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The Lewy bodies (LBs) are the pathological hallmark of Parkinson’s disease (PD).

More than 90% of α-synuclein (α-syn) within LBs is phosphorylated at the serine-129

residue [pSer129 α-syn (p-α-syn)]. Although various studies have revealed that this

abnormally elevated p-α-syn acts as a pathological biomarker and is involved in the

pathogenic process of PD, the exact pathophysiological mechanisms of p-α-syn are still

not fully understood. Therefore, the development of specific and reliable tools for p-α-syn

detection is important. In this study, we generated a novel p-α-syn mouse monoclonal

antibody (C140S) using hybridoma technology. To further identify the characteristics of

C140S, we performed several in vitro assays using recombinant proteins, along with ex

vivo assays utilizing the brains of Thy1-SNCA transgenic (Tg) mice, the preformed fibril

(PFF)-treated neurons, and the brain sections of patients with PD. Our C140S specifically

recognized human and mouse p-α-syn proteins both in vitro and ex vivo, and similar

to commercial p-α-syn antibodies, the C140S detected higher levels of p-α-syn in the

midbrain of the Tg mice. Using immunogold electron microscopy, these p-α-syn particles

were partly deposited in the cytoplasm and colocalized with the outer mitochondrial

membrane. In addition, the C140S recognized p-α-syn pathologies in the PFF-treated

neurons and the amygdala of patients with PD. Overall, the C140S antibody was

a specific and potential research tool in the detection and mechanistic studies of

pathogenic p-α-syn in PD and related synucleinopathies.
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INTRODUCTION

Parkinson’s disease (PD) is one of the most common movement
disorders in the world. Characteristic pathological changes of
PD include the formation of intracellular inclusions termed,
“Lewy bodies” (LBs) and “Lewy neurites” (LNs) (1, 2). The
major component of these inclusions is α-synuclein (α-syn). In
normal physiological circumstances, α-syn is an “intrinsically
disordered protein,” that is highly dynamic in conformation (3).
Under pathological conditions, misfolded α-syn can lead to the
formation of different α-syn strains, which might have damaging
effects within the neurons (1, 4). Despite intense research efforts,
little is known about how α-syn abnormally aggregates and
finally becomes the main component of LBs and LNs in the
relevant brain regions. Moreover, pathological forms of α-syn
can transfer from cell-to-cell in a prion-like manner, whichmight
further contribute to the spread of α-syn pathology and promote
the neurodegenerative process (5–7). While it is not clear what
mechanisms regulate α-syn transmission, we still know little
about the pathophysiological roles of the secreted α-syn.

It was reported that posttranslational modifications of α-
syn, especially the phosphorylation of serine-129-site (pSer129
α-syn, p-α-syn), could regulate α-syn aggregation and toxicity
in disease, and p-α-syn was also involved in the pathological
propagation of α-syn. Previous experiments have revealed
that approximately 90% of α-syn deposited in LBs was
phosphorylated at serine-129 (pSer129 α-syn, p-α-syn), whereas
only 4% was modified at this residue in the soluble components
of normal brains (8, 9). Currently, it is unclear why extensive
phosphorylation occurs in the pathological process of PD,
and the role of p-α-syn remains controversial. Although some
studies suggested that p-α-syn acted as a protective agent
against α-syn aggregation and neurotoxicity (10, 11), others
suggested that this abnormally elevated p-α-syn was crucial
in mediating α-syn neurotoxicity and inclusion formation (12,
13). In addition to the above roles, p-α-syn also functions
in cell-to-cell transmission of the pathological forms of α-
syn. Phosphorylation at serine-129 was reported to induce the
formation of distinct α-syn strains (14), and phosphorylated
exogenous α-syn fibrils could exacerbate pathology and induce
neuronal dysfunction in mice (15). A recent report also
concluded that p-α-syn enhanced the interaction between α-
syn fibrils and its receptors, which meant that p-α-syn could
facilitate the spread of α-syn pathologies (16). Overall, the
role of p-α-syn is relatively complicated, and further studies

Abbreviations: α-syn, α-synuclein; AP, alkaline phosphatase; β-syn, β-synuclein;

BCA, bicinchoninic acid; C, C-terminal domain of α-synuclein (residues 96–140);

CBS, Coomassie Brilliant Blue staining; ELISA, enzyme-linked immunosorbent

assay; h-α-syn, human α-synuclein; m-α-syn, mouse α-synuclein; MS, mass

spectrometry; N, N-terminal domain of α-synuclein (N-α-syn, residues 1-60);1N,

1N-terminal domain of α-synuclein; NAC, non-amyloid component, the central

domain of α-synuclein (residues 61-95); p, phospho-group; p-α-syn, serine-129-

site phosphorylated α-synuclein; PD, Parkinson’s disease; PFF, preformed fibrils;

PLK3, Polo-Like-Kinase 3; pNPP, p-nitrophenyl phosphate; KO, α-syn knock-

out mice; R, rabbit; SD, standard deviation; SEM, standard error of the mean;

TEM, transmission electron microscopy; Tg, Thy1-SNCA transgenic mice; ThT,

thioflavin T; Wt, wild-type brood mice.

are still needed to reveal its exact mechanism involved in
PD pathologies.

Currently, the development of specific and reliable antibodies
for p-α-syn is of high importance. An increasing number
of investigators have used p-α-syn antibodies to detect α-
syn pathologies in multiple peripheral tissues and biofluids
of patients with PD during the preclinical phase (17–19),
which suggested the potential of p-α-syn as a diagnostic or
progression biomarker for PD (20, 21). A series of p-α-syn
antibodies has also been used to detect pathological α-syn
inclusions in PD models, which facilitated the understanding
of the pathogenesis of p-α-syn (22–24). However, the exact
pathophysiological mechanisms of p-α-syn are still unclear,
as there are no uniform approaches and antibodies for p-α-
syn detection, and some p-α-syn antibodies can cross-react
with nonspecific antigens (25–27). In the present study, we
generated and identified a series of mouse monoclonal p-α-
syn antibodies, and detected their specificities by comparing
them with commercial antibodies. Then, we used the selected
p-α-syn antibody to detect α-syn pathologies in the midbrains
of Thy1-SNCA transgenic (Tg) mice, and used immunogold
electron microscopy to detect the ultrastructural localization
of p-α-syn. Next, we used C140S to recognize p-α-syn
pathologies in the preformed fibril (PFF)-treated neurons and
the brain sections of patients with PD. We then highlighted
the potential applications of our p-α-syn antibody in the
detection and mechanistic studies of p-α-syn in the related
PD pathologies.

MATERIALS AND METHODS

Production of Monoclonal Antibodies to
p-α-Syn
Generation of hybridoma cells was first performed. Briefly,
human immunopeptides 1 (P1; Ac-CEAYEMP(pS)EGG-NH2;
amino acids: 123–132 of p-α-syn) and peptides 2 (P2; Ac-
EMP(pS)EEGYQDC-NH2; amino acids: 126–135 of p-α-syn)
were emulsified with Freund’s adjuvant and were repeatedly used
to immunize female BALB/c mice subcutaneously. Spleen cells
of mouse were selected and fused with Sp2/0 myeloma cells
to generate the antibody-producing hybridomas, and 17 strains
of hybridomas with satisfactory sensitivity were screened out
using indirect enzyme-linked immunosorbent assays (ELISAs).
We finally chose three candidate strains: C140S, C48S, and C54S
for further detection. Each strain was intraperitoneally injected
into female BALB/c-nu mice for antibody amplification. The
collected ascites were then purified using Protein G-agarose
affinity chromatography (Sigma-Aldrich; St. Louis, MO, USA).

Cloning, Expression, and Purification of
Proteins
Full-length α-syn/β-syn cDNA was cloned into the pGEX-4T-1
expression vector and transformed into BL21 (DE3) competent
cells (CB105-01; Tiangen, Beijing, China). GST-α-syn/β-syn
was expressed after induction with 0.1mM isopropyl-β-D-1-
thiogalactopyranoside (IPTG). The purified recombinant protein
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FIGURE 1 | Generation and characterization of recombinant p-α-syn protein in vitro. (A) Coomassie Brilliant Blue staining (CBS, left) and western blotting (right) of the

purified recombinant h-α-syn from E. Coli. Three gradient elution with high concentration (H, 3 mg/mL)/moderate concentration (M, 2 mg/mL)/low concentration (L, 1

mg/mL) were analyzed. The h-α-syn was detected with α-syn#1 antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA). (B) Western blotting of 200 ng of

recombinant h-α-syn in the absence or presence of Polo-Like-Kinase 3 (PLK3). The p-α-syn was probed with three anti-pSer129 α-syn antibodies (p-α-syn#1 and

p-α-syn#2, left blot). The h-α-syn was detected with α-syn#1 antibody (right blot). (C) Representative mass spectrometry (MS) identification information of α-syn

84–104. GAGSIAAATGFVKKDQLGKNE (α-syn 84–104) was one of the digested peptides from the resultant p-α-syn (h-α-syn+PLK3). (D) Representative MS

identification information of α-syn 124–131. AYEMPSEE (α-syn 124–131) was also a digested peptide from the resultant p-α-syn. Detailed MS information is

represented in Tables 2, 3. P, phospho-group.

was extracted from the bacterial lysate by combining with
glutathione SepharoseTM 4B (GE Health Life Sciences, US).
The α-syn/β-syn was collected after digestion with human
thrombin for 6 h at room temperature. The elution buffer,
the phosphate-buffered saline (PBS) (140mM NaCl, 2.7mM
KCl, 10mM Na2HPO4, 1.8mM KH2PO4, pH 7.3) for α-
syn was changed into a working buffer (20µM HEPES,
10µM MgCl2, 20µM of dithiothreitol, pH 7.4) with a 10
kD molecular weight cut off filter (Millipore, Bedford, MA,
USA). The purity of the collected α-syn was assessed with
Coomassie Brilliant Blue staining and western blotting. The
concentration of the α-syn/β-syn protein was tested with a
bicinchoninic acid (BCA) Protein Assay Kit (Thermo Scientific
Waltham, MA, USA). Aliquots of α-syn/β-syn were stored
at−80◦C.

Coomassie Brilliant Blue Staining
We used Coomassie Brilliant Blue staining to assess the purity
of the recombinant h-α-syn. After electrophoresis, the gels
were incubated with Bio-Safe Coomassie Stain (161-0786; Bio-
Rad, Hercules, CA, USA) for 1 h at room temperature. The

membranes were visualized in a Gel DocTM Imager system (Bio-
Rad, CA, USA).

Preparation of p-α-Syn
To produce p-α-syn monomer, we used Polo-like-kinase 3
(PLK3), which was reported to phosphorylate α-syn at serine-
129 in vitro (28). The reaction system consisted of 50 µL α-
syn, 1.2 µL of PLK3 (Thermo Scientific, MA, USA), and 0.5
µL of adenosine triphosphate (ATP) (Sigma Aldrich, MO, USA).
After incubation for 3 h in a 30◦C water bath, the reaction was
terminated by 25mM ethylenediaminetetraacetic acid disodium
salt (EDTA-Na2). The resultant p-α-syn was verified with a p-α-
syn antibody using western blotting. The phosphorylation state
of α-syn was further identified by mass spectrum (Supported
by proteomics platform, Institute of Genetics and Development
Biology, Chinese Academy of Sciences). The p-α-syn monomer
was then stored at−80◦C.

Dot Blots
We used P1, P2, α-syn, p-α-syn, and β-syn to test the
specificity of C140S, C48S, and C54S. Protein samples (250
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TABLE 1 | Antibodies produced and used in this research.

Name Species Type Immunopeptide sequence Source

C140S Mouse Monoclonal P1: Ac-CEAYEMP(pS)EGG-NH2, h p-α-syn 123-132 –

C48S Mouse Monoclonal P2: Ac-EMP(pS)EEGYQDC-NH2, h p-α-syn 126-135 –

C54S Mouse Monoclonal P1: Ac-CEAYEMP(pS)EGG-NH2, h p-α-syn 123-132 –

p-α-syn#1 Mouse Monoclonal h p-α-syn 124-134 Wako

p-α-syn#2 Rabbit Monoclonal h p-α-syn 100-140 Abcam

α-syn#1 Mouse Monoclonal - Santa Cruz Biotechnology

α-syn#2 Rabbit Monoclonal h-α-syn 118-123 Abcam

α-syn#3 Rabbit Monoclonal surrounding Glu105 of m-α-syn Cell Signaling technology

p, phospho-group; h, human; m, mouse.

TABLE 2 | The ion series of peptide AYEMPSEE (α-syn 124–131).

#1 b+ b2+ Sequence y+ y2+ #2

1 72.04440 36.52584 A – – 8

2 235.10772 118.05750 Y 980.29551 490.65139 7

3 364.15032 182.57880 E 817.23219 409.11973 6

4 511.18573 256.09650 M-Oxidation 688.18959 344.59843 5

5 608.23850 304.62289 P 541.15417 271.08072 4

6 775.23686 388.12207 S-Phosphorylation 444.10140 222.55434 3

7 904.27946 452.64337 E 277.10304 139.05516 2

8 – – E 148.06044 74.53386 1

and 500 ng) were spotted onto nitrocellulose membranes.
The membranes were incubated with 5% nonfat dried milk
(Applygen Technology, Beijing, China) on a horizontal
shaker for 1 h at room temperature. The blocking solution
was then removed and replaced with primary antibodies.
After incubation at 4◦C overnight, the membranes were
washed with Tween 20 in tris-buffered saline (TBST [2%
TBS; 10mM Tris-HCl, pH 7.5, 150mM NaCl) for three
times and incubated with alkaline phosphatase (AP)
conjugated secondary antibody, mouse AP-IgG (E-2636;
mAP-IgG; Sigma Aldrich, MO, USA), diluted at 1:1,000.
BCIP/NBT (B3804, Sigma Aldrich, USA) was used to
detect AP to reflect the immunoreactivity of C140S, C48S,
and C54S.

Indirect Enzyme-Linked Immunosorbent
Assays
Indirect ELISAs were conducted to verify the specificity of
antibodies. A 96-well polystyrene plate (Corning, NY, USA)
was coated with immunopeptides and antigens, at 100 µL/well,
and incubated at 4◦C overnight. Coating buffer [citrate-buffered
saline (CBS), 200mM NaHCO3, pH 9.6] was used to dilute
protein samples. The plate was then washed three times
(5min each) with PBST (0.2% Tween-20 in 0.01M PBS), at
200 µL/well, and then incubated with 100 µL/well of 5%
bovine serum albumin (BSA) (Sigma Aldrich, MO, USA)
dissolved with PBST for 2 h at 37◦C. After washing, 100 µL
of detection antibody was added, and the plate was incubated
for 2 h at 37◦C. Next, the plate was washed and incubated at

37◦C for 1 h with 100 µL/well of alkaline phosphatase (AP)
conjugated secondary antibody (mouse AP-IgG, E-2636/rabbit
AP-IgG, SA00002-2; Sigma Aldrich, MO, USA), diluted at
1:1,000. After being washed three times, each well-received
100 µL of enzyme-substrate p-nitrophenyl phosphate (pNPP;
N1891; Sigma Aldrich, MO, USA) to react with AP-IgG. The
reaction was allowed to proceed for 30min at 37◦C in a dark
environment, after which the absorbance was read at 405 nm
with a Multiskan MK3 microplate reader (Thermo Scientific,
MA, USA).

Antibody Absorption Experiment
To test the specificity and affinity of C140S, a total of
5 µg h of p-α-syn protein was incubated with different
concentrations of C140S antibody (3.2, 16, 80, 400µg/mL)
and control mouse IgG (m-IgG,16, 80µg/mL) in a 200 µL
of immunoprecipitation buffer system (0.5% Triton X-100,
10mM Tris-HCl, pH 7.5, 150mM NaCl, 2mM EDTA-Na2).
The mixture was incubated with constant rotation for 12 h at
4◦C. Protein G-Sepharose beads (P3296; 30 µL/tube; Sigma
Aldrich, MO, USA) were added into the system and incubated
for 6 h at room temperature. The antigen-antibody complex
conjugated with Protein G was separated by centrifugation.
The supernatant and the complex were then analyzed by
western blotting.

Transmission Electron Microscopy
Transmission electron microscopy (TEM) was used to observe
the morphology of PFF. These samples were diluted to 20µg/mL
with 0.01M PBS and applied onto 200-mesh copper grids
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TABLE 3 | The ion series of peptide GAGSIAAATGFVKKDQLGKNE (α-syn 84–104).

#1 b+ b2+ Sequence y+ y2+ #2

1 58.02875 29.51801 G – – 22

2 129.06587 65.03657 A 2134.11399 1067.56063 21

3 186.08734 93.54731 G 2063.07687 1032.04207 20

4 273.11937 137.06332 S 2006.05540 1003.53134 19

5 386.20344 193.60536 I 1919.02337 960.01532 18

6 457.24056 229.12392 A 1805.93930 903.47329 17

7 528.27768 264.64248 A 1734.90218 867.95473 16

8 599.31480 300.16104 A 1663.86506 832.43617 15

9 700.36248 350.68488 T 1592.82794 796.91761 14

10 757.38395 379.19561 G 1491.78026 746.39377 13

11 904.45237 452.72982 F 1434.75879 717.88303 12

12 1003.52079 502.26403 V 1287.69037 644.34882 11

13 1131.61576 566.31152 K 1188.62195 594.81461 10

14 1259.71073 630.35900 K 1060.52698 530.76713 9

15 1374.73768 687.87248 D 932.43201 466.71964 8

16 1502.79626 751.90177 Q 817.40506 409.20617 7

17 1615.88033 808.44380 L 689.34648 345.17688 6

18 1672.90180 836.95454 G 576.26241 288.63484 5

19 1800.99677 901.00202 K 519.24094 260.12411 4

20 1915.03970 958.02349 N 391.14597 196.07662 3

21 2044.08230 1022.54479 E 277.10304 139.05516 2

22 – – E 148.06044 74.53386 1

(Agar Scientific, Essex, UK), which were pre-coated with
Formvar. About 6min later, the grids were blotted with a
filter paper and negatively stained with 5% uranyl acetate
for 3min. Copper grids were then blotted and dried under
infrared radiation for 24 h at 37◦C. A JEM-2100 electron
microscope (JEOL, Tokyo, Japan) was used to observe the
protein structure.

Thioflavin T Post-Staining
The formation of α-syn fibrils was investigated by detecting the
fluorescence intensity of Thioflavin T (ThT) in a diluted
mixture of 5 µL × 3 mg/mL protein (monomeric h-
α-syn and PFF) and 95 µL × 20µM of ThT solution.
Plates were sealed and incubated at room temperature
with fluorescence measurements recorded every 30min.

Excitation and emission wavelengths were fixed at 440 and
485 nm, respectively.

Mice
Human α-syn (h-α-syn) overexpressing transgenic mice [017682;

C57BL/6N-Tg (Thy1-SNCA) 15Mjff/J; hemizygotes] and wild-
type (Wt) C57BL mice were purchased from the Jackson

Laboratory, Bar Harbor, ME, USA. The α-syn knock-out

(KO) mice (C57BL/129X1-Sncatm1Rosl/J) were purchased from
the Model Animal Research Center of Nanjing University.

The BALB/c, BALB-c/nu mice for antibody productions were

bought from Vital River Laboratories (Beijing, China). All

animals were housed at room temperature under a 12: 12 h

light/dark cycle in the Laboratory Animal Center, Capital

Medical University. Animal experiments conformed to the

National Institutes of Health (NIH; Bethesda, MD, USA)

guidelines for animal care and use. The animal study was

reviewed and approved by the Institutional Animal Care and Use
Committee. (Capital Medical University Animal Experiments
and Experimental Animals Management Committee, AEEI-
2014-031).

Western Blots
Western blotting was performed as previously described
(29). Briefly, samples of recombinant protein (m-α-syn/m
p-α-syn/h-α-syn/h p-α-syn, 200 ng/lane) and mice brain
[midbrain/striatum/cortex homogenates; 30 µg/lane (α-syn
detection), 100 µg/lane (p-α-syn detection)] were mixed with
a loading buffer (250mM Tris-HCl, pH 6.8, 30% glycerol,
and 0.02% Bromophenol Blue) and then boiled at 95◦C
for 8min. Proteins were separated by 12% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis. The gels were then
transferred to polyvinylidene difluoride membranes (Millipore,
MA, USA) at 2 mA/cm2 for 90min. The membranes were
incubated with 0.4% paraformaldehyde (PFA) for 30min and
then washed three times with TBST. After being blocked with
5% skimmed milk for 1 h at room temperature, the membranes
were incubated with primary antibodies overnight at 4◦C. The
membranes were then washed three times with TBST and
incubated with fluorophore-conjugated secondary antibodies,
including mouse 680 (926-68070; LI-COR Biosciences, Lincoln,
NE, USA), mouse 800 (926-32210; LI-COR Biosciences,
USA), rabbit 680 (926-68071; LI-COR Biosciences, NE,
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TABLE 4 | Sensitivity of p-α-syn mouse monoclonal antibodies secreted from

hybridomas.

Name Volume (mL) Theoretical

sensitivity

(ng)

Dilution

ratio

Volume in use (µL)

C16S 0.1 0.05 1:500 10

C144S 0.1 0.05 1:500 10

C55D 0.15 5 1:100 50

C48S 0.1 0.01 1:500 10

C104S 0.1 0.25 1:250 20

C113D 0.15 0.01 1:500 10

C161S 0.1 0.05 1:500 10

C141D 0.15 5 1:100 50

C23S 0.15 0.05 1:500 10

C142S 0.1 0.01 1:500 10

C140S 0.1 0.01 1:500 10

C37S 0.1 0.05 1:500 10

C78S 0.1 0.01 1:500 10

C54S 0.1 0.01 1:500 10

C57D 0.1 5 1:100 50

C95D 0.1 5 1:100 50

C86S 0.1 1 1:200 25

Bold fonts indicate our selected monoclonal antibodies.

USA) and rabbit 800 (926-32211; LI-COR Biosciences, NE,

USA), diluted at 1:10,000. After incubation with secondary

antibodies for 1 h, the membranes were washed three times
with TBST and visualized in an Odyssey imaging system (LI-

COR Biosciences, NE, USA). Primary antibodies used in this

study included C140S, p-α-syn#1 (pSyn#64; WAKO, Osaka,
Japan), p-α-syn#2 (ab51253; Abcam, Cambridge, USA), α-syn#1

(Sc-69977; Santa Cruz, USA), α-syn#2 (ab138501, Abcam,

Cambridge, UK), α-syn#3 (D37A6-4179, Cell Signaling

Technology, Danvers, MA, USA), β-actin (66009-1-Ig;

Proteintech, Chicago, IL, USA). The details are described

in Table 1.

Immunofluorescence
Immunofluorescence assays were conducted as previously

described (29). Briefly, the mice were perfused with 0.9%

of NaCl in deep anesthesia. After the residual blood was

removed, the circulatory system was perfused with 4% of

PFA. The brain was removed and then was dehydrated and

cryoprotected in 20 and 30% of sucrose solution for 24 h at

4◦C, respectively, and then embedded with an optimum cutting

temperature (OCT) reagent. The midbrain was cut into 30

µm-thick sections. These sections were immersed in PBST

[0.3% Triton X-100 in 0.01M PBS] for 10min, followed by

incubating in 10% goat serum (5,424; Cell Signaling Technology,
MA, USA) for 60min. C140S, p-α-syn#1 (Wako, Osaka, Japan)
and α-syn#2 (Abcam, Cambridge, UK) antibodies were then
incubated with sections for 24 h at 4◦C. After being washed in
PBST three times, the sections were incubated with secondary
antibodies [A32744; mouse Alexa Fluor 594 (Invitrogen,
Carlsbad, CA, USA), rabbit 488 (A32731; Invitrogen)] for

1 h at room temperature, followed by counterstaining with

4
′

,6-diamidino-2-phenylindole (D9542; diluted 1:2,000; Sigma-
Aldrich, MO, USA) for 15min. These sections were imaged with
a confocal microscope (TCS 473 SP8, Leica, Solms, Germany)

for examination.

PFF and Treatment
A microcentrifuge tube containing 100 µL recombinant h-

α-syn (4 mg/mL) was sealed and incubated at 37◦C under

constant agitation at 1,000 rpm on an Eppendorf Thermomixer

Comfort (Eppendorf AG, Hamburg, Germany) for 7 days.
The PFFs were examined by TEM and ThT post-staining.
The PFF treatment was performed as previously described
(30). Primary mouse cortical neurons (wild-type mice) were
cultured for 7 days before being treated with h-α-syn monomer
and the sonicated-PFF (final concentration: 2µg/mL). After a
single h-α-syn or PFF application, the cells were maintained
for 7 days. Neurons were fixed with 4% PFA, and were
immersed in PBST [0.3% Triton X-100 in 0.01M PBS] for
10min, followed by incubating in 10% goat serum (5,424; Cell
Signaling Technology, MA, USA) for 60min. C140S and p-α-
syn#1 (Wako, Osaka, Japan) antibodies were then incubated for
immunofluorescence assays.

Immunohistochemistry of the Amygdala
Tissues With p-α-Syn Antibodies
Sections (5µm thick) of paraffin-embedded amygdala
collected by the China National Clinical Research Center
for Neurological Diseases (Beijing Tiantan Hospital) were
processed for immunohistochemistry. Following dewaxing,
hydration, and antigen retrieval, endogenous peroxidase
activity was eliminated with 3% of H2O2 in PBS for 10min.
After washing in PBS, the sections were incubated with
10% goat serum followed by 0.3% TritonX-100 in PBS for

60min, then incubated with C140S for 24 h at 4◦C. For

detection, primary antibodies, a biotinylated goat anti-
mouse secondary antibody (PV9002; Zhongshan Golden

Bridge Biotechnology, Beijing, China), and diaminobenzidine

(ZLI-9017; Zhongshan Golden Bridge Biotechnology) were
usedto detect the immunoreactivity. The sections were then

counterstained with hematoxylin and imaged with a confocal

microscope (TCS 473 SP8, Leica) for examination. The studies

involving human participants were reviewed and approved
by the IRB of Beijing Tiantan Hospital, Capital Medical

University (KY2018-031-02).

Pre-Embedding Immunogold Electron
Microscopy With p-α-Syn Antibodies
Mice were perfused with 0.9% of NaCl while in deep anesthesia.
After the residual blood was removed, the circulatory system

was perfused with 4% of PFA and 0.075% of glutaraldehyde
(GA) in 0.1M PB. The brain was removed and postfixed with

4% of PFA and 0.2% of GA for 8 h. The midbrain was cut

into 50 µm-thick sections. These sections were permeabilized

with PBST (0.3% Triton X-100 in 0.01M PBS) for 1 h, followed

by incubation with 5% of goat serum (5,425; Cell Signaling
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Technology) for 1 h at room temperature. The C140S antibody

was then incubated with the sections for 24 h at 4◦C. After being

washed with 1% bovine serum albumin (BSA)-PBST three times,
the sections were incubated with secondary antibody conjugated
to 1.4 nm gold particles [2002-0.5mL; Nanogold-Fab goat anti-
mouse IgG (H+L); Nanoprobes, Yaphank, NY, USA and 2004-
0.5mL; Nanogold-Fab goat anti-rabbit IgG (H+L); Nanoprobes],
diluted 1:50 with 1% BSA-PBST, for 1 h at room temperature.
After washing with 1% BSA-PBST three times, the sections
were postfixed with 2% GA for 1 h. Silver enhancement (2013;
Nanoprobes) was conducted for 5min, followed by washing with
deionized water three times. The immunogold-labeled midbrain
sections were then re-embedded for ultrathin sectioning. We
used a JEM-2100 electron microscope (JEOL, Tokyo, Japan)
to analyze the ultrastructural localization of p-α-syn-specific
immunolabeling in the ultrathin sections.

Statistical Analysis
Prism 8.0.1 software (GraphPad, La Jolla, CA, USA) was
used for all statistical analyses. The presented results for each
experiment were independently conducted at least three times.
The data are expressed as the mean ± standard error of the
mean (SEM). Differences of p-α-syn/α-syn levels in mice brain
tissues or ThT post-staining between h-α-syn and PFF were
evaluated using the unpaired t-test. Other data were examined
by the One-way ANOVA and Tukey’s multiple comparisons
tests. In all cases, a value of P < 0.05 was considered
statistically significant.

RESULTS

Generation and Characterization of
Recombinant p-α-Syn Protein in vitro
To characterize the specificity of p-α-syn antibodies, we first

prepared p-α-syn antigen in vitro. We prepared a recombinant

p-α-syn protein using the kinase-catalyzed phosphorylation

method (28). Recombinant human α-syn (h-α-syn; verified

by Coomassie Brilliant Blue staining and western blotting;

Figure 1A) was phosphorylated in the presence of Polo-Like-
Kinase 3 (PLK3). To further determine whether phosphorylation

of α-syn at serine-129 occurred, we used two approaches. First,
we used two commercial pSer129 α-syn antibodies to recognize

the resulting p-α-syn (p-α-syn#1 and p-α-syn#2). Western blot

results (Figure 1B) showed p-α-syn positive bands (17 kD) in

the “h-α-syn+PLK3” group, while the band was not detected

in the “h-α-syn” group. In parallel, we analyzed the resultant
p-α-syn using mass spectrometry (MS) to clearly define the
phosphorylation sites of α-syn. The MS results (Figures 1C,D;

Tables 2, 3) showed that phosphorylation occurred specifically

at amino acid 129 but not at amino acids 87 or 125. These

results confirmed that PLK3 specifically phosphorylated α-syn

at serine-129, and that we successfully prepared recombinant
p-α-syn protein in vitro.

Preparation and Selection of Anti-p-α-Syn
Mouse Monoclonal Antibodies
Because p-α-syn antibodies with high sensitivity and specificity
are crucial for reliable detection, we first prepared and selected
anti-p-α-syn mouse monoclonal antibodies peptides (Table 1).
We immunized mice with two human p-α-syn peptides, P1
[Ac-CEAYEMP(pS)EGG-NH2; amino acids: 123-132] and P2
[Ac-EMP(pS)EEGYQDC-NH2; amino acids: 126-135]. Among
the 17 strains of hybridomas (Table 4), C54S, C48S, and
C140S obtained the highest sensitivities. To further test the
specificity and affinity of these three p-α-syn antibodies, we
conducted dot blot assays (Figure 2A) and indirect ELISAs
(Figures 2B–F). The results showed that C54S and C140S
exclusively bound to α-syn phosphorylated at the serine-129
residue (P1, P2, and p-α-syn) without cross-reactivity with α-
syn and β-synuclein, and the results showed no difference
from the commercial p-α-syn#1 antibody (targeted to amino
acids 124–134 of p-α-syn). In contrast, C48S cross-reacted with
α-syn (Figure 1B). Furthermore, compared to C54S and p-
α-syn#1, C140S had much higher specificity toward p-α-syn
(Figure 2G). Therefore, we chose C140S (IgG subclasses: IgG2b)
for further characterization.

Specificity and Affinity of the C140S
Antibody
It was verified that C140S had high specificity toward human p-
α-syn (h p-α-syn), when using an indirect ELISA (Figure 2D).
To further verify whether C140S recognized mouse p-α-
syn (m p-α-syn), we prepared m p-α-syn and analyzed it
with C140S. Western blotting (Figure 3A) and an indirect
ELISA (Figure 3B) showed that C140S reacted with both
h p-α-syn and m p-α-syn proteins. To further test the
affinity of C140S toward p-α-syn, we conducted the following
antibody absorption experiment, a brief summary of which
is shown in the schematic diagram (Figure 3C). The results
(Supplementary Figures S2A,B) showed that C140S, but not the
control mouse IgG, specifically bound to p-α-syn, and as the
additional amount of C140S increased, the enriched p-α-syn
increased (Supplementary Figures S2B,C). Further experiments
(Figures 3D–F) showed that the amount of p-α-syn (17
kD) in the supernatant decreased gradually with increasing
concentrations of C140S, whereas p-α-syn in the complex
increased gradually with the increasing concentrations of C140S.
Complete depletion of p-α-syn in the supernatant was achieved
when C140S concentration reached 400µg/mL. Together, these
results showed that C140S had high specificity and affinity for
p-α-syn protein.

Comparative Immunoblotting of p-α-Syn
Using C140S and p-α-Syn Commercial
Antibodies
To better characterize the specificity of C140S, we compared
C140S with commercially available p-α-syn antibodies, and
analyzed their recognition patterns toward p-α-syn, both in
vitro and ex vivo. First, we denatured and analyzed 200 ng of
the m-α-syn/m p-α-syn/h-α-syn/h p-α-syn proteins with C140S

Frontiers in Neurology | www.frontiersin.org 7 February 2022 | Volume 13 | Article 821792

https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Liu et al. Antibody for Serine-129 Phosphorylated α-Synuclein

FIGURE 2 | Preparation and selection for anti-p-α-syn mouse monoclonal antibodies. (A) In total, 250 and 500 ng of immunopeptides 1

[P1; Ac-CEAYEMP(pS)EGG-NH2; amino acids: 123–132], peptides 2 [P2; Ac-EMP(pS)EEGYQDC-NH2; amino acids: 126–135], p-α-syn, α-syn, and β-syn human

proteins were spotted onto nitrocellulose membranes, and then probed with antibodies. The p-α-syn was detected by three screened-out monoclonal antibodies,

named as C140S (P1), C48S (P2), and C54S (P1). The p-α-syn#1 (Wako, Osaka, Japan, targeted to amino acids 124–134 of p-α-syn) was used as a positive control.

The monoclonal α-syn#1 antibody (Santa Cruz Biotechnology) demonstrated equal loading of proteins. (B–F) Quantification of the absorbance differences among

C140S, C48S, C54S, p-α-syn#1, and α-syn#1 when recognizing P1, P2, α-syn, p-α-syn, and β-syn (100µg/mL) by indirect ELISA. (G) Quantification of the

absorbance difference among C140S, C54S, and p-α-syn#1 when recognizing p-α-syn (100µg/mL) in indirect ELISAs. The absorbance of plates was measured at

405 nm with a Multiskan MK3 microplate reader. The results are expressed as the mean ± standard error of the mean (SEM) (One-way ANOVA, Tukey’s multiple

comparisons test, n = 3). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 vs. Blank; ##P < 0.01 vs. p-α-syn#1. ns, no significance.

(Figure 4A), p-α-syn#1 (Wako, Osaka, Japan; Figure 4B), and
p-α-syn#2 (Abcam, Cambridge, UK; Figure 4C). The western
blot results showed that C140S specifically recognized m-p-
α-syn/h p-α-syn rather than m-α-syn/h-α-syn, in a similar
manner to p-α-syn#1 and p-α-syn#2 antibodies. We further
demonstrated the specificity of C140S utilizing the brains of
Thy1-SNCA transgenic (Tg) mice, which overexpressed h-
α-syn driven by a broad neuronal promoter. We measured
the expression level of α-syn using midbrain/striatum/cortex
homogenates from 13-month-old Tg mice. Western blot results
(Figures 4D–F; Supplementary Figures S1A–C) showed that α-
syn was overexpressed to a moderate degree (two- to five-fold)
in the brain regions examined in Tg mice when compared
with their wild-type (Wt) littermates, indicating that this Tg
mouse model could mimic the familial forms of PD. On
this basis, we detected p-α-syn levels in the midbrain of
Tg mice, using C140S and two commercially available p-α-
syn antibodies (p-α-syn#1 and p-α-syn#2). Immunoblotting

results of α-syn KO mice/Wt/Tg midbrains showed that C140S
(Figure 4G) detected a band near the expected size of p-
α-syn protein (17 kD), which was absent in the midbrain
samples of KO mice, showing no differences with p-α-syn#1
(Figure 4H) and p-α-syn#2 (Figure 4I). It should be noted
that these p-α-syn antibodies partially cross-reacted with other
protein bands near 30–60 kD, which also existed in the KO
mice. Moreover, we also found that the levels of p-α-syn (17
kD) were significantly increased in the midbrain homogenates
of Tg mice (13-month-old), when compared to the controls
(Supplementary Figure S1D). Based on these observations, we
next used C140S to detect α-syn pathologies in the brains of
Tg mice.

Immunofluorescence Staining of p-α-Syn
in the Midbrain of Tg Mice
To test the synuclein pathological features in the midbrain of
Tg mice, we prepared the midbrain sections from 13-month-old
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FIGURE 3 | Determining the specificity and affinity of C140S. (A) A total of 200 ng of human p-α-syn (h p-α-syn) and mouse p-α-syn (m p-α-syn) were prepared and

probed by western blots with C140S. The α-syn#2 antibody (Abcam, Cambridge, UK) was used to detect human α-syn. The α-syn#3 antibody (CST) demonstrated

an equal loading of mouse α-syn. (B) The affinity of C140S was assessed using indirect ELISAs on m-α-syn/m p-α-syn/h-α-syn/h p-α-syn protein (100µg/mL) coated

wells. The absorbance of plates was measured at 405 nm with a Multiskan MK3 microplate reader. The results are expressed as the mean ± standard error of the

mean (SEM) (One-way ANOVA, Tukey’s multiple comparisons test, n = 3). **P < 0.01, ****P < 0.0001 vs. Blank. (C) The schematics of the antibody absorption

experiment. N, N-terminal domain of α-syn (residues 1–60). NAC, non-amyloid component, is the central domain of α-syn (residues 61–95). C, C-terminal domain of

α-syn (residues 96–140). P, phospho-group. m, mouse. According to the experimental schematics, 5 µg h of p-α-syn was incubated with different concentrations of

C140S antibody (3.2, 16, 80, and 400µg/mL). The protein G beads were added to conjugate with the antigen-antibody complex. The beads-antigen-antibody

complex and supernatant were separated by centrifugation and examined using western bolts, shown in (D,E). The p-α-syn was detected with p-α-syn#1 antibody

(Wako, Osaka, Japan). (F) Quantification of the band intensities of p-α-syn in the beads-antigen-antibody complex (D) and supernatant (E).

KO/Wt/Tg mice, and analyzed p-α-syn with C140S and p-α-
syn#1 using immunofluorescence staining. Figure 5A shows that
in the midbrain sections from α-syn KO mice, C140S did not
produce a detectable signal. We also found that C140S produced
a similar staining pattern to the commercial p-α-syn#1 antibody
(Figure 5B). In addition, the level of p-α-syn was higher in Tg
than in the Wt mice. Moreover, immunostaining results using
high magnification showed that p-α-syn was mainly distributed
in the cytoplasm, and that most of the p-α-syn was aggregated.

Immunogold Ultrastructural Observations
of p-α-Syn in the Midbrain of Tg Mice
To determine the subcellular localization of p-α-syn
aggregates, the Tg midbrain (13-months-old) was fixed
and labeled with C140S and p-α-syn#2 for pre-embedding
in the immunogold electron microscopy. The KO mice
were also included as negative controls in the following
tests. The results (Figure 6A) showed that the labels for
C140S were specifically localized in the cytoplasm, and
colocalized with the outer mitochondrial membrane, which
was consistent with the results of p-α-syn#2 (Figure 6B).

These results suggested that p-α-syn might play a role in the
mitochondrial dysfunction.

Immunofluorescence Staining of p-α-Syn
Pathological Inclusions in the PFF-Treated
Neurons
It was reported that the addition of exogenous α-synuclein
PFFs to primary neuronal cultures could induce the recruitment
of endogenous α-synuclein to LB and LN-like aggregates
(30–32). To further examine the pathological inclusions in
the neurons induced by PFFs, we first generated PFFs
by physically shaking monomeric h-α-syn. To prove that
aggregation of α-syn occurred, PFFs were determined by
negative-staining transmission electron microscopy (TEM).
The results (Figure 7A) showed that α-syn aggregates were
successfully formed in the PFF group. We also analyzed the
fibrillar structure of PFFs using ThT post-staining. The results
showed that the fluorescence of PFF aggregates was higher than
α-syn monomers (Figure 7B). Together, the results showed that
we successfully prepared PFF.
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Primary mouse cortical neurons were prepared from E16-

18 embryonic brains, and maintained for 7 days in vitro,
following treatment with either phosphate-buffered saline (PBS)

vehicle control, monomeric h-α-syn, or PFF, for 7 days.
PFFs were sonicated to lengths of 40–120 nm (examined by
TEM) before adding them into the medium. The results

of p-α-syn immunofluorescence staining with C140S showed
(Figure 7C) that when compared with monomeric h-α-syn

treated cultures, the PFF-treated neurons showed higher levels

of p-α-syn, with similar results also observed using p-α-syn#1

(Figure 7D). Notably, p-α-syn aggregates showed more punctate

and serpentine structures within cell bodies stained with C140S
(Figure 6C) while the p-α-syn#1-stained cells showed diffusely

distributed p-α-syn (Figure 7D). Moreover, we also found the

presence of p-α-syn aggregates in the nucleus of α-syn/PFF
treated neurons, while nothing was detected in neurons treated
with PBS.

C140S Detected p-α-Syn Histopathological
Features in the Amygdala of Patients With
PD
To further determine the ability of C140S to recognize

disease-relevant pathological lesions in the post-mortem human
brains, we obtained 5µm thick amygdala sections from one
patient with PD (male; 69-years-old; Braak PD stage V,
collected by Beijing Tiantan Hospital), who was clinically
diagnosed and pathologically confirmed with PD. We conducted
immunohistochemistry using C140S, which showed that C140S
recognized intracytoplasmic LBs and long thin LNs in these
sections (Figure 8A), which was consistent with the results of
p-α-syn#2 (Figure 8B).

DISCUSSION

The detection of p-α-syn heavily relies on the specificity of
antibody. In the current study, we generated a series of mouse
monoclonal p-α-syn antibodies, and selected the C140S antibody.
The C140S reacted with the original immunopeptide P1 [Ac-
CEAYEMP(pS)EGG-NH2; amino acids: 123–132], and also
specifically recognized p-α-syn prepared in vitro and ex vivo,
without cross-reacting with unphosphorylated α-syn and β-
syn. Compared with commercial p-α-syn antibodies, in multiple
experimental assays, C140S showed similar specificities toward
p-α-syn. Therefore, we used C140S to examine α-syn pathologies
in PFF-treated neurons, the midbrain of Thy1-SNCA transgenic
mice, and in the amygdala of patients with PD. We also observed
the ultrastructural localization of p-α-syn in mitochondria with
C140S by immunogold electron-microscopy.

A widely used approach for the production of peptide
antibodies is to immunize animals with a synthetic peptide,
especially for raising antibodies against posttranslational
modifications (33). In the current study, we used this
experimental biology to generate a series of mousemonoclonal p-
α-syn antibodies, and selected C48S, C54S, and C140S for further
validation. Although the peptides we used for immunization
were 11 amino acids (8–20 amino acids are recommended), we

were still not sure whether C48S, C54S, and C140S antibodies
could recognize the full-length p-α-syn antigens in denatured
or native forms. Dot blot results (Figure 2A) showed that
C48S, C54S, and C140S all recognized P1/P2 peptides, while
compared to C48S and C54S, C140S showed better substrate
recognition toward native full-length p-α-syn antigens. It was
reported that the addition of a phosphate group to serine-129
altered intramolecular interactions with the C-terminus of
α-syn (34). The environment, such as pH, calcium, and salt
also affected the physiological structure of α-syn (3). In the
present study, we prepared recombinant p-α-syn protein using
the kinase-catalyzed phosphorylation method, and the reaction
was performed in a working buffer. In contrast, P1/P2 peptides
were dissolved in PBS. We proposed that phosphorylation
reaction and the difference of solution might influence the
secondary structure of p-α-syn. That might be the reason for the
differential recognition of C48S and C54S toward P1/P2 peptides
and p-α-syn.

Both western blotting and ELISA results showed that C140S
specifically recognized m-p-α-syn/h p-α-syn rather than m-α-
syn/h-α-syn, which showed no difference from the commercial
p-α-syn#1 and p-α-syn#2 antibodies. We further tested the
specificity of C140S in the midbrain of Tg mice by western
blotting. Our prior results showed that aged Tg mice had
higher levels of aggregated α-syn and p-α-syn in the soluble
and insoluble components of the striatum (35). Consistent with
these results, using C140S, we detected increased levels of p-α-
syn (17 kD) in the midbrain of Tg mice (13-months-old). We
also examined the histopathological features in the amygdala
of patients with PD. Filamentous aggregates of p-α-syn were
found in the axons and soma of neurons, which meant that
C140S recognized intracytoplasmic LBs and long thin LNs.
Taken together, the C140S showed relatively high specificity
toward p-α-syn prepared both in vitro and ex vivo. Our present
results showed that C140S specifically recognized full-length p-
α-syn antigens (prepared in vitro) in native forms [Dot blot
results (Figure 2A) and indirect ELISA results (Figures 2D, 3B)]
and denatured forms [Western blot results (Figures 3A, 4A)].
Warranting caution, it was reported that different methods of
preparing the tissues, such as different antigen retrieval methods
and blocking agents might affect p-α-syn antibody performance.
The p-α-syn#2 was found to detect an off-target higher-molecular
weight protein unrelated to α-syn, but this protein was apparently
not detected via immunohistochemistry or confocal approaches
(27). Consistent with this, our immunofluorescence staining
results (Figure 5A) showed that C140S and p-α-syn#1 specifically
recognized p-α-syn antigens (mouse brain) in native forms,
without cross-reaction with other brain proteins in α-syn KO
mice. In contrast, western blot results showed that C140S and the
other two commercial and p-α-syn#2 antibodies partially cross-
reacted with denatured protein bands near 30–60 kD, which also
existed in KOmice (Figures 4G–I). We considered the reason for
this difference in the recognition of mouse brain in native forms
and denatured forms might be due to the states or structural
changes of brain proteins after heat-denatured in the presence
of SDS and DTT. The denaturation of some proteins in the
mouse brain results in the exposure of some similar epitopes,
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FIGURE 4 | Western blot results showed that C140S had similar recognition patterns as commercial p-α-syn antibodies. (A–C) Comparative immunoblotting of

p-α-syn protein (prepared in vitro) between C140S, p-α-syn#1, and p-α-syn#1. A total of 200 ng m-α-syn/m p-α-syn/h-α-syn/h p-α-syn proteins were denatured and

analyzed with C140S (A), p-α-syn#1 [Wako, Osaka, Japan, (B)], and p-α-syn#2 [Abcam, Cambridge, UK, (C)]. The h-α-syn was detected with α-syn#2 antibody

(Abcam, Cambridge, UK). The m-α-syn was detected with α-syn#3 antibody (CST). D-F. A total of 30 µg of brain homogenates of the midbrain (D)/the striatum

(E)/the cortex (F) from wild-type brood (Wt)/Thy1-SNCA transgenic (Tg) mice were denatured and analyzed with h-α-syn and α-syn antibodies. (G–I) Comparative

immunoblotting of mice midbrain between C140S, p-α-syn#1, and p-α-syn#2. 100 µg of midbrain homogenates from α-syn knock-out (KO)/Wt/Tg mice were

denatured and analyzed with C140S (G), p-α-syn#1 (H), and p-α-syn#2 (I). The h-α-syn was recognized by α-syn#2 antibody (Abcam, Cambridge, UK), and was

used to show the successful overexpression of h-α-syn in the brain of Tg mice. The total α-syn level was detected with α-syn#1 antibody (Santa Cruz, CA, USA). The

p-α-syn protein was added as a positive control. The KO mice were used as a negative control. β-actin (42 kD) was used as a loading and internal control to enable

sample normalization. Mouse age: 13-months-old.

which might cause the cross-reaction of C140S, p-α-syn#1, and
p-α-syn#2 antibodies. Previous studies had reported that the
pSer473 neurofilament light epitope contained some sequence
identity to pSer129 α-syn (26), we will further test whether C140S
cross-react with pSer473 neurofilament light antigens in native
forms and denatured forms. We also plan to excise, extract, and
analyze these nonspecific bands in midbrain of α-syn KO mice
by LC-MS/MS.

Even though a large number of studies have shown that
aggregated α-syn partly localized to the mitochondria
under pathological states, and α-syn accumulation and

mitochondrial dysfunction have been implicated in the
pathology of PD (36–41, 48), the mechanisms by which p-α-syn
and mitochondrial proteins regulate each other to trigger
mitochondrial dysfunction are poorly understood. Our p-α-syn
electron microscopy immunogold results showed that p-α-
syn partly localized to the mitochondria in the midbrain of
13-months-old Thy1-SNCA transgenic mice (Figures 6A,B),
suggesting the possibility of direct interaction between p-α-syn
and mitochondrial proteins. One previous study supports this
possibility. They used the combination of peptide pulldown
assays and mass spectrometry to identify the interaction
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FIGURE 5 | Immunofluorescence staining of p-α-syn in the midbrain of Tg mice using C140S and p-α-syn#1. (A,B) The midbrain sections from α-syn knock-out

(KO)/Wild-type brood (Wt)/Thy1-SNCA transgenic (Tg) mice were prepared and analyzed with C140S (A) and p-α-syn#1 (B). The h-α-syn (green) recognized by

α-syn#2 antibody (Abcam, Cambridge, UK) was used to show the successful overexpression of h-α-syn in the midbrain of Tg mice. Red color indicates p-α-syn

staining (C140S) and blue color indicates nucleus. White squares, amplified area of midbrain section under low magnification. Scale bar, 50µm (low magnification)

and 10µm (high magnification). Mouse age: 13-months-old.

FIGURE 6 | Electron microscopy with immunogold labeling of p-α-syn in the midbrains of Tg mice using C140S and p-α-syn#2. (A,B) Immunogold labeling of C140S

(A) and p-α-syn#2 (B) in the midbrain of α-syn knock-out (KO) mice and Thy1-SNCA transgenic (Tg) mice. The p-α-syn was specifically deposited in the cytoplasm,

and colocalized with the outer mitochondrial membrane of Tg mice. Red arrow, the concentrated region of p-α-syn. Scale bar, 200 nm. Mice age: 13-months-old.

proteins of p-α-syn in the mouse brain synaptosomes, and
found that the biotinylated pS129 peptides interacted with some
mitochondrial proteins, such as solute carrier family 25 and
serine-lactamase-like protein, LACTB (42). Another relevant
study by Diego Grassi et al. showed that they discovered the
existence of a phosphorylated α-syn species, and this type of
p-α-syn aggregates was associated with mitochondria, and
induced mitochondrial toxicity and fission, energetic stress,
and mitophagy (43). Overall, the exact mechanism for these
interactions between p-α-syn and mitochondrial proteins

still needs more in-depth research. Additional studies will be
necessary to identify the mitochondrial proteins that interacted
with p-α-syn in the midbrain of Tg mice by Co-IP/MS, and to
clarify the modulatory roles of p-α-syn in mitochondria.

Following the immunofluorescence staining experiments, we
found an interesting phenomenon, monomeric h-α-syn, and PFF
treatment caused α-syn pathology not only in the cytosol but
also in the nucleus (Figures 7C,D). Despite being α-syn partially
localized in the nucleus, the reason for its phosphorylation
and abnormal aggregation in the nucleus under pathological
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FIGURE 7 | Immunofluorescence staining of p-α-syn in primary neurons using C140S and p-α-syn#1. (A) Representative electron microscopy images of preformed

fibrils (PFF, left) and the sonicated PFF (right). About 200 ng of PFF (before or after sonication) were applied onto 200-mesh copper grids. Scale bar, 200/500 nm. (B)

Thioflavin T (ThT) post-staining of monomeric h-α-syn and PFF. (C,D) Immunofluorescence staining of p-α-syn in the cortical neurons of the primary mouse showed

pathological inclusions. Primary neurons were treated with PBS, monomeric h-α-syn, and sonicated PFF, using C140S (C) and p-α-syn#1 (D). Green color indicates

microtubule-associated protein 2 (MAP2, green), red color indicates p-α-syn staining (C140S and p-α-syn#1), and blue color indicates nucleus. White squares,

amplified area of neurons under low magnification. Scale bar, 50µm (low magnification) and 10µm (high magnification). The results are expressed as the mean ±

standard error of mean (SEM) (unpaired t-test, n = 4). ****P < 0.0001 vs. α-syn.

FIGURE 8 | Immunohistochemical staining of p-α-syn in the brain tissue of patients with PD using C140S and p-α-syn#2. Representative images of the

immunoreactive structures detected with C140S (A) and p-α-syn#2 (B) in the amygdala of one patient with PD (male; 69 years old; Braak PD stage V). The brown

color indicates p-α-syn staining (C140S and p-α-syn#2) and the blue color indicates hematoxylin (nucleus). Blank square (b), the amplified area of section in low

magnification (a). Red arrow, the concentrated region of aggregated p-α-syn. Scale bar, 100 and 20µm.
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situations remains unclear (44, 45). Pinho et al. reported that
the accumulation of α-syn species in the nucleus altered gene
expression and reduced the toxicity of H4 cells, and the effect
on gene expression and cytotoxicity was also modulated by
phosphorylation on serine 129 site (46). A recent study also found
an association between α-syn and DNA. Sydney E.Dent et al.
used a combination of electrophoretic mobility shift assay and
atomic force microscopy approaches, and found both α-syn and
p-α-syn directly bind DNA within the major groove, and p-α-
syn could induce the reductions in the ability of α-syn to bind
and bend DNA, which meant that abnormally elevated p-α-syn
might modulate DNA metabolism (47). Collectively, all these
findings above support the potential modulatory roles of p-α-syn
in the nucleus.

In summary, the best way to determine the role of p-α-syn
is by using a highly specific antibody. We therefore generated
and characterized a novel mouse monoclonal p-α-syn antibody
named, C140S, in the present study, and a variety of validation
assays were conducted to demonstrate the specificity of this
antibody. The C140S could reliably detect α-syn pathologies in
the cells and mice models of PD, and the brains from patients
with PD. Overall, the antibody described herein should serve as a
useful tool in the detection andmechanistic studies of pathogenic
p-α-syn in PD and related pathologies.
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Supplementary Figure S1 | Quantification of band intensities of α-syn and

p-α-syn in the brains of Wt/Tg mice. (A–C) Quantification of the band intensities of

α-syn levels in the midbrain (A)/striatum (B)/cortex (C) from wild-type brood (Wt)

and Thy1-SNCA transgenic (Tg) mice (Figures 4D–F). (D) Quantification of the

band intensities (17 kD) of p-α-syn levels in the midbrains of Wt and Tg mice

(Figures 4G–I). The results are expressed as the mean ± standard error of mean

(SEM) (unpaired t-test, n = 3–10). ∗P < 0.05, ∗∗∗P < 0.001 vs. Wt. Mice

age: 13-months-old.

Supplementary Figure S2 | The specificity and affinity of C140S were confirmed

by antibody absorption experiment. (A,B) A total of 5 µg h of p-α-syn was

incubated with control mouse IgG (m-IgG) and C140S antibody (16µg/mL). The

protein G beads were added to conjugate with the antigen-antibody complex. The

beads-antigen-antibody complex and supernatant were separated and examined

using western bolts, shown in (A,B). The p-α-syn was detected with p-α-syn#2

antibody (Abcam, Cambridge, UK), m-IgG was detected with

fluorophore-conjugated secondary antibody mouse 680 (m680). (C,D) A total of 5

µg h of p-α-syn was incubated with m-IgG and C140S antibody (16, 80µg/mL).

The protein G beads were added to conjugate with the antigen-antibody complex.

The beads-antigen-antibody complex was separated and examined using

western bolts, shown in (C,D). The p-α-syn was detected with p-α-syn#2

antibody (Abcam, Cambridge, UK), m-IgG was detected with m680. The p-α-syn

protein was added as a positive control. Ab, Antibody.
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