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Purpose: Alpha-synuclein (𝜶-syn) dopaminylation can lead to the death of

dopaminergic neurons in the brain and is a risk factor of Parkinson’s disease

(PD). This study aims to examine whether such a posttranslational

modification (PTM) is presented in human blood plasma.

Experimental Design: In vitro reaction simulation between 𝜶-syn and

dopamine (DA) is conducted to study the biochemical mechanism. Then 𝜶-syn

from human blood plasma samples is detected by using immunoprecipitation-

mass spectrometry (IP-MS). Lastly the levels of endogenous 𝜶-syn

and 𝜶-syn dopaminylation in 88 blood plasma samples from patients with PD,

major depressive disorder (MDD), and healthy control (HC) are compared.

Results: DA modifies 𝜶-syn with the addition of dopamine-quinone (DAQ)

into lysine sites of 𝜶-syn in vitro and the addition of DAQ and

3,4-dihydroxyphenylacetaldehyde (DOPAL) in plasma samples. The

unmodified 𝜶-syn between the PD and HC groups showed similar levels. The

levels of two peptides, one with lysine 34 (34K) DAQ modification and the

other with lysine 23 (23K) ubiquitination, are significantly higher in PD and

MDD compared with HC.

Conclusions and Clinical Relevance: Thus, 𝜶-syn dopaminylation is

measurable and might be used to indicatethe presence and progression of

neurological disorders.

1. Introduction

Alpha-synuclein (𝛼-syn) is a 140-amino acid protein (14.4 kDa;
pKa of 4.7) that is characterized by three regions.[1] An
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amphipathic lysine-rich amino terminus
(1–64) includes the mutation sites of
familial Parkinson’s disease (PD) (A30P,
E46K, A53T). The second region is a non-
amyloid-𝛽 component of amyloid plaques
(NAC region, 65–90) which is indispens-
able for 𝛼-syn aggregation.[2–5] The third
region is an acidic carboxyl-terminal tail
(91–140) that has been implicated in reg-
ulating 𝛼-syn nuclear localization and in-
teractions with metals, small molecules
and proteins.[6] 𝛼-Syn is a cytosolic pro-
tein that is abundantly expressed in the
central nervous system (CNS). It is re-
leased in small amounts from nerve cells
via unconventional exocytosis.[7] 𝛼-Syn
can adopt various conformations from
monomeric to fibrillar, from unfolded in
solution to amyloid structure in the fib-
rils that compose the Lewy body.[1,8,9] PD
is characterized by a progressive degen-
eration of dopaminergic neurons in the
substantia nigra pars compacta, which
eventually leads to a malfunction of basal
ganglia circuits producing motor and
cognitive symptoms of PD.[10] Lewy body
formation often co-occurs with PD and
involves aggregation of 𝛼-syn. In PD and
other synucleinopathies, the structure

and function of 𝛼-syn, including aggregation, is influenced by
multiple factors, which include gene mutations, posttransla-
tional modifications (PTMs), abnormal physical conditions,
oxidative pressure, and so on.

DA has been implicated as an important risk factor for 𝛼-syn
modification and aggregation.[11–13] DA induces oligomerization
of 𝛼-syn in vitro[13] and in vivo,[14] leading to the selective loss
of dopaminergic neurons in PD. This relationship between DA
and 𝛼-syn has been dubbed “tango”.[11,15] On one hand, genetic
mutation and the abnormal PTMs can induce oligomerization of
𝛼-syn, which can impair dopaminergic neurons, in turn impaired
neurotransmitter storage arising from mutations in 𝛼-syn could
lead to cytoplasmic accumulation of DA.[10] On the other hand,
the increased level of cytoplasmic DA might result in DA oxida-
tion and the generation of reactive oxygen species (ROS)[10] that
could modify the structure of 𝛼-syn, eventually leading to 𝛼-syn
aggregation, Lewy body formation, and death of neurons.

In vitro evidence suggests that DA,[16,17] DA derivatives,[18–20]

and DA analogues[21,22] can contribute to the modification of
the structure of 𝛼-syn. This process involves oxidation of amino
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acids, including residues of methionine,[23] tyrosine,[24] and
di-tyrosine.[25] For example, 3,4-Dihydroxyphenylacetaldehyde
(DOPAL, an in vivo derivative of DA) interacts with 𝛼-syn
by the addition of two DOPAL molecules to the lysine side
chain amine through their aldehyde moieties to forma pyr-
role ring.[18] Furthermore, DOPAL also oxidises an 𝛼-syn me-
thionine to methionine-sulfoxide in vitro.[20] In addition, the
125YEMPS129 motif has also been identified as an interaction
site for DA and 𝛼-syn.[26–28] Chemical binding between DA and
𝛼-syn likely involves a covalent linkage via hydrogen bonding or
hydrophobic interactions.[29] This interaction is strong, and is not
dissociated by 6 m guanidine hydrochloride.[30] Meanwhile, a
non-covalent interaction between DA and 𝛼-syn has been identi-
fied [22,31] by molecular dynamics simulations.[21] Taken together,
many studies have investigated modification of 𝛼-syn by DA
in vitro. However, few studies have targeted modification of 𝛼-
syn in biological samples that reflects endogenous physiological
processes.

DA modification of 𝛼-syn represents one kind of PTM. In
addition, conventional 𝛼-syn PTMs have also been identified and
implicated in the pathology of PD.[32–38] At the same time, 𝛼-syn
and its PTMs have been detected as potential biomarkers of PD
in blood erythrocytes[39] and blood plasma.[40,41] The detection
of these PTMs have so far been based mainly on immunoblot-
ting. This approach can detect only single PTM occurring with
relatively high abundance, which is an acknowledged limitation
of immunoblotting.[42] The latter authors also discussed the
important role of mass spectrometry (MS) in 𝛼-syn PTM detec-
tion, highlighting attributes of MS include its high resolution,
performance, and productivity. Our experience indicates that MS
can detect multiple PTMs including low abundant PTM forms
from one single injection. However, for very low abundance, as
is the case for 𝛼-syn in plasma (0.01–6 ug mL−1[41]) and in cere-
brospinal fluid (CSF; approximately 50 pg mL−1[43]), enrichment
is necessary for MS identification and quantification.

Here, we examined the 𝛼-syn dopaminylation from blood
plasma and its correlation with PD. We first simulated the
reaction of DA and 𝛼-syn in vitro, and observed that DA could
induce 𝛼-syn oligomerization. We also analyzed the biochemical
mechanism and modification forms using high resolution MS.
Furthermore, we aimed to detect endogenous forms of modified
𝛼-syn. This was accomplished using immunoprecipitation (IP)
coupled with MS using blood plasma from PD patients and
healthy control (HC) subjects. IP enriched the low level of
endogenous plasma 𝛼-syn. High resolution Orbitrap Elite MS
(Thermo Fisher Scientific, Waltham, MA, USA) was applied
to detect DA modification of 𝛼-syn. At the same time, other
conventional PTM forms of 𝛼-syn, including those present in
low levels, were also analyzed.

2. Results

2.1. DA Induces 𝜶-syn Oligomerisation In Vitro by Adding its

Oxidative Derivatives into Lysine Sites of 𝜶-syn

DA modification forms, predicted to arise from 𝛼-syn treatment
with DA and the DA derivatives, are summarized from articles

Clinical Relevance

DA toxicity on𝛼-synhas been linked to thedegenerationof

dopaminergic neurons inPD, the toxicmechanismhas so

far been investigatedonly in in-vitro studies. The toxicmech-

anismstudywith clinical samples is needed to validate for

understandingPDpathology. This study reports anoptimized

protocol for𝛼-syn extraction anddetection in clinical plasma

samples,which allows the identificationofmultiple PTMs, es-

pecially dopaminylationof𝛼-syn that are at present difficult

to be identified in conventional immunoblottingdue to the

lack of suitable antibodies and the relatively lowabundance

of plasma𝛼-syn compared to central nervous system (CNS).

Toour knowledge, it is the first detectionof endogenous𝛼-syn

dopaminylation (identification andquantification) in bothHC

andPDbloodplasma. Since blood samples aremuchmore

readily accessible and less invasive than cerebrospinal fluid

(CSF) samples, this opensupanovel avenue for clinical detec-

tion andmonitoringof dopaminylationof𝛼-syn,which is a key

proteinmarker for PDstudy.

as shown in Figure 1 and Table 1. The results from the simulated
reaction and detected modification mechanism is integrated in
the third form. DA could be oxidized into DAQ with a 2 Da
mass loss in vitro or in vivo, followed by the transformation of
DAQ to DC with an additional 2 Da mass loss (Figure 1A). The
in vitro derivatives of DA were detected with LC-MS; DAQ and
DC were the main products of DA oxidation (Figure S2, Support-
ing Information). These DA derivatives were similar in the pres-
ence of quinone groups (Figure 1B), which is the active group
reacting with the side chain amino group of lysine in 𝛼-syn (Fig-
ure 1C). This reaction releases H2O, which is different from the
traditional monoaminylation on glutamine with the release of
NH3

[44,45] and the addition of DAQ on cysteine.[46] With the cat-
alytic action of monoamine oxidase (MAO), DA can be oxidized
to DOPAL, which is the most toxic derivative of DA (Figure 1A).

The reaction between DA and 𝛼-syn was simulated in vitro us-
ing DA and recombinant 𝛼-syn in a 37 °C water bath, as shown
in Figure 2. DA-induced 𝛼-syn oligomerization (Figure 2A) in a
concentration-dependentmanner (Figure S3A, Supporting Infor-
mation). This effect was inhibited by antioxidants, such as ascor-
bic acid and dithiothreitol (DTT) (Figure 2B). These findings sug-
gested that DA-induced 𝛼-syn oligomerization depending on the
oxidation of DA, which was confirmed as the oxidation of me-
thionine and addition of DA oxidative derivative DAQ and DC
in 𝛼-syn (Figure 2C,D). The MS/MS results revealed the addi-
tion of DA derivatives in the lysine sites of 𝛼-syn (Figures S3B
and S3C, Supporting Information). MS intensities were used to
quantify the modification ratio, which demonstrated the preva-
lence of DA-mediated methionine oxidation (modification ratio
of 0.741). The addition of DA derivatives resulted in a relatively
low ratio (0.019–0.110). The findings indicated that the in vitro
biochemical mechanism involved DA induced 𝛼-syn oligomer-
ization that occurred due to altered structure of 𝛼-syn, includ-
ing oxidation of amino acids of 𝛼-syn and the addition of DA
derivatives to the lysine sites of 𝛼-syn, for whichDA oxidationwas
necessary.

2

ht
tp
://
do
c.
re
ro
.c
h



A

B 

C 

HO

HO
NH2

O

O
NH2

HO

HO

O

O2 / ROS

in vitro
in vivo

DA DAQ

DOPAL

MAO in vivo

O

O
DC

NH

R O

O
NH2

DAQ

HO

HO

DOPAL

R1=

R2=

R3=

O NH

DC

N
H

O

NH2O

N
H

O

NHO

OH

HO

NH2

+ + NH3

HO

HO

DA Glutamine site

O

O
NH2

O

O
NH2

S

H2C

SH

H2C
+

DAQ Cysteine site

N
H

O
N
H

O

Figure 1. Predicted modification mechanism shown in reaction formula.
A) The oxidation of DA and generation of DA derivatives in vitro and in
vivo. The reaction conditions are above and below the arrows. B) The ac-
tive quinone group of three DA derivatives. C)Predicted reaction mecha-
nism for that DA derivatives modify 𝛼-syn, within which the third form is
validated by current study.

2.2. Endogenous 𝜶-syn Dopaminylation Is Present in PD and

HC, and the Level of One Dopaminylation Peptide from 𝜶-syn is

Significantly Higher in PD Patients Compared with HC Subjects

To detect 𝛼-syn dopaminylation in blood plasma of PD patients
and to assess whether dopaminylation plays a role for 𝛼-syn based
neurodegeneration, it was necessary to successfully detect low
levels of 𝛼-syn in blood plasma. For this, we used magnetic beads
bound to antibody for full-length human 𝛼-syn to capture and en-
rich plasma 𝛼-syn. The detected plasma 𝛼-syn peptides are sum-
marized in Table 2. Similar to the in vitro derivatives, we pre-
dicted that the toxicity of DOPAL would also be based on its
quinone group that reacts with the amino group of lysine. This
was subsequently proven by endogenous 𝛼-syn PTM identifica-
tion with blood plasma samples.

The detection of endogenous 𝛼-syn in PD patients involved the
examination of blood plasma from age and gender matched peo-
ple without neurodegenerative conditions (HC), and individuals
with major depressive disorder (MDD) as disease control. Anal-
ysis involved nano LC-MS followed by MaxQuant and QI. With
the txt files exported from QI, abundances of 𝛼-syn and 𝛼-syn
modifications for the three groups were plotted (Figure 3). The
𝛼-syn level in plasma of PD patients was comparable with the
level in HC subjects, but was significant higher in the plasma of
MDD patients compared with HC subjects (Figure 3A). The aver-
age level (mean level of all DA modified peptide in each pool) of
𝛼-syn dopaminylation in the three groups was not significantly
different (DAQ modification in Figure 3B and DOPAL modifi-
cation in Figure 3C). However, quantification of DA modified
𝛼-syn individual peptides revealed that the level of peptide with
the 34K DAQ addition was significantly higher in PD and MDD
patients (Figure 3D). To better understand 𝛼-syn dopaminyla-
tion and other conventional PTMs, a modification map was con-
structed based on the identification results (Figure 3F). All pos-
sible modification sites are denoted by a pair of red brackets
with the modification probability calculated by MaxQuant. The
map revealed that active sites for modification resided mainly
in the amphipathic lysine-rich N-terminal of 𝛼-syn. Dopaminy-
lation was distributed among 6K, 10K, 12K, 23K, 32K, 34K, 43K, and
45K, among which 23K, 43K, and 45K displayed high probability
(0.990–1.000) with the remaining probabilities from 0.464–0.486.
Ubiquitination was the most common modification, consistent
with previous blood 𝛼-syn PTM analysis.[40] Most ubiquitination
probabilities exceeded 0.757 (0.464 for 10K and 0.757–1.000 for
the rest). Nitration and phosphorylation were found in only one
site each with high probabilities (1.000 for 39Y nitration and 0.996
for 22T phosphorylation).

Table 1. Summary of the main forms of DA modification. DA (dopamine); DAQ (dopamine-quinone); DC (dopaminochrome); DOPAL (3,4-
Dihydroxyphenylacetaldehyde).

Item Added

molecular

Release

elements

Added

Mass

Modified

residue

Reference basis

(1) +DA -NH3 136.0524 Glutamine (Q) [44] L. A. Farrelly, 2019, Nature;[45] I. S. Maze, 2016, Alcoholism (NY)

(2) +DAQ / 151.0633 Cysteine (C) [46] R. E. Whitehead, 2001, Journal of Neurochemistry

(3) +DAQ -H2O 133.0528 Lysine (K) [20] C. Follmer, 2015, Journal of Biological Chemistry

+DOPAL -H2O 134.0368

+DC -H2O 131.0371
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Figure 2. The forms of 𝛼-syn modified by DA revealed by in vitro test. A) DA induces 𝛼-syn forming stable oligomers. 10 and 20 µm 𝛼-syn are treated
without or with 100 µm DA and incubate at 37 °C for 24/48/72 h. B) DA induced 𝛼-syn oligomerization depends on DA’s oxidation. Fixed concentration
of 𝛼-syn (10µm) and DA (100µm final concentration) are used. The final concentrations of H2O2 are shown on top of the lanes. All of the samples
were incubated for 48 h at 37 °C. C) The modification map. With the treatment of DA, there are the oxidation of methionine (M) detected. At the same
time, the adducts of 𝛼-syn with dopamine quinone (DAQ) or dopaminochrome (DC) were also detected. From the modification map, one can see each
modification and its site. Specially, DAQ addition happens on 6K, 21K, 22K, 60K, 70K, 96K, 102K, and DC modification happens on 10K, 12K, 21K. D) The
ratios of all modifications. The x-axis shows different kind of modifications that DA induced on 𝛼-syn; the y-axis shows the modifying level by using the
average ratio that the intensity of modified peptide divided by the intensity of corresponding unmodified peptide.

The IP-MS based strategy detected all possible dopaminyla-
tion sites and other conventional PTMs in one single experi-
ment in a high-throughput manner. Besides dopaminylation, we
could also identify and quantify other conventional PTMs, such
as methionine oxidation, acetylation, phosphorylation, and ubiq-
uitination. For the 23K ubiquitination was significantly higher in
PD and MDD patients compared with HC subjects (Figure 3E).
Interestingly, the dopaminylation level of 𝛼-syn in MDD pa-
tients was even higher than in PD patients, indicating higher
level of DA toxicity in MDD. Thus, DA toxicity 𝛼-syn was evi-
dent in vitro and in endogenous plasma. This indicates a role
of 𝛼-syn dopaminylation in 𝛼-syn structural modification and
aggregation.

2.3. Dopaminylation Levels of 𝜶-syn Interacting Proteins

Different in HC, PD, and MDD Subjects

Besides PTMs, 𝛼-syn interaction with proteins influence for-
mation of 𝛼-syn, 𝛼-syn aggregation, and other pathologies of
PD.[47,48] The Uniprot database contains fourteen 𝛼-syn inter-
acting proteins, which could be downloaded together with 𝛼-
syn when we searched the database for 𝛼-syn. Since the inter-
acting protein complex might be immunoprecipitated using the
magnetic beads, the LC-MS raw data was identified by match-
ing the downloaded 𝛼-syn database with the interacting proteins.
Some proteins could be identified from the exported MaxQuant
file. Three peptides displayed different levels of dopaminylation
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Table 2. Information of unmodified/modified 𝛼-syn peptides from IP elution in blood plasma.

Modification Sequence m/z Retention

time [min]

Accurate Mass Charge

Unmodified _AKEGVVAAAEK_ 536.8031 23.5 1071.5917 2

Unmodified _AKEGVVAAAEKTK_ 651.3768 31.3 1300.7391 2

Unmodified _EGVVAAAEK_ 437.2363 37.5 872.4580 2

Unmodified _EGVVAAAEKTK_ 551.7977 26.8 1101.5808 2

Unmodified _EQVTNVGGAVVTGVTAVAQK_ 643.3535 29.9 1927.0388 3

Unmodified _EQVTNVGGAVVTGVTAVAQK_ 964.5314 35.8 1927.0482 2

Unmodified _GLSKAKEGVVAAAEK_ 486.6153 29.7 1456.8241 3

Unmodified _QGVAEAAGK_ 415.7232 23.5 829.4319 2

Unmodified _TKEQVTNVGGAVVTGVTAVAQK_ 719.7332 32.4 2156.1779 3

Unmodified _TKEQVTNVGGAVVTGVTAVAQK_ 1079.0936 37.4 2156.1726 2

Unmodified _TVEGAGSIAAATGFVK_ 739.8965 33.8 1477.7785 2

Unmodified _TVEGAGSIAAATGFVK_ 493.5860 30.8 1477.7361 3

Unmodified _TVEGAGSIAAATGFVKK_ 536.2809 27.2 1605.8210 3

Unmodified _TVEGAGSIAAATGFVKK_ 803.9426 31.2 1605.8707 2

Unmodified _EGVLYVGSK_ 476.2616 28.9 950.5086 2

Unmodified _EGVLYVGSKTK_ 590.8324 33.4 1179.6502 2

Unmodified _EGVVHGVATVAEK_ 432.5700 28.7 1294.6883 3

Unmodified _EGVVHGVATVAEK_ 648.3512 26.2 1294.6879 2

Unmodified _EGVVHGVATVAEKTK_ 508.9476 28.2 1523.8209 3

Unmodified _EGVVHGVATVAEKTKEQVTNVGG

AVVTGVTAVAQK_

1145.2850 42.2 3432.8332 3

Unmodified _TKEGVLYVGSK_ 590.8324 33.4 1179.6502 2

Unmodified _TKEGVLYVGSK_ 394.2243 33.4 1179.6512 3

Unmodified _TKEGVVHGVATVAEK_ 508.9476 28.2 1523.8209 3

Unmodified _TKEGVVHGVATVAEK_ 762.9173 28.2 1523.8201 2

Unmodified _TKEGVVHGVATVAEKTK_ 585.3306 30.6 1752.9700 3

Unmodified _KDQLGK_ 688.3983 27.1 687.3910 1

Ubiquitination _TK(ubiquitination)QGVAEAAGK 391.8806 27.5 1172.6199 3

DAQ-H2O, phosphorylation,

ubiquitination,

T(phosphorylation)K(DAQ-H2O)

EGVLYVVAEK(ubiquitination)

831.9577 35.7 1661.9009 2

between PD and HC subjects (Figure 4). An FAK2 (Protein-
tyrosine kinase 2-beta) peptide had a lower level of dopaminyla-
tion in PD patients compared withHC subjects. VPS41 (Vacuolar
protein sorting-associated protein 41 homolog) and SKAP2 (Src
kinase-associated phosphoprotein 2) peptides had a higher level
of dopaminylation in PD patients compared with HC subjects.
These differences suggested the relevance of dopaminylation in
𝛼-syn aggregation or other PD pathologies. Compared with HC,
the changes of these three proteins in MDD are not significant:
p value 0.13 for VPS41, 0.14 for SKAP2, 0.98 for FAK2. The in-
significance meant that the dopaminylation on 𝛼-syn interacting
proteins are specific for PD compared with both healthy control
(HC group) and disease control (MDD group).

3. Discussion

While PD and MDD are two quite different types of diseases,
they both are found linked to dopaminergic hypofunction.[49,50]

Oxidative stress might be one of the cause responsible for this

hypofunction.[51,52] If so, it at least partially explain why we find
abnormal 𝛼-syn dopaminylation in the plasma of PD and MDD
patients. This is very interesting, but need future cellular or ani-
mal level verification. It worth note that 16 patients took levodopa
among the collected 30 PD patients. They are the majority of pa-
tients in the clinic. As our in vitro result showed that the 𝛼-syn
dopaminylation was happening based on dopamine oxidation
rather than dopamine itself. If an increase in 𝛼-syn dopaminyla-
tion is observed, it more implies the increase in oxidation stress
issue rather than the increase in the level of dopamine itself, al-
though they have links. We think the abnormal dopaminylation
of 𝛼-syn is highly possible caused by the stress body condition of
PD patients. In addition, the level of 𝛼-syn dopaminylation be-
tween PD (16 of 30 with uptake of levodopa) and MDD (28 with-
out uptake of levodopa) are in the similar level, reflecting that a
disease indeed could be a cause responsible for the increase in 𝛼-
syn dopaminylation. Anyway, we could not exclude the role of lev-
odopa. An examination using a larger amount of participants in
the future, especially newly diagnosed participants, would solve
this concern.
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Figure 3. Quantification of blood plasma 𝛼-syn and its modification. The mean value of abundance in each group with their SD values is shown in
the histogram. The t-test p value is showing above the comparison line among every two groups, * refers to t-test p value < 0.05, ** refers to t-test
p value < 0.01. A) The comparison of 𝛼-syn level among three groups. The abundance of 𝛼-syn in each pool is determined by the average intensity of
its top three abundant unmodified peptides. B,C) The comparison of 𝛼-syn modification level among three groups. B) the average intensity of DAQ
modified peptide fragments are compared; C) the average intensity of DOPAL modified peptide fragments are compared. D,E) The quantification plots
of two significant changed peptides, which are corresponding to the peptides in Table 2. The intensities used are the exported intensity of each peptide
from each pool fromQI. D) DAQmodified 𝛼-syn peptide, sequence _T(Phosphorylation)K(DAQ-H2O)EGVLYVVAEK(Ubiquitination)_. E) Ubiquitination
modified 𝛼-syn peptide, sequence _TK(Ubiquitination)QGVAEAAGK_. F) The modification map for detected PTMs of 𝛼-syn from human blood plasma.
The probability of each PTM is shown in a pair of brackets followed by its modification site. For example, 6K (DOPAL_0.464) means the DOPAL-H2O
modification in the 6K site of 𝛼-syn has the probability of 0.464 according to the exported result of evidence file from MaxQuant.

A B C

Figure 4. Quantification for modified peptides of 𝛼-syn interacting proteins from digested IP elution in blood plasma that are with signifi-
cant difference between HC and PD. The quantification plots of three significant changed peptides from 𝛼-syn interacting proteins. The in-
tensities used are the exported intensity of each peptide from each pool from QI. The mean value of abundance in each group with their
SD values is shown in the histogram. The t-test p value is showing above the comparison line among every two groups, * refers to t-test
p value < 0.05. A) DAQ and DOPAL modified FAK2 peptide, sequence_(Acetyl)NAR(DAQ_0.500)YR(DOPAL_0.500)TPK_. B) DOPAL modified
VPS41 peptide, sequence: _(Acetyl)DHLK(DOPAL_0.656)K(Ubiquitination_0.656)DSQNK_. C) DAQ and DOPAL modified SKAP2 peptide, sequence
_EK(Ubiquitination_0.998)R(DOPAL_0.998)ES(Phosphorylation_1.000)LIK(DAQ_0.404)KIK(DOPAL_0.618)_.
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PTMs have emerged as important determinants of 𝛼-
syn physiological and pathological functions, and potential
biomarkers of PD and other synucleinopathies.[42] Among the
PTMs, dopaminylation of 𝛼-syn is of particular interest as it is
related to the dopaminergic selectivity of 𝛼-syn contributing to
neurotoxicity observed in PD.[53] Detection of 𝛼-syn PTMs in
blood plasma remains challenging because of the low abundance
of 𝛼-syn and 𝛼-syn PTMs and the necessity of careful antibody
selection. Our IP-MS strategy detected both dopaminylation and
conventional PTMs in a single experiment, applying selectivity
extraction of 𝛼-syn and the excellent detection sensitivity and
high-throughput capability of MS analysis.

In our study, the plasma 𝛼-syn level in PD patients was not
significantly increased compared to HC subjects (t-test p value
0.12), consistent with the total 𝛼-syn level finding from a previ-
ous study with plasma.[41] Another longitudinal study concluded
that the total 𝛼-syn level in plasma increased with time for up to
20 years after the initial appearance of PD symptoms.[40] Thus the
reason why detected 𝛼-syn level in plasma was not significantly
increased in PD patients compared with HC subjects in present
study might be that PD patients were with average duration of
3.9 years (short disease duration). Examining the CNS, CSF level
of 𝛼-syn has been shown to increase in the later phase, corre-
sponding to five years after symptom onset, but remain stable
in the earlier symptomatic phase of PD.[54] However, obtaining
blood is less traumatic than CSF for patients. Further studies in-
volving more subjects will help clarify the value of this strategy.

The present study shows two key factors of DA induced 𝛼-
syn oligomerisation (DA toxicity) from in vitro analysis, 𝛼-syn
dopaminylation and DA induced 𝛼-syn methionine oxidation.
Dopaminylation is a direct evidence of the structure change of
𝛼-syn in PD. Oxidation of four methionine residues, distributed
in the N-terminal and C-terminal regions of 𝛼-syn, can change
the polarity of 𝛼-syn, influence their end-to-end association[55]

and inhibit the propensity of 𝛼-syn to adopt an ordered secondary
structure,[56] which increases the formation of 𝛼-syn oligomers.
The present data reveal different forms of DA-induced modifica-
tion of 𝛼-syn in vitro and in vivo. Firstly, endogenous dopaminyla-
tion sites on 𝛼-syn are less frequent than in vitro reacted samples,
whichmay due to the higher concentration of DA andmuch sim-
pler reacting condition in vitro. Secondly, methionine oxidation
displayed the highest modification ratio among all types of mod-
ifications in vitro, consistent with other studies.[23,55,57] However,
methionine oxidation was not stable detected in blood plasma in
present study. Thus, results obtained from in vitro experiments
do not fully or accurately predict the situation on a whole organ-
ism, indicating the importance of analysis based on clinical sam-
ples.

In the CNS, the endogenous DA and other monoamines
serve as neurotransmitters as well as bind with neuronal and
glial proteins, such as histone[44] and fibronectin,[58] catalyzed
by transglutaminase.[59] Different from dopaminylation here
that the quinone group of the DA derivatives (DAQ, DC, and
DOPAL) react with the side chain amino-group of lysine with
the release of H2O molecule, monoaminylation has been de-
fined before that the amino-group of monoamines react with
the side chain amino-group of glutamine in the protein se-
quence with the release of NH3 molecule. Monoaminylation has
been proposed as a novel form of protein PTM,[60] including

histaminylation,[61,62] serotonylation,[44] dopaminylation,[45]

and norepinephrinylation.[63] Besides our finding that
dopaminylation may play a role in PD pathology, other
monoaminylation forms are reported to be related with im-
portant biological processes[64,65] and disease development.[66] So
protein monominylation should be paid continuous attention.

VSP41 is protective against both 𝛼-syn and neurotoxic-
mediated injury invertebrate and cellular models of PD. These
protective functionsmay be related to enhanced clearance ofmis-
folded or aggregated protein, including 𝛼-syn. VSP41 is identified
as a potential therapeutic target for PD.[67] SKAP2, and FAK2
are both involved in the phosphorylation of 𝛼-syn. SKAP2 is in
the Src family kinases in the CNS, which is involved in 𝛼-syn
phosphorylation.[68] FAK2/RAFTK (related adhesion focal tyro-
sine kinase)-associated protein regulates 𝛼-syn phosphorylation
following cell stress. Hyperosmotic stress induced phosphory-
lation of tyrosine 125 of 𝛼-syn via FAK2/RAFTK, which acted
through Src family kinases.[69] The significant different level of
these three proteins’ dopaminylation in PD compare with HC
shows that dopaminylation affects the clearance of abnormal 𝛼-
syn and the phosphorylation process of 𝛼-syn in PD.

The collective findings indicate the value of the combination
of IP and MS for detection of plasma 𝛼-syn and related PTMs,
especially dopaminylation. The strategy may help clarify the role
of dopaminylation in PD. Endogenous dopaminylation detection
from biofluids and tissues could be feasible with the present
method, since there is no dopaminylation specific antibody that
could be applied for immunoblotting. In addition, other PTM
forms could be detected than is possible using immunoblotting,
which will be valuable in discovering more pathological evidence
for PD and other neurodegenerative diseases.

4. Experimental Section

DA and 𝛼-syn Reaction In Vitro: DA hydrochloride, l-ascorbic acid,
DL-dithiothreitol (DTT), and iodoacetamide (IAA) were purchased from
Sigma-Aldrich (St. Louis, MO, USA). Purified (≥90%) recombinant hu-
man 𝛼-syn with an N-terminal histidine tag (Sigma-Aldrich) was used for
expression in Escherichia coli. Protein samples were prepared by diluting
𝛼-syn to a final concentration of 10 µm and adding dilute DA or antioxi-
dants to final concentrations in distilled water and incubating at 37 °C for
ideal time (concentration and incubations could be seen from the figures).
Each sample obtained during preparation was analyzed using both liquid
chromatography (LC)-MS and sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE). For SDS-PAGE, five microliters of each in-
cubated sample was mixed with an equal volume of loading buffer and
the total volume of 10 µL was loaded onto a 10% mini-gel (0.75 mm
thick). After loading, the two gels that were run in a tank that received a
running voltage of 120 V. Optimised silver staining and photography were
done following electrophoresis.

Plasma 𝛼-syn Extraction Using IP: Clinical plasma samples (30 PD, 30
HC, 28 major depressive disorder [MDD]) were collected according to the
standard operating procedure with the ethical proof from Dalian Central
Hospital, Dalian, China. Blood was collected at 6:00 AM. Patients had
not consumed food or water for the night preceding blood collection at
Dalian Central Hospital (for PD and HC) and Dalian Seventh People’s
Hospital (for MDD). The blood was immediately centrifuged to obtain
plasma, which was portioned and stored at −80 °C within an hour. PD
patients were diagnosed according to MDS-Unified Parkinson’s Disease
Rating Scale (MDS-UPDRS) criteria. There are 16 male subjects and 14
female subjects in PD group with the average age 69.8 (49–81). According
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to Hoehn–Yahr (H–Y) staging in 1967,[70] there are 53% (16/30) in stage
H-Y2, 37% (11/30) in stage H-Y1, 7% (2/30) in stage H-Y4, 3% (1/30)
in stage H-Y3. The HC subjects were healthy individuals or patients who
suffered from headache, trigeminal neuralgia, dizzy, vertigo, or occipital
neuralgia. There are 13 male subjects and 17 female subjects in HC group
with the average age 41.0 (22–80). MDD patients were diagnosed accord-
ing to the Hamilton depression scale (HAMD) with value ranged from 18
to 37. There are 12 male subjects and 16 female subjects in MDD group
with the average age 59.0 (35–78). For the stage of MDD patients, six are
mild, 14 are moderate, six are severe, and two are unknown.

The plasma pool consisted with two 500 µL blood plasma samples
from two participants in one group. The priority of pooling was between
one male participant and one female participant. This approach was
adopted to decrease within-group variances caused by gender differ-
ence and to reach a desired plasma proteome coverage within the
available measuring time.[71] Very large pools were rejected since they
introduced unacceptable variances for the statistical analysis.[72] Nine
hundred microliters of each pool was treated with 80 µL resin from an
anti-human 𝛼-syn immunomagnetic beads kit (Sino Biological, Beijing,
China; Cat. No. MB12093-R017-1). The IP procedure was conducted
according to the manufacture’s protocol. Briefly, 80 µL of a suspen-
sion of beads was washed twice by 150 and 1000 µL of 1 × Tris-buffer
with Tween (TBST) in a 1.5 mL microcentrifuge tube. Five hundred
microliters of plasma and 80 µL of 5 × TBST was added to the beads,
followed by gentle stirring for 30 min. The beads were collected using a
magnetic separator, washed twice with 300 µL of 5 × TBST twice then
gently washed with 300 µL of water. Finally, the beads were eluted with
50 µL acidic elution buffer for 5 min at room temperature for trypsin
digestion.

Trypsin Digestion and Stage Tip Desalting: Trypsin (1 ug, Roche,
Switzerland) was added to each reacted in vitro sample or plasma
collected IP sample and incubated at 37 °C overnight (16–18 h). Di-
gested samples were then purified using stage tips[73] before liquid
chromatography-mass spectrometry (LC-MS) analysis. Briefly, every step
was conducted by centrifuging at 2000 g and 4 °C. The stage tips were ac-
tivated with 200 µL LC solvent B (80% acetonitrile containing 0.2% formic
acid) twice and balancedwith 200 µL LC solvent A (2% acetonitrile contain-
ing 0.2% formic acid) twice. The digested sample was loaded into the stage
tip and washed with 100 µL LC solvent A then eluted with 200 µL LC sol-
vent B. The elution fraction was collected into one fresh tube, lyophilized,
and dissolved in 30 µL LC solvent A for LC-MS analysis.

Nano LC-MS Data Acquisition: All reacted in vitro samples were ana-
lyzed using a Thermo Dionexnano LC system coupled with a Thermo XL
MS andDiscovery Orbitrap-MS (all from Thermo Fisher Scientific). For the
nano LC-MS analysis, an in-house-packed C18 (ReproSil-Pur, C18, 3 µm)
nano column (75 µm id × 20 cm, 10 µm tip; New Objective, Woburn, MA,
USA) was used. The column temperature wasmaintained at 25 °C, and the
injection volume was 5 µL. The separation was performed using a 100min
gradient program with a mix of solvent A and solvent B. The pump flow
rate was 300 nL min−1 with an initial solvent composition of 2% B. The
gradient was conducted from 2% to 10% B over 15 min (balancing time),
from 10% to 30%B for 40 min (low eluting time), from 30% to 60%B for
20 min (high eluting time), increased to 98% B within 5 min, held at 98%
B for another 5 min for column washing, decreased to 2% B within 5 min
and held at 2% B for another 10 min for column balancing. To ensure re-
peatability of the measurements and stability of the instrument, quality
check samples (QC, a mixture of all samples before LC-MS analysis) were
analyzed prior to the first sample injection, after every eight injections and
at the end of the experiment. Mass spectra were acquired in the positive
electrospray ionization mode. For each MS scan, the top five MS (profile
mode) scans were followed by MS/MS fragmentation, with the exclusion
of charge 1 ions. The collision energy for MS/MS was 35 eV. The mass
scan range was from 380 to 1800 for MS, and 100 to 1000 for MS/MS.

Each IP extracted plasma sample was analyzed using a nano-LC system
(Waters, Milford, MA, USA) coupled with a Thermo linear trap quadrupole
(LTQ) Orbitrap Elite mass spectrometer (Orbitrap-MS). For the nano-LC-
MS analysis, the parameters were the same as those used for in vitro sam-
ples, except for the following. A 45-min gradient was applied with amixture

of solvent A and solvent B. The top 10 MS/MS scans (profile mode) were
applied for MS/MS fragmentation.

MaxQuant Data Processing: The acquired LC-MS data was processed
by MaxQuant for identification and quantification. All parameters were
used in the default settings in MaxQuant, except for database built and
the PTM setting. First, human 𝛼-syn was searched and downloaded as
a fasta file format from Uniprot. The file of contaminants was down-
loaded in csv or Excel format from MaxQuant. The Uniprot ID for 𝛼-
syn is P37840. P37840-2 and P37840-3 refer to isoforms of 𝛼-syn: for
P37840-2, sequence 103–130 is missing and for P37840-3, sequence
41–54 is missing. All items of the contaminant file were copied and
pasted into an 𝛼-syn fasta file, named 𝛼-syn_with contaminant, as the
final database. This strategy sought to reduce the false discovery rate
by avoiding a database size that was too small. The complete human
protein database is not suggested for reducing the matching time. Con-
taminants were added to the 𝛼-syn database to exclude the noise sig-
nal from MS that would lead to false positive matches in MaxQuant.
For all searches, no fixed PTMs were set. Three kinds of other modifica-
tions were manually added in the PTM database. The first was the ox-
idation of methionine (M) with 15.9949 Da mass addition. The second
was nitration in Y sites with the formula NO2H-1 and 44.9856 Da mass
addition. The third was the following DA derivatives: dopamine-quinone-
H2O (DAQ-H2O) with the formula C8H7NO and 133.0528 Da mass
addition; DOPAL-H2O modification with the formula C8H6O2 and
134.0368 Da mass addition; DAQ with the formula C8H9NO2 and
151.0633 Da mass addition; and DC (dopaminochrome) with the formula
C8H7NO2 and 149.0477 Da mass addition. For in vitro reacted samples,
oxidation (M), DAQ-H2O, and DC-H2Owere chosen as candidates of vari-
able PTM. Since in vitro samples might have non-covalent bonds with DA
derivatives due to the large amount of DA and derivatives in solution, DA
derivatives with full mass were also searched for in another experiment, for
which DAQ and DC were chosen as candidates of variable PTM. For IP ex-
tracted plasma samples, Acetyl-N-terminal, Phosphorylation (STY), Oxida-
tion (M), Glygly (K) (refers to ubiquitination), Nitration Y, DAQ-H2O and
DOPAL-H2Omodificationwere chosen as candidates of variable PTM. The
txt files exported from MaxQuant were the results of 𝛼-syn identification.

Quantification of 𝛼-syn Protein and 𝛼-syn Modification: The quality of
the dataset was checked by performing Principal Components Analysis
(PCA). For this, raw data were loaded into Progenesis QI for proteomics
(QI) to extract and export all ions with their normalized abundance in
each individual pool. Samples (runs) were aligned with non-conflicting
peptides, which allowed the comparison of one protein across runs. Ions
were filtered and normalized using the QI default parameters to globally
adjust all runs to be on the “same scale”. Briefly, one run was automat-
ically selected as the normalization reference. Then, for every run, a ra-
tio was taken for the value of the peptide ion abundance in that run to
the value in the normalization reference. QI performed a log10 transfor-
mation on all ratio data within each run as well as for all runs, to gen-
erate a series of normal distributions. Next, the log10 ratio distributions
were centered by simply adding or subtracting the value required to shift
the sample distribution over the normalization reference distribution. To
complete the process, a returned “abundance-space ratio” was applied to
all values in the sample run being normalized once the scalar had been
derived in log space. More detailed information about the default nor-
malization by QI is found at http://www.nonlinear.com/progenesis/qi-for-
proteomics/v2.0/faq/how-normalisation-works.aspx. The PCA result with
tight clustering of QC samples is displayed in Figure S1, Supporting Infor-
mation. In addition, quantification was done using the identification result
of MaxQuant and the normalized intensity exported from QI. In detail, the
MaxQuant identification result was exported to derive the LC-MS informa-
tion (m/z, RT, z, mass weight) of each peptide ion (unmodified and mod-
ified). The matched peptide ions were located from QI exported ion list to
prepare a list for all 𝛼-syn peptides. This was followed by a histogram plot
(quantification) complete with error bars using the normalized individual
intensities for all matched peptide ions exported from QI. For 𝛼-syn pro-
tein quantification, the average intensity of first three abundant peptides
were defined as 𝛼-syn protein intensity; for modification intensity, the ex-
ported intensities were used directly. Histogram plots were made using
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Graphpad Prism 6, using the unpaired parametric t-test (with Welch’s cor-
rection because of the different standard deviation in each group).

Data Availability: The raw data has been submitted to the ProteomeX-
change Consortium (http://proteomecentral.proteomexchange.org) via
the iProX partner repository with the dataset identifier IPX0002176000.
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the author.
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