla-
tion at the serine 129 site of α-syn exerts its regulatory 
function in pathological situations. In this study, p-α-syn 
was detected in the midbrains of Thy1-SNCA transgenic 
mice using one specific p-α-syn antibody (CST, #23706), 
followed by CO-IP/MS analysis. Unlike h-α-syn, unex-
pected divergence was detected in p-α-syn interact-
ing proteins. However, we focused on VAPB-PTPIP51, 

Table 5  The contact list between α-syn and VAPB in α-syn-VAPB 
complex
Chain Residue Chain Residue Interac-

tion type
α-syn GLU105.OE1/OE2 VAPB_A LYS85.NZ Hydrogen 

bond, Salt 
bridge

α-syn GLU110.OE1 VAPB_A ARG120.NH2 Hydrogen 
bond, Salt 
bridge

α-syn GLU131.OE1/OE2 VAPB_A LYS87.NZ Hydrogen 
bond, Salt 
bridge

α-syn GLN134.N VAPB_A THR46.O Hydrogen 
bond

α-syn GLN134.O VAPB_A THR46.N Hydrogen 
bond

α-syn ASP135.OD1/OD2 VAPB_A LYS45.NZ Hydrogen 
bond, Salt 
bridge

α-syn GLU137.O VAPB_A ASN57.ND2 Hydrogen 
bond

α-syn GLU139.OE1 VAPB_A ARG55.NH2 Hydrogen 
bond, Salt 
bridge

α-syn GLU139.OE1/OE2 VAPB_A ARG55.NE Hydrogen 
bond

α-syn ASN103.OD1 VAPB_B ARG55.NH1/NH2 Hydrogen 
bond

α-syn GLU114.OE2 VAPB_B LYS43.NZ Salt 
bridge

α-syn ASP119.OD1/OD2 VAPB_B LYS118.NZ Hydrogen 
bond, Salt 
bridge

α-syn ASP121.OD2 VAPB_B LYS118.NZ Hydrogen 
bond, Salt 
bridge

α-syn GLU123.OE1/OE2 VAPB_B LYS87.NZ Hydrogen 
bond, Salt 
bridge

α-syn GLU126.N VAPB_B THR46.O Hydrogen 
bond

α-syn GLU126.O VAPB_B THR46.N Hydrogen 
bond

α-syn PRO128.O VAPB_B ASN57.ND2 Hydrogen 
bond

α-syn SER129.O VAPB_B VAL54.N Hydrogen 
bond

α-syn GLU130.OE1 VAPB_B ASN57.N Hydrogen 
bond

α-syn GLU130.O VAPB_B ARG55.NE/NH2 Hydrogen 
bond
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one pair of ER-mitochondria tethers in MAMs, of the 
56 potential interacting proteins (specifically with p-α-
syn). CO-IP and MD simulation results further con-
firmed that the phosphorylation at the serine 129 site 
of α-syn increased the interaction between VAPB and 
PTPIP51, α-syn and VAPB. Moreover, molecular dock-
ing results showed that, α-syn-VAPB interactions and 
α-syn-PTPIP51 interactions were mainly mediated by the 
C-terminus of α-syn (90-140AA) and the N-terminus of 
α-syn (1-60AA), respectively, with or without phosphor-
ylation at serine 129 site. Furthermore, key downstream 
pathways shared by p-α-syn and VAPB, including pro-
tein binding, metal ion binding, structural constituent 
of cytoskeleton, intermediate filament cytoskeleton and 
microtubule organization pathways, etc., were identified. 
Overall, the findings confirm that the phosphorylation 
at the serine 129 site of α-syn plays a key role in regulat-
ing the protein interactome, providing possible mecha-
nisms by which p-α-syn and VAPB participate in α-syn 
pathogenesis.

Researchers have recently utilized new techniques with 
AlphaFold driven modeling and membrane-binding sim-
ulations, and found that phosphorylation at the serine 
129 site can induce conformational changes. Besides, this 
phosphorylation can trigger protein-protein interactions, 
which are necessary for mediating α-syn function at the 
synapse [12]. Although numerous studies have directly 
used p-α-syn antibodies in histology and immunoblot 
techniques to detect the progression of α-syn pathology 
in PD [12, 44, 45], most commercially available p-α-syn 
antibodies cannot be used in CO-IP experiment. Also, 
some p-α-syn antibodies can cross-react with nonspe-
cific antigens, thus limiting the study of p-α-syn interact-
ing proteins [46, 47]. In previous studies, pulled-down 
protein complexes between non-phosphorylated α-syn 
C-terminus and serine 129 site phosphorylated α-syn 
C-terminus have been investigated using the combina-
tion of peptide pulldown/MS assays [14]. In addition, 
another study labeled total α-syn (Abcam, ab138501) 
and p-α-syn (Abcam, ab51253) in situ using a technique 
called biotinylation by antibody recognition for subse-
quent MS analysis of brain tissues [15, 16]. In the present 
study, CO-IP/MS was directly conducted with h-α-syn 
antibody (Abcam, ab138501) and p-α-syn antibody 
(CST, #23706). The two antibodies showed high speci-
ficity and affinity towards h-α-syn and p-α-syn in mouse 
brains. Moreover, the MS results identified 205 and 225 
proteins (Peptides 95% ≥ 2) as putative binding partners 
of h-α-syn and p-α-syn, respectively (in the midbrain of 
13-month-old Tg mice) (Supplementary material, Table 8 
and 9). These results are consistent with the conclusion 
that h-α-syn and p-α-syn interacting proteins are differ-
ent. Therefore, this study provides a valuable tool for sub-
sequent CO-IP studies of h-α-syn and p-α-syn, and may 

Table 6  The contact list between p-α-syn and VAPB in p-α-syn-
VAPB complex
Chain Residue Chain Residue Interac-

tion type
p-α-syn LYS6.NZ VAPB_A VAL54.O Hydrogen 

bond
p-α-syn LYS12.NZ VAPB_A GLN74.OE1 Hydrogen 

bond
p-α-syn GLY86.O VAPB_A ARG50.NH2 Hydrogen 

bond
p-α-syn GLY109.OE1 VAPB_A ARG120.NH1 Hydrogen 

bond
p-α-syn GLY109.NE2 VAPB_A SER84.O Hydrogen 

bond
p-α-syn GLY109.O VAPB_A LYS87.NZ Hydrogen 

bond
p-α-syn SEP129.O8/O9 VAPB_A LYS118.NZ Hydrogen 

bond, Salt 
bridge

p-α-syn SEP129.O10 VAPB_A LYS87.NZ Hydrogen 
bond, Salt 
bridge

p-α-syn GLN134.N VAPB_A THR46.O Hydrogen 
bond

p-α-syn GLN134.O VAPB_A THR46.N Hydrogen 
bond

p-α-syn ASP135.OD1/OD2 VAPB_A LYS45.NZ Hydrogen 
bond, Salt 
bridge

p-α-syn TYR136.OH VAPB_A TYR52.O Hydrogen 
bond

p-α-syn GLU137.O VAPB_A ASN57.ND2 Hydrogen 
bond

p-α-syn GLU139.OE2 VAPB_A ASN57.N Hydrogen 
bond

p-α-syn LYS102.O VAPB_B ILE60.N Hydrogen 
bond

p-α-syn LYS102.N VAPB_B ILE60.O Hydrogen 
bond

p-α-syn GLU104.OE1 VAPB_B SER58.OG Hydrogen 
bond

p-α-syn ASP115.OD1/OD2 VAPB_B LYS43.NZ Hydrogen 
bond, Salt 
bridge

p-α-syn ASP115.OD2 VAPB_B LYS45.NZ Hydrogen 
bond, Salt 
bridge

p-α-syn ASP121.OD1/OD2 VAPB_B LYS118.NZ Hydrogen 
bond, Salt 
bridge

p-α-syn GLU126.N VAPB_B THR46.O Hydrogen 
bond

p-α-syn GLU126.O VAPB_B THR46.N Hydrogen 
bond

p-α-syn PRO128.O VAPB_B ASN57.ND2 Hydrogen 
bond

p-α-syn GLU130.OE2 VAPB_B ASN57.N Hydrogen 
bond

p-α-syn GLU131.OE1/OE2 VAPB_B ARG55.NH2 Hydrogen 
bond, Salt 
bridge
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help clarify the regulatory mechanism of phosphoryla-
tion at the serine 129 site of α-syn.

VAPB is a highly conserved integral membrane pro-
tein in the ER that facilitates the anchoring of membra-
nous organelles to the ER [21]. Previous immunoelectron 
microscopy revealed that α-syn and VAPB are localized 
to filamentous structures of LBs in PD [48]. Additionally, 
several studies have shown that VAPB is involved in PD 
progression, and may be associated with the formation of 
vesicular structures and LBs [22, 48, 49]. In the present 
study, CO-IP/MS identified VAPB as a putative binding 
partner in p-α-syn interacting group in the midbrain of 
13-month-old Tg mice. CO-IP and MD simulation assays 
confirmed this finding. The differential interaction illus-
trates for the first time that phosphorylation at the ser-
ine 129 site of α-syn increases the interaction between 
α-syn and VAPB. Previous studies reported that α-syn 
directly binds to the MSP domain of VAPB, resulting in 
the disruption of calcium ion homeostasis and mitochon-
drial ATP production [23]. Herein, MD findings showed 
that the MSP domain of VAPB mainly interacted with 
the C-terminus of α-syn (90-140AA), with or without 
phosphorylation at serine 129 of α-syn. However, further 
research is needed to validate α-syn-VAPB interacting 
regions via GST-pull-down assays.

Furthermore, literature has established that MAMs 
dysfunction is closely related to PD pathogenesis, thereby 
affecting the communication between ER and mitochon-
dria [50, 51]. VAPB-PTPIP51 tethering complex localizes 
in MAMs and forms at least one scaffold that mediates 
ER-mitochondria associations [18]. A recent study fur-
ther indicated that VAPB is significantly correlated with 
the metastability of MAMs [39]. Additionally, Wild-type 
α-syn and its PD-associated mutants A30P and A53T can 
interact with the VAPB-PTPIP51 tethering complex, thus 
influencing MAMs dynamics [23, 52]. The above stud-
ies provide innovative research direction for exploring 
the detailed molecular mechanisms of α-syn and VAPB-
PTPIP51 in regulating MAMs functions in α-syn patho-
genesis. In this study, the CO-IP/MS results ordered the 
potential interacting proteins (specifically with p-α-syn) 
based on peptide spectrum matches and coverage per-
centage, PTPIP51 ranked first (Supplementary material. 
Table 7). The only study that conducted related analysis 
using IP assay of PTPIP51 and h-α-syn co-transfected 
HEK293 cells did not detect any interaction between 
α-syn and PTPIP51 [23]. Unlike previous research, IP 
results in SHSY5Y cells showed the interaction between 
α-syn and PTPIP51, with or without phosphoryla-
tion at the serine 129 site of α-syn. Notably, both MD 

Fig. 5  Identification of VAPB interacting proteins in the midbrain of Thy1-SNCA transgenic mice and Wild-type mice through LC-MS/MS A-B. WB analysis 
of proteins immunoprecipitated with VAPB in the midbrain of Tg mice (A-B) and Wt mice (B). C. Proteins identified with a minimum of 1 unique peptide 
(Peptides 95% ≥ 1) were included in analyses (Supplementary material. Table 10 and 11). D. Venn diagrams depicting the degree of overlap in numbers 
of proteins which differentially interacted with the p-α-syn (Peptides 95% ≥ 2) and VAPB (Peptides 95% ≥ 1) in the midbrain of Tg mice. The gray area 
showing the common proteins interacting with p-α-syn and VAPB (includes 53 proteins, Supplementary material. Table 7). The 53 proteins of interest were 
uploaded to the DAVID to perform GO analysis and KEGG pathway enrichment. VAPB was analyzed with VAPB antibody (Proteintech, 14477-1-AP). The 
midbrain homogenates derived from 13 months-old Wt and Tg mice, normal rabbit IgG served as the negative control. Venn diagram was plotted by ​h​t​t​
p​s​:​​​/​​/​w​w​​w​.​​b​i​o​​i​n​f​o​​r​m​a​​t​i​​c​​s​.​c​​o​m​.​c​n (last accessed on 20 June 2024), an online platform for data analysis and visualization.

 

https://www.bioinformatics.com.cn
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simulations and AlphaFold3 predictive results demon-
strated that the interactions between α-syn and PTPIP51 
are predominantly facilitated by the N-terminal region 
of α-syn (1-60AA). Besides, there was a lower affinity 
between α-syn and PTPIP51 (-74.77 vs. -51.90 kcal/mol) 
when residue SER129 mutated into residue SEP129 in 
α-syn, inconsistent with MS and CO-IP results. Several 

studies have confirmed the interaction between VAPB 
and PTPIP51. Consequently, VAPB may serve as an inter-
mediary in the interaction between α-syn and PTPIP51, 
as no direct interaction between α-syn and PTPIP51 
has been documented. Furthermore, the interactions 
between α-syn and PTPIP51 are modulated by the 
phosphorylation of α-syn at the serine residue 129 [53]. 

Fig. 6  GO and KEGG pathway analysis of p-α-syn-VAPB interacting proteins in the midbrain of Thy1-SNCA transgenic mice A-D. GO and KEGG enrichment 
analysis on the DAVID database. The top 10 GO terms in the biological process (A), cellular component (B), and molecular function (C) are listed. Top 10 
KEGG signaling pathways (D) are listed. GO, gene ontology; KEGG, Kyoto encyclopedia of genes and genomes
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Fig. 7  The immunoprecipitation assay confirming the interaction between p-α-syn-VAPB and identification of their interacting proteins through LC-MS/
MS. A. Venn diagrams displaying the degree of overlap in numbers of proteins which differentially interacted with VAPB in Wt mice (Peptides 95% ≥ 1, 
includes 92 proteins) and p-α-syn-VAPB in Tg mice (includes 53 proteins). The grey area displays proteins interacting with p-α-syn and VAPB in midbrain 
of Tg mice (includes 15 proteins). B. KEGG pathway enrichment for 15 differentially interacted proteins. C-H. CO-IP analysis of the interaction between 
p-α-syn and CLTC (C), CLTC and VAPB (D), VAPB and p-α-syn, VAPB and PTPIP51 (E), VAPB and TUBB4B (F), VAPB and CLTC, VAPB and CAMK2A (G), VAPB and 
ATP1A3 (H). IP antibody: anti-p-α-syn (CST, #23706), anti-VAPB (Proteintech, 14477-1-AP), and anti-CLTC (Proteintech, 26523-2-AP). CLTC, Clathrin Heavy 
Chain 1. ATP1A3, Sodium/potassium-transporting ATPase subunit α-3. CAMK2A, Calcium/Calmodulin-dependent Protein Kinase type II subunit α. TUBB4B, 
Tubulin β-4B chain. The midbrain homogenates were from 13 months-old Tg mice, normal rabbit IgG served as the negative control
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Nonetheless, GST-pull-down assays are needed to detect 
any direct interaction between α-syn and PTPIP51, as 
well as the interacting regions.

The mechanism underlying α-syn in MAMs is contro-
versial. Some studies have reported that α-syn controls 
mitochondrial calcium homeostasis by enhancing ER-
mitochondria interactions [54]. However, another study 
reported that α-syn can induce the loosening of ER-mito-
chondria contacts, accompanied by disruption to calcium 
ions exchange between the two organelles and mitochon-
drial ATP production [23]. In this study, molecular dock-
ing experiments indicated that VAPB and PTPIP51 had 
more abundant interactions in p-α-syn-VAPB-PTPIP51 
than in α-syn-VAPB-PTPIP51, leading to higher binding 
stability between VAPB and PTPIP51 in p-α-syn-VAPB-
PTPIP51 (-96.98 vs. -161.55  kcal/mol). Taken together, 
these finding indicate that α-syn enhances ER-mitochon-
dria interaction, however, further validation is required. 
Furthermore, molecular docking experiments showed 
that the MSP domain of VAPB can be embedded stably in 
157–172 region (FFAT-like motif ) of PTPIP51 in α-syn-
VAPB-PTPIP51 and p-α-syn-VAPB-PTPIP51 complexes, 
consistent with previously studies [25, 55].

Previous studies have shown that α-syn and VAPB are 
involved in PD progression, and may be associated with 
the formation of α-syn pathogenesis [48, 49]. In the pres-
ent study, GO enrichment analysis demonstrated that 
53 high-confidence p-α-syn and VAPB common inter-
acting proteins were significantly involved in many fun-
damental processes, including structural constituent of 
cytoskeleton, protein binding, protein kinase binding, 
protein-containing complex binding pathways, etc. This 
was partly consistent with previous peptide pulldown 
and MS research. Previous research found that α-syn 
peptide phosphorylation at the serine 129 site is highly 
enriched in certain cytoskeletal proteins, vesicular traf-
ficking proteins, and some enzymes [14]. Herein, CO-IP 
results showed that p-α-syn could bind to VAPB and 
TUBB4B (Tubulin β-4B chain). Furthermore, the interac-
tions between p-α-syn/VAPB and CLTC (Clathrin Heavy 
Chain 1) were verified. These interactions are involved 
in autophagosome formation [38, 56, 57]. These findings 
confirm that LBs formation involves a complex interplay 
between α-syn fibrillization and posttranslational modifi-
cations, as well as interactions between α-syn aggregates 
and membranous organelles [58, 59].

Additionally, VAPB interacting proteins were differ-
ent between Wt and Tg groups, suggesting the impact of 
α-syn overexpression and phosphorylation at the serine 
129 site of α-syn on the downstream functions of VAPB 
(Supplementary material. Table  10 and 11). Functional 
enrichment analysis of the screened 15 proteins inter-
acting specifically with p-α-syn and VAPB in the Tg 
group, showed that the proteins were mainly enriched 

in four pathways, including synaptic vesicle cycle (NSF/
STXBP1/CLTC/SLC1A3/DNM1) and calcium reabsorp-
tion (CLTC/ATP1A3/DNM1), as the top two pathways. 
Consistently, previous studies reported that the impair-
ment of VAPB-PTPIP51 tethering activity is associated 
with MAMs dysfunctions, including cellular calcium 
ions homeostasis imbalance and neuronal synaptic dys-
function [23, 60, 61]. Moreover, studies have shown 
that VAPB and phosphorylation at the serine 129 site 
of α-syn participate in the regulation of synaptic vesicle 
cycle and presynaptic calcium ions homeostasis [12, 62]. 
In this study, CO-IP identified the interaction between 
VAPB and ATP1A3 (Sodium/potassium-transporting 
ATPase subunit α-3). ATP1A3 can bind to α-syn, thus 
impairing its activity [63]. Our results also confirmed 
the interaction between VAPB and CAMK2A (Calcium/
calmodulin-dependent protein kinase type II subunit α). 
CAMK2A is a kinase that modulates calcium influx and 
synaptic function [64]. These results suggest that the 
interaction between p-α-syn and VAPB induce a syner-
gistic role in calcium ions regulation and synaptic vesicle 
function.

In the current study, we exclusively examined the syn-
ergistic interaction p-α-syn and VAPB within the mid-
brain tissue of Tg mice under pathological conditions. 
Nonetheless, an expanding body of research suggests 
that phosphorylation at residue 129 site is also pertinent 
under physiological conditions [12, 45]. Notably, in our 
CO-IP experiments, we also detected an enrichment of 
p-α-syn using the p-α-syn antibody (CST, #23706; Sup-
plementary material. Figure  1D-E) in the midbrain tis-
sue of Wt mice. Based on these observations, we plan to 
employ the p-α-syn antibody as a tool to further inves-
tigate the distinct roles of p-α-syn in pathophysiological 
contexts.

Conclusions
Taken together, these findings indicate that p-α-syn anti-
body (CST, #23706) is a reliable tool for the detection and 
mechanistic studies of p-α-syn in PD and related pathol-
ogies. Besides, p-α-syn and VAPB can play a synergistic 
role in synaptic vesicle cycle and calcium reabsorption 
pathways under pathophysiologic situations. Importantly, 
this study supports the notion that phosphorylation at 
the serine 129 site of α-syn plays a crucial role in regulat-
ing its protein interactome, particularly in the interaction 
between α-syn and VAPB-PTPIP51, making it a potential 
target for the treatment of synucleinopathies.
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