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Abstract: Growing cases of patients reported have shown a potential relationship between (severe
acute respiratory syndrome coronavirus 2) SARS-CoV-2 infection and Parkinson’s disease (PD).
However, it is unclear whether there is a molecular link between these two diseases. Alpha-synuclein
(α-Syn), an aggregation-prone protein, is considered a crucial factor in PD pathology. In this study,
bioinformatics analysis confirmed favorable binding affinity between α-Syn and SARS-CoV-2 spike
(S) protein and nucleocapsid (N) protein, and direct interactions were further verified in HEK293
cells. The expression of α-Syn was upregulated and its aggregation was accelerated by S protein and
N protein. It was noticed that SARS-CoV-2 proteins caused Lewy-like pathology in the presence of
α-Syn overexpression. By confirming that SARS-CoV-2 proteins directly interact with α-Syn, our
study offered new insights into the mechanism underlying the development of PD on the background
of COVID-19.
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1. Introduction

The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) outbreaks known
as the 2019 novel coronavirus disease (COVID-19) pandemic has caused high levels of
concern and economic crisis around the world [1]. Previous studies have supported a
link between SARS-CoV-2 infection and Parkinson’s diseases (PD) [2–5]. More recently,
several cases of patients with COVID-19 who developed parkinsonism and responded to
levodopa have been reported. However, none of those patients had any history suggestive
of parkinsonism or taking medications that could lead to secondary PD before developing
a COVID-19 infection [6–10]. One of these cases was a 45-year-old Israeli patient who
developed PD soon after hospitalization due to SARS-CoV-2 infection [10]. There is growing
evidence in PD patients suffering from COVID-19 that COVID-19 could worsen PD [4],
suggesting that COVID-19 might be associated with an elevated long-term risk of PD.

PD is the second most common neurodegenerative disease; it accounts for 5/100,000 to
more than 35/100,000 new cases each year [11]. It is characterized by a progressive loss
of dopaminergic neurons in the substantia nigra pars compacta and the presence of Lewy
bodies (LBs) in numerous brain regions [12]. Similar to some other viral infections, one
of the possible outcomes of COVID-19 might include pathological changes in the brain,
which might accelerate neurodegeneration due to the increase protein aggregation in the
brain. A protein–protein docking research confirmed the interaction between SARS-CoV-2
spike (S) protein and amyloidogenic proteins [13]. Therefore, exploring the interaction of
viruses or viral particles with the brain proteins might offer new insights into molecular
links between COVID-19 and PD.
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SARS-CoV-2 contains four structural proteins. The nucleocapsid (N) protein and
spike (S) protein are most abundant in SARS-CoV-2 particle [14]. S protein plays a key
role in the receptor recognition and cell membrane fusion process. It is composed of
two subunits, S1 and S2. The S1 subunit contains a receptor-binding domain (RBD) that
recognizes and binds to the host receptor angiotensin-converting enzyme 2 (ACE2). Owing
to its indispensable function, it represents one of the most important targets for COVID-19
vaccine and therapeutic research [15,16]. The N protein is an abundant RNA-binding
protein critical for viral genome packaging and plays a critical role in the regulation of cell
signaling pathways [17]. The N protein of SARS-CoV-2 can be divided into five domains:
a predicted intrinsically disordered N-terminal domain (NTD), an RNA-binding domain,
a predicted disordered central linker, a dimerization domain, and a predicted disordered C-
terminal domain (CTD). The N protein is also considered a target for vaccine development
because in the SARS family of viruses, the N protein gene is more conserved and stable
than the S protein gene [18].

Alpha synuclein (α-Syn) coded by SNCA genes, is a highly conserved 140-amino-acid
protein. It is mainly located at presynaptic terminals and is expressed uniquely in neurons
of the central and peripheral nervous systems (CNS and PNS) [19]. It is considered a key
protein in PD pathogenesis, given that abnormal proteinaceous aggregates of α-Syn are the
main component of LBs—the neuropathological hallmarks of PD [20]. We speculated that a
molecular interaction between virus proteins and α-Syn might illustrate the link between
SARS-CoV-2 and PD. Therefore, in this study, we investigated the direct interaction effects
of SARS-CoV-2 proteins with α-Syn by means of bioinformatics analysis and cells level.
Our research may provide new insights into selective vulnerability of COVID-19 patients
to PD.

2. Results
2.1. Protein–Protein Interaction between SARS-CoV-2 Proteins and α-Syn

Protein–protein interactions are a crucial prerequisite for many biological interac-
tions involved in cellular signaling, immunity, and cellular transport [21]. Potential in-
teractions between the SARS-CoV-2 proteins and α-Syn were examined by the HDOCK
server. Model 1 with the highest docking energy score and the lowest ligand RMSD
was selected. The docking results are shown in Figure 1 and Table 1. As shown by the
docking scores in Table 1, the increasing affinity of proteins toward α-Syn was as follows:
N-CTD > S1-RBD > N-NTD. PDBSum was used to determine the interacting residues of
the protein complexes. The interacting surfaces and the binding residues are shown in
Figure 1. The docking results showed that the interaction of α-Syn and S1 (docking score:
−243.43) was mediated by three hydrogen bonds through Thr33, Lys80, and Thr22 residues
with Thr385, Gln498, and Phe 374 of S1 protein (Figure 1A) and 127 of non-bonded contacts.
The N-CTD–α-Syn complex (docking score: −252.56) showed its interactions with contri-
bution of 121 non-bonded contacts (Figure 1B). α-Syn formed three hydrogen bonds and
one salt bridge with N-NTD (docking score: −209.03). The hydrogen bonds are formed
between Lys80, Gly7, and Lys10 of α-Syn to Gly60, Thr57, and Arg107 of N-NTD. The only
salt bridge formed between Glu13 of α-Syn and Arg 107 of N-NTD protein (Figure 1C),
suggesting a more favorable interaction of α-Syn with N terminal than C terminal of
N protein.

Table 1. Molecular docking of SARS-CoV-2 proteins to α-Syn determined by HDOCK server.

Protein–Protein Complex Docking Score ∆G (kcal mol−1) Kd (M)

N-CTD-α-Syn −252.56 −8.63 4.72 × 10−07 M
N-NTD-α-Syn −209.03 −9.09 2.17 × 10−07 M
S1_RBD-α-Syn −243.43 −10.68 1.46 ×10−08 M
S1_RBD-ACE2 −291.07 −12.95 3.17 × 10−10 M
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Figure 1. SARS-CoV-2 proteins’ interaction with α-Syn by protein–protein docking. (A) The protein–
protein docking result of S_RBD (PDB ID: 1XQ8) and α-Syn. (A-1) Docking model showing the
interaction of S_RBD (brown) and α-Syn (yellow). (A-2) Detail of the interacting residue of S_RBD
and α-Syn. (A-3) Pie chart shows the key interaction of residues between S_RBD and α-Syn. (B) The
protein–protein docking result of N_CTD (PDB ID: 6WJI) and α-Syn. (B-1) Surface diagram of N_CTD
(brow) and α-Syn (yellow) complex model. (B-2) Detail of an interacting residue of N_CTD and α-Syn.
(B-3) Pie chart shows the key interaction of residues between N_CTD and α-Syn. (C) The protein–
protein docking result of N_NTD (PDB ID: 6VYO) and α-Syn. (C-1) Docking model of interaction of
N_NTD and α-Syn. (C-2) Detail of an interacting residue of N_NTD and α-Syn. (C-3) Pie chart shows
the key interaction of residues between N_NTD and α-Syn. Key interactions between residues are
presented as dotted lines. The key interactions are color coded as follows: salt bridge (red), disulfide
bonds (yellow), hydrogen bonds (blue), and non-bonded contacts (orange). The number of lines
indicates the potential number of bonds. For non-bonded contacts, the width of the striped line
indicates the number of potential contacts.

The binding affinities of docking structures represented by dissociation constant (Kd)
were obtained by PPA-Pred2 (Table 1). The lower the Kd, the higher the affinity. As shown
in Table 1, the binding affinities of α-Syn complexes showed that α-Syn–S1 had a strong
binding affinity (1.46 × 10−08 M) among other complexes, followed by α-Syn–N_NTD
(2.17 × 10−07 M) and α-Syn–N_CTD (4.72 × 10−07 M).
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2.2. α-Syn Directly Interacts with SARS-CoV-2 Proteins in HEK293 Cells

To investigate the interaction betweenα-Syn and SARS-CoV-2 proteins, we co-transfected
the recombinant plasmids (pCMV3-S, pCMV3-N) into HEK293 cells with α-Syn. Confocal
microscopy carried out to demonstrate colocalization between α-Syn and SARS-CoV-2
proteins showed that α-Syn was colocalized with SARS-CoV-2 S protein and N protein
around the nucleus (Figure 2A). To further investigate the endogenous interactions between
α-Syn and SARS-CoV-2 proteins, we performed Co-IP in HEK293 cells co-transfected with
α-Syn and SARS-CoV-2 S protein or N protein. Western blot analysis showed that anti-
α-Syn antibody was able to immunoprecipitate SARS-CoV-2 N protein but not S protein,
suggesting that α-Syn had a higher binding affinity to SARS-CoV-2 N protein in HEK293
cells (Figure 2B,C).

Figure 2. α-Syn directly interacts with SARS-CoV-2 proteins in HEK293 cells. (A) The distribution
and location of SARS-CoV-2 proteins and α-Syn in HEK293 cells, as analyzed by confocal microscopy.
DAPI was used to stain nuclei. (B) Interaction between endogenous SARS-CoV-2 S protein and α-Syn
in HEK293 cells. Cell lysates of HEK293 cells co-transfected with S protein and α-Syn were prepared
and used for Co-IP. The coimmunoprecipitates were analyzed by Western blotting with anti-α-Syn.
(C) Interaction between endogenous SARS-CoV-2 N protein and α-Syn in HEK293 cells. Cell lysates
of HEK293 cells co-transfected with N protein and α-Syn were prepared and used for Co-IP. The
coimmunoprecipitates were analyzed by Western blotting with anti-α-Syn.

2.3. Elevated Expression of α-Syn by SARS-CoV-2 Proteins in HEK293 Cells

It has been reported that α-Syn functions as a native antiviral factor in neurons, as
shown by its increased neuronal expression following acute West Nile virus infection [22].
Given that SARS-CoV-2, similar to West Nile virus, is an enveloped, single-stranded, posi-
tive virus, we speculated that it would trigger elevated expression of α-Syn. We transfected
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plasmids expressing SARS-CoV-2 proteins into HEK293 cells for 48 h. qRT-PCR was per-
formed to investigate SNCA expression at the transcriptional level. The results showed
significantly increased SNCA expression in HEK293 cells overexpressing S and N proteins
(Figure 3A). The Western blot results showed that S and N protein of SARS-CoV-2 were
successfully expressed in HEK293 cells after transfection (Figure 3B). Further Western
blot analysis confirmed that the total protein level of α-Syn (Syn1) was upregulated by
SARS-CoV-2 proteins S and N (Figure 3C). However, there are no significant difference
between S protein and N protein groups. These results were consistent with those of
the immunofluorescence analysis by confocal microscopy (Figure 3D). The “soluble” and
“insoluble” α-Syn species from the total protein were isolated by corresponding buffers in
accordance with the protocol described above. As shown in Figure 3E, the accumulation of
higher molecular weight α-Syn species of insoluble fraction was discovered in SARS-CoV-2
proteins-transfected cells. However, there were a few changes in the “soluble” fraction of
α-Syn in SARS-CoV-2 proteins-overexpressing cells, suggesting that SARS-CoV-2 proteins
accelerated the aggregation of α-Syn (Figure 3E).

Figure 3. Elevated expression of α-Syn by SARS-CoV-2 proteins in HEK293 cells. (A) qRT-PCR
analysis of the expression of α-Syn in HEK293 cells overexpressing S and N proteins. GAPDH was
used as a loading control (n = 3). (B) Two days following transfection with pCMV3-S or pCMV3-N
plasmids, the total protein from the HKE293 cells was extracted and detected by anti-SARS-CoV-2 S
protein and anti-SARS-CoV-2 N protein. (C) Immunoblotting was performed using Syn1, an antibody
that recognizes total α-Syn. GAPDH was used as a loading control. (D) The cells transfected with
plasmids pCMV3-S or pCMV3-N for 48 h were fixed with paraformaldehyde containing 0.1% Triton
X-100. Then, anti-α-Syn was detected by indirect immunofluorescence. DAPI was used to stain
nuclei. (E) Western blotting detected “soluble” and “insoluble” fraction with an antibody against
α-Syn (Syn1). p value represents results of One-way ANOVA. * p < 0.05; ** p < 0.01. “ns” means no
significant difference.

2.4. SARS-CoV-2 Proteins Caused Lewy-Like Pathology in HEK293 Cells Overexpressing α-Syn

α-Syn recruited into pathological inclusions undergoes extensive phosphorylation
at Ser129 (pS129) [23]. The accumulation of phosphorylated α-Syn (p-α-Syn) reflects
an intracellular modification. Previous studies have shown that approximately 90% of
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accumulated α-Syn in LBs of the brain is phosphorylated at p129, which is, therefore,
considered pathology of PD [24]. To investigate pathological changes in SARS-CoV-2
proteins-overexpressing cells, specific antibodies against aggregated α-Syn (5G4) and pS129
were used to selectively recognize α-Syn pathology. Staining with the antibodies against
SARS-CoV-2 proteins and 5G4 and pS129 α-Syn (Abcam, USA) in α-Syn-overexpressing
HEK293 cells after transfection with SARS-CoV-2 proteins for 72 h showed that 5G4 and
pSer129 α-Syn were increased by S protein and N protein and colocalized around the
nucleus (Figure 4A,B). The Western blot results showed that the levels of pS129 α-Syn were
significantly increased in SARS-CoV-2 proteins-transfected cells (Figure 4C), especially
N_protein-transfected groups, indicating that SARS-CoV-2 proteins caused Lewy-like
pathology in HEK293 cells when overexpressing α-Syn.

Figure 4. The SARS-CoV-2 proteins cause Lewy-like pathology in HEK293 cells overexpressing α-Syn.
(A) Seventy-two hours after HEK293 cells overexpressing α-Syn had been transfected with pCMV3-S
or pCMV3-N plasmids, they were fixed and stained with anti-α-Syn aggregate (5G4). Expression of
aggregated α-Syn was observed using fluorescence confocal microscopy. (B) Seventy-two hours after
HEK293 cells overexpressing α-Syn had been transfected with pCMV3-S or pCMV3-N plasmids, the
cells were fixed and stained with anti-pS129-α-Syn. The results were observed under fluorescence
confocal microscopy. (C) The total protein from the HKE293 cells was extracted and detected by
anti-pS129-α-Syn. The expression levels were assessed by ImageJ. * p < 0.05.
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3. Discussion

PD or parkinsonism have been described associated with viral infections, such as in-
fluenza A, Epstein–Barr virus, varicella zoster, hepatitis C virus, Japanese encephalitis virus,
West Nile virus, Coxsackie, and HIV [25–27]. There is growing epidemiological evidence
that the pathological process of PD is accelerated in PD patients suffering from COVID-19
infection [28,29], suggesting a vicious cycle between PD and COVID-19. Neuroinvasion
and neurotropism have been reported as common features of coronavirus infection [3].
Recent publications examining the localization of SARS-CoV-2 in individuals who died of
COVID-19 demonstrated apparently low levels of SARS-CoV-2 RNA and proteins in the
brain [30]. It has been confirmed that SARS-CoV-2 infection could be associated with vari-
ous neurological distresses observed in the nervous system, such as headache, dizziness,
impaired consciousness, acute cerebrovascular disease, epilepsy, and PNS-related manifes-
tations such as hyposmia/anosmia, hypogeusia/ageusia, muscle pain, and Guillain-Barre
syndrome [31]. Many of the neurological symptoms seen in COVID-19 patients, as well
as the alterations in the gut microbiome, are also prevalent in patients with PD. Thus, we
speculated that there are molecular interactions between COVID-19 and PD.

Many biological functions of proteins depend on the formation of protein–protein
interactions. By performing protein–protein docking analysis, Danish et al. reported that the
S1 RBD protein of SARS-CoV-2 could bind to a number of aggregation-prone heparin-binding
proteins, including Aβ, α-Syn, tau, prion, and TDP-43 RRM. Especially, it has been verified
that α-Syn has a more favorable binding affinity to SARS-CoV-2 S1 protein [13]. In test
tube experiments between SARS-CoV-2 proteins and α-Syn, it has been shown that amyloid
formation of α-Syn is accelerated by SARS-CoV-2 N protein, suggesting that SARS-CoV-2
might be connected to α-Syn [32]. In our study, we showed that α-Syn had a more favorable
binding affinity to SARS-CoV-2 S protein and N protein. The direct interactions were further
verified by confocal immunofluorescence and Co-IP in HEK293 cells, confirming the existing
interaction between SARS-CoV-2 and α-Syn. However, we failed to pull down S protein by
anti-α-Syn, likely due to a fragile connection that lacked salt bridge.

It has been suggested that SARS-CoV-2 infection invades the CNS by controlling the
protein synthesis machinery, disturbs endoplasmic reticulum and mitochondrial function,
and increases the accumulation of misfolded proteins, thereby activating protein aggrega-
tion, mitochondrial oxidative stress, and apoptosis, and leading to neurodegeneration [13].
In vitro and in vivo studies have confirmed that aggregation-prone protein, α-Syn, misfold-
ing is a distinctive feature of PD. Overexpression of α-Syn in cells and animal models of PD
has also resulted in cytotoxicity and recapitulation of several PD symptoms [33]. α-Syn is
expressed in neurons both in the CNS and PNS as well as in erythrocytes and most immune
cells [33]. Most recently, α-Syn has also been reported to function as a native antiviral factor
within neurons, considering that its expression was increased and its aggregation was
promoted after infection with West Nile virus [22], HINI [34], or H5NI [35]. In our study,
we showed that the expression of α-Syn was upregulated in the used cell line. The results
are consistent with the abovementioned studies [22,34,35]. Interestingly, elevated accumu-
lation of α-Syn was detected in N protein- and S protein-overexpressing cells. α-Syn was
prone to aggregation around the nucleus, and was colocalized with SARS-CoV-2 proteins.
However, a study on seven COVID-19 patients with myoclonus, parkinsonism, and/or en-
cephalopathy showed no differences in α-syn expression in serum and cerebrospinal fluid
compared with healthy control subjects [36]. The limited amount of samples in that study
might be the reason why their results do not support the hypothesis of α-Syn upregulation
in humans with COVID-19 infection.

LBs are hallmark lesions in the brains of patients with PD, dementia with LB, and
other neurodegenerative diseases. A large number of proteins have been identified in LBs,
and the two most common ones are ubiquitin and α-Syn. In particular, phosphorylation
at Ser129 is the dominant pathological modification of α-Syn in familial and sporadic LB
diseases [23]. In the α-Syn-overexpressing cell line in our study, the aggregates and LBs-like
pathology were observed after transfection with N protein and S protein. Elevated α-Syn
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expression may indeed serve as a protective factor against RNA viruses. However, it is
unlikely that aggregated α-Syn contained within LBs is affective in restricting RNA viral
replication. The mechanism by which SARS-CoV-2 induces α-Syn aggregates needs to be
further studied.

PD has a complex and multifactorial etiology, and both the CNS and PNS are affected.
Hence, a single pathogen is unlikely to be responsible for the entire pathogenesis of PD.
There is also mounting evidence supporting the association of inflammation, mitochondrial
dysfunction, autophagy deficiency, endoplasmic reticulum stress, and loss of proteostasis
by SARS-CoV-2 infection with an elevated risk of PD later in life [4]. Several biochemi-
cal pathways, including oxidative stress, inflammation, and protein aggregation, show
similarities between PD and COVID-19 [2].

We showed that SARS-CoV-2 protein could interact with α-Syn and induce LBs-like
pathology in a cell line. Our finding that SARS-CoV-2 S and N proteins may induce en-
dogenous α-Syn to form pathological aggregates support the epidemiological link between
PD and COVID-19. Thus, our findings open up new avenues of research to understand
mechanisms underlying the development PD on the basis of COVID-19.

4. Materials and Methods
4.1. Protein–Protein Docking

The RefSeq protein of SNCA (Accession: NP_000336.1), S protein (Accession: QOS45029),
and N_protein (Accession: QOS44897.1) were obtained from the Protein database of NCBI
(https://www.ncbi.nlm.nih.gov/protein/?term) (accessed on 21 February 2022). Structure
of α-Syn bound to sodium dodecyl sulfate (SDS) micelles (PDB ID: 1XQ8) were used for
protein and protein docking. This model is mainly based on the structural analog, full
length human micelle-bound α-Syn. Its structure describes a-helices as the predominant
secondary structure, besides random coil, which is highly similar to its native physiological
conditions [37,38]. Protein–protein docking of SARS-CoV-2 S-RBD (PDB ID: 6M0J), N-CTD
(PDB ID: 6WJI), and N-NTD (PDB ID: 6VYO) with α-Syn was performed on the HDOCK
server (http://hdock.phys.hust.edu.cn/) (accessed on 21 February 2022), which is based
on a hybrid algorithm of template-based modeling and ab initio free docking [39]. HDOCK
finds homologous templates of the given sequences and then builds the structures from
the monomer or complex templates for docking. The HDOCK server globally samples
all possible binding modes between the two proteins through a fast Fourier transform
(FFT)-based algorithm [40]. Then, all the sampled binding modes were evaluated by
iterative knowledge-based scoring function ITScorePP [41]. Finally, the binding modes of
macromolecules were evaluated by the binding energy and were ranked according to their
docking energies. Then, the residual interactions of the three-dimensional model of protein
complexes were analyzed through the PDBSUM server (http://www.ebi.ac.uk/pdbsum)
(accessed on 21 February 2022), which is a web server that provides structural information
including protein secondary structure, protein–ligand, and protein–DNA interactions [42].
The bonded and non-bonded interacting residues between the protein–protein interactions
were examined. Furthermore, the structure model with the lowest docking energy score
and the highest ligand root-mean-square deviation (RMSD) was selected to analyze the
binding free energy scores (∆G) and dissociation constant (Kd) using the PPA-Pred server
(http://www.iitm.ac.in/bioinfo/PPA_Pred/) (accessed on 21 February 2022) [43].

4.2. Cell Culture and Transfection

Human kidney 293 (HEK293) cells purchased from ATCC (LGC Standards GmbH,
Wesel, Germany) were used for cell experiments. The S protein and N protein cDNA cloned
into pCMV3 (pCMV3-S, pCMV3-N) were purchased from SinoBiogical. The plasmid
overexpressing SNCA (EF1α-SNCA) was constructed in our laboratory. The cells were
cultured in Dulbecco’s modified Eagle medium (Gibco, Waltham, MA, USA) containing 10%
fetal bovine serum (FBS; Sigma, St. Louis, MO, USA) at 37 ◦C in a humidified atmosphere
containing 5% CO2. The plasmids were transfected using Lipofectamine 3000 (Thermo

https://www.ncbi.nlm.nih.gov/protein/?term
http://hdock.phys.hust.edu.cn/
http://www.ebi.ac.uk/pdbsum
http://www.iitm.ac.in/bioinfo/PPA_Pred/


Int. J. Mol. Sci. 2022, 23, 3394 9 of 12

Fisher, Waltham, MA, USA) in accordance with the manufacturer’s protocol. Previously,
the plasmids were mixed with Lipofectamine 3000 and added to the cells with fresh OPTI-
MEM (Gibco, Waltham, MA, USA). After six hours, the culture was replaced with complete
medium with 5% FBS. The cells were harvested after transfection with pCMV3-Sand
pCMV3-N for further study.

4.3. RNA Extraction and Quantitative Real-Time PCR (qRT-PCR)

Total RNA was isolated from tissue samples and cultured cells using TRIzol (Sigma,
USA) in line with the manufacturer’s instructions. Concentration and quality of the
obtained RNA were determined using a NanoPhotometer (IMPLEN, München, Germany).
The cDNA was generated from 2 µg total RNA using an iScript™ cDNA Synthesis Kit
(Promega, Madison, WI, USA) in accordance with the manufacturer’s instructions. qRT-
PCR was used to detect mRNA expression levels of target genes using an Eastep qPCR
Master Mix (Promega, USA) and a CFX96 Real-Time PCR Detection System (Bio-Rad,
Hercules, CA, USA). We used the following PCR cycling parameters: 10 min at 95 ◦C for
initial denaturation, followed by 40 cycles of 30 s at 95 ◦C and 30 s at 60 ◦C. Sequences of
the primers used in this experiment are listed in Supplementary Table S1. The comparative
threshold (Ct) method was used to calculate the amount of cDNA normalized to the Ct of
GAPDH gene. Relative gene expression levels were presented as relative quantification
values calculated using the 2−∆∆Ct method.

4.4. Western Blot Analysis

The cells were disrupted with ice-cold RIPA buffer with 2 mM PMSF and protease
inhibitor cocktail (Merck, USA). The protein concentration was determined using a BCA
Protein Assay Kit (Cwbio, Beijing, China). Total protein (20 µg) was separated by 10%
TGX Stain-Free gels (Bio-Rad, USA) and transferred onto nitrocellulose membranes (Milli-
pore, Burlington, MA, USA). Then, 5% skim milk was used to block the membranes for
1 h at room temperature. Subsequently, the membranes were incubated with primary
antibodies at 4 ◦C overnight and then incubated with specific IRDye 800CW-conjugated
antibodies (Odyssey, Lincoln, Nebraska, USA, 1:10,000) after washing with PBST three
times. The information about the used antibodies is listed in Supplementary Table S2.

Soluble (Tx-soluble fraction) and insoluble (SDS-soluble fraction) α-Syn isolation was
performed as previously described, with minor changes [44]. The lysates were centrifuged at
13,000× g for 30 min at 4 ◦C, and the supernatant was collected as a solution fraction. The
pellet was washed twice with ice-cold PBS and resuspended in 2% SDS buffer (150 mM NaCl,
50 mM Tris pH 7.6, 2% SDS, 2 mM EDTA) supplemented with protease inhibitors (Merck,
Kenilworth, NJ, USA) and phosphatase inhibitors (Merck, USA), were designated as “insoluble
α-Syn.” after incubation on ice for 30 min. Soluble and insoluble α-Syn was subsequently
immunoblotted as described above. The bands were visualized using the Odyssey imaging
system (Licor, Lincoln, NE, USA). The densitometric analyses of the blots were performed
using ImageJ software. GAPDH was used as a loading control. The one-way ANOVA was
used to estimate the significance of difference in protein expression levels between groups.
All tests were two sided and the level of statistical significance was set at p < 0.05, * p < 0.05,
** p < 0.01. Statistical analyses were performed using GraphPad Prism V 7.0.

4.5. Co-Immunoprecipitation Assay (Co-IP)

To further verify the interaction between α-Syn and N-protein and S-protein, Co-
IP was performed as per the manufacturer’s manual (Pierce™ Classic Magnetic IP/Co-
IP Kit, Boston, MA, USA). The HEK293 cells lysates co-transfected with α-Syn and N-
protein or S-protein were lysed with IP lysis buffer (pH 7.4, 0.025 M Tris, 0.15 M NaCl,
0.001 M EDTA, NP40, 5% glycerol) and then incubated with antibody specific for α-Syn
or with an IgG (used as negative control) in total of 10 mg overnight at 4 ◦C with shaking.
The immune complex solution was incubated with protein A/G magnetic beads for 1 h
at room temperature with stirring; the solution was then washed to remove the unbound
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immune complexes. The bound immune complexes were dissociated from the beads using
a low-pH buffer and were analyzed using Western blotting.

4.6. Confocal Immunofluorescence Assays

The plasmids expressing α-Syn and SARS-CoV-2 proteins were transfected to HEK293
cells by Lipofectamine 3000. Immunofluorescence was performed in accordance with
a previously established protocol [45]. The cells plated in 24 wells were fixed with 4%
paraformaldehyde and 4% sucrose at room temperature for 30 min, followed by permeabi-
lization in 0.1% Triton X-100. After fixation and permeabilization, the cells were incubated
with primary antibody at 4 ◦C overnight. After washing with PBS, the cells were incubated
with Alexa Fluor 488-conjugated goat anti-mouse and Alexa Fluor 594-conjugated goat
anti-rabbit secondary antibodies. The samples were observed under a laser scanning confo-
cal microscope (Leica TCS SP8, Wetzlar, Germany). The information related to the used
antibodies is listed in Supplementary Table S2.

5. Conclusions

We concluded that SARS-CoV-2 proteins interacted with α-Syn, and elevated its expres-
sion and LBs-like pathology in HEK293. The molecular interaction between SARS-CoV-2
proteins and α-Syn offered new insights into the mechanism underlying the development
of PD on the background of COVID-19.
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pS129 phosphorylation at Ser129
HKE29 human kidney 293

https://www.mdpi.com/article/10.3390/ijms23063394/s1
https://www.mdpi.com/article/10.3390/ijms23063394/s1


Int. J. Mol. Sci. 2022, 23, 3394 11 of 12

References
1. Shahid, Z.; Kalayanamitra, R.; McClafferty, B.; Kepko, D.; Ramgobin, D.; Patel, R.; Aggarwal, C.S.; Vunnam, R.; Sahu, N.;

Bhatt, D.; et al. COVID-19 and Older Adults: What We Know. J. Am. Geriatr. Soc. 2020, 68, 926–929. [CrossRef] [PubMed]
2. Rosen, B.; Kurtishi, A.; Vazquez-Jimenez, G.R.; Møller, S.G. The Intersection of Parkinson’s Disease, Viral Infections, and

COVID-19. Mol. Neurobiol. 2021, 58, 4477–4486. [CrossRef] [PubMed]
3. Chaná-Cuevas, P.; Salles-Gándara, P.; Rojas-Fernandez, A.; Salinas-Rebolledo, C.; Milán-Solé, A. The Potential Role of SARS-CoV-2

in the Pathogenesis of Parkinson’s Disease. Front. Neurol. 2020, 11, 1044. [CrossRef] [PubMed]
4. Sinha, S.; Mittal, S.; Roy, R. Parkinson’s Disease and the COVID-19 Pandemic: A Review Article on the Association between

SARS-CoV-2 and α-Synucleinopathy. J. Mov. Disord. 2021, 14, 184–192. [CrossRef] [PubMed]
5. Conte, C. Possible Link between SARS-CoV-2 Infection and Parkinson’s Disease: The Role of Toll-Like Receptor 4. Int. J. Mol. Sci.

2021, 22, 7135. [CrossRef] [PubMed]
6. Faber, I.; Brandão, P.R.P.; Menegatti, F.; Carvalho Bispo, D.D.; Maluf, F.B.; Cardoso, F. Coronavirus Disease 2019 and Parkinsonism:

A Non-post-encephalitic Case. Movement Disord. 2020, 35, 1721–1722. [CrossRef] [PubMed]
7. Mendez-Guerrero, A.; Laespada-Garcia, M.I.; Gomez-Grande, A.; Ruiz-Ortiz, M.; Blanco-Palmero, V.A.; Azcarate-Diaz, F.J.;

Rabano-Suarez, P.; Alvarez-Torres, E.; de Fuenmayor-Fernandez, D.L.H.C.; Vega, P.D.; et al. Acute hypokinetic-rigid syndrome
following SARS-CoV-2 infection. Neurology 2020, 95, e2109–e2118. [CrossRef]

8. Rao, A.R.; Hidayathullah, S.M.; Hegde, K.; Adhikari, P. Parkinsonism: An emerging post COVID sequelae. IDCases 2022,
27, e1388. [CrossRef]

9. Guedj, E.; Million, M.; Dudouet, P.; Tissot-Dupont, H.; Bregeon, F.; Cammilleri, S.; Raoult, D. 18F-FDG brain PET hypometabolism
in post-SARS-CoV-2 infection: Substrate for persistent/delayed disorders? Eur. J. Nucl. Med. Mol. Imaging 2021, 48, 592–595.
[CrossRef]

10. Cohen, M.E.; Eichel, R.; Steiner-Birmanns, B.; Janah, A.; Ioshpa, M.; Bar-Shalom, R.; Paul, J.J.; Gaber, H.; Skrahina, V.;
Bornstein, N.M.; et al. A case of probable Parkinson’s disease after SARS-CoV-2 infection. Lancet Neurol. 2020, 19, 804–805.
[CrossRef]

11. Simon, D.K.; Tanner, C.M.; Brundin, P. Parkinson Disease Epidemiology, Pathology, Genetics, and Pathophysiology. Clin. Geriatr.
Med. 2020, 36, 1–12. [CrossRef] [PubMed]

12. Sun, Q.; Wang, T.; Jiang, T.; Huang, P.; Wang, Y.; Xiao, Q.; Liu, J.; Chen, S. Clinical Profile of Chinese Long-Term Parkinson’s
Disease Survivors With 10 Years of Disease Duration and Beyond. Aging Dis. 2018, 9, 8. [CrossRef] [PubMed]

13. Idrees, D.; Kumar, V. SARS-CoV-2 spike protein interactions with amyloidogenic proteins: Potential clues to neurodegeneration.
Biochem. Bioph. Res. Commun. 2021, 554, 94–98. [CrossRef] [PubMed]

14. Wang, M.Y.; Zhao, R.; Gao, L.J.; Gao, X.F.; Wang, D.P.; Cao, J.M. SARS-CoV-2: Structure, Biology, and Structure-Based Therapeutics
Development. Front. Cell Infect. Microbiol. 2020, 10, 587269. [CrossRef]

15. Huang, Y.; Yang, C.; Xu, X.F.; Xu, W.; Liu, S.W. Structural and functional properties of SARS-CoV-2 spike protein: Potential
antivirus drug development for COVID-19. Acta Pharmacol. Sin. 2020, 41, 1141–1149. [CrossRef]

16. Xia, X. Domains and Functions of Spike Protein in SARS-CoV-2 in the Context of Vaccine Design. Viruses 2021, 13, 109. [CrossRef]
17. Zeng, W.; Liu, G.; Ma, H.; Zhao, D.; Yang, Y.; Liu, M.; Mohammed, A.; Zhao, C.; Yang, Y.; Xie, J.; et al. Biochemical characterization

of SARS-CoV-2 nucleocapsid protein. Biochem. Biophys. Res. Commun. 2020, 527, 618–623. [CrossRef]
18. Perdikari, T.M.; Murthy, A.C.; Ryan, V.H.; Watters, S.; Naik, M.T.; Fawzi, N.L. SARS-CoV-2 nucleocapsid protein phase-separates

with RNA and with human hnRNPs. EMBO J. 2020, 39, e106478. [CrossRef]
19. Goedert, M. Alpha-synuclein and neurodegenerative diseases. Nat. Rev. Neurosci. 2001, 2, 492–501. [CrossRef]
20. Spillantini, M.G.; Schmidt, M.L.; Lee, V.M.; Trojanowski, J.Q.; Jakes, R.; Goedert, M. Alpha-synuclein in Lewy bodies. Nature 1997,

388, 839–840. [CrossRef]
21. Yan, Y.; Huang, S.Y. Modeling Protein-Protein or Protein-DNA/RNA Complexes Using the HDOCK Webserver. Methods Mol.

Biol. 2020, 2165, 217–229. [CrossRef] [PubMed]
22. Beatman, E.L.; Massey, A.; Shives, K.D.; Burrack, K.S.; Chamanian, M.; Morrison, T.E.; Beckham, J.D. Alpha-Synuclein Expression

Restricts RNA Viral Infections in the Brain. J. Virol. 2015, 90, 2767–2782. [CrossRef] [PubMed]
23. Fujiwara, H.; Hasegawa, M.; Dohmae, N.; Kawashima, A.; Masliah, E.; Goldberg, M.S.; Shen, J.; Takio, K.; Iwatsubo, T.

alpha-Synuclein is phosphorylated in synucleinopathy lesions. Nat. Cell Biol. 2002, 4, 160–164. [CrossRef]
24. Arawaka, S.; Sato, H.; Sasaki, A.; Koyama, S.; Kato, T. Mechanisms underlying extensive Ser129-phosphorylation in alpha-

synuclein aggregates. Acta Neuropathol. Commun. 2017, 5, 48. [CrossRef] [PubMed]
25. Takahashi, M.; Yamada, T.; Nakajima, S.; Nakajima, K.; Yamamoto, T.; Okada, H. The substantia nigra is a major target for

neurovirulent influenza A virus. J. Exp. Med. 1995, 181, 2161–2169. [CrossRef]
26. Yamada, T. Viral etiology of Parkinson’s disease: Focus on influenza A virus. Parkinsonism Relat. Disord. 1996, 2, 113–121.

[CrossRef]
27. Limphaibool, N.; Iwanowski, P.; Holstad, M.; Kobylarek, D.; Kozubski, W. Infectious Etiologies of Parkinsonism: Pathomecha-

nisms and Clinical Implications. Front. Neurol. 2019, 10, 652. [CrossRef] [PubMed]
28. Cilia, R.; Bonvegna, S.; Straccia, G.; Andreasi, N.G.; Elia, A.E.; Romito, L.M.; Devigili, G.; Cereda, E.; Eleopra, R. Effects of

COVID-19 on Parkinson’s Disease Clinical Features: A Community-Based Case-Control Study. Mov. Disord. 2020, 35, 1287–1292.
[CrossRef] [PubMed]

http://doi.org/10.1111/jgs.16472
http://www.ncbi.nlm.nih.gov/pubmed/32255507
http://doi.org/10.1007/s12035-021-02408-8
http://www.ncbi.nlm.nih.gov/pubmed/34033061
http://doi.org/10.3389/fneur.2020.01044
http://www.ncbi.nlm.nih.gov/pubmed/33041985
http://doi.org/10.14802/jmd.21046
http://www.ncbi.nlm.nih.gov/pubmed/34315206
http://doi.org/10.3390/ijms22137135
http://www.ncbi.nlm.nih.gov/pubmed/34281186
http://doi.org/10.1002/mds.28277
http://www.ncbi.nlm.nih.gov/pubmed/32815213
http://doi.org/10.1212/WNL.0000000000010282
http://doi.org/10.1016/j.idcr.2022.e01388
http://doi.org/10.1007/s00259-020-04973-x
http://doi.org/10.1016/S1474-4422(20)30305-7
http://doi.org/10.1016/j.cger.2019.08.002
http://www.ncbi.nlm.nih.gov/pubmed/31733690
http://doi.org/10.14336/AD.2017.0204
http://www.ncbi.nlm.nih.gov/pubmed/29392077
http://doi.org/10.1016/j.bbrc.2021.03.100
http://www.ncbi.nlm.nih.gov/pubmed/33789211
http://doi.org/10.3389/fcimb.2020.587269
http://doi.org/10.1038/s41401-020-0485-4
http://doi.org/10.3390/v13010109
http://doi.org/10.1016/j.bbrc.2020.04.136
http://doi.org/10.15252/embj.2020106478
http://doi.org/10.1038/35081564
http://doi.org/10.1038/42166
http://doi.org/10.1007/978-1-0716-0708-4_12
http://www.ncbi.nlm.nih.gov/pubmed/32621227
http://doi.org/10.1128/JVI.02949-15
http://www.ncbi.nlm.nih.gov/pubmed/26719256
http://doi.org/10.1038/ncb748
http://doi.org/10.1186/s40478-017-0452-6
http://www.ncbi.nlm.nih.gov/pubmed/28619113
http://doi.org/10.1084/jem.181.6.2161
http://doi.org/10.1016/1353-8020(96)00006-5
http://doi.org/10.3389/fneur.2019.00652
http://www.ncbi.nlm.nih.gov/pubmed/31275235
http://doi.org/10.1002/mds.28170
http://www.ncbi.nlm.nih.gov/pubmed/32449528


Int. J. Mol. Sci. 2022, 23, 3394 12 of 12

29. Antonini, A.; Leta, V.; Teo, J.; Chaudhuri, K.R. Outcome of Parkinson’s Disease Patients Affected by COVID-19. Mov. Disord. 2020,
35, 905–908. [CrossRef] [PubMed]

30. Puelles, V.G.; Lutgehetmann, M.; Lindenmeyer, M.T.; Sperhake, J.P.; Wong, M.N.; Allweiss, L.; Chilla, S.; Heinemann, A.;
Wanner, N.; Liu, S.; et al. Multiorgan and Renal Tropism of SARS-CoV-2. N. Engl. J. Med. 2020, 383, 590–592. [CrossRef] [PubMed]

31. Niazkar, H.R.; Zibaee, B.; Nasimi, A.; Bahri, N. The neurological manifestations of COVID-19: A review article. Neurol. Sci. 2020,
41, 1667–1671. [CrossRef] [PubMed]

32. Semerdzhiev, S.A.; Fakhree, M.A.A.; Segers-Nolten, I.; Blum, C.; Claessens, M.M.A.E. Interactions between SARS-CoV-2 N-Protein
and α-Synuclein Accelerate Amyloid Formation. ACS Chem. Neurosci. 2022, 13, 143–150. [CrossRef] [PubMed]

33. Burré, J.; Sharma, M.; Südhof, T.C. Cell Biology and Pathophysiology of α-Synuclein. CSH Perspect. Med. 2018, 8, a24091.
[CrossRef]

34. Marreiros, R.; Muller-Schiffmann, A.; Trossbach, S.V.; Prikulis, I.; Hansch, S.; Weidtkamp-Peters, S.; Moreira, A.R.; Sahu, S.;
Soloviev, I.; Selvarajah, S.; et al. Disruption of cellular proteostasis by H1N1 influenza A virus causes alpha-synuclein aggregation.
Proc. Natl. Acad. Sci. USA 2020, 117, 6741–6751. [CrossRef]

35. Jang, H.; Boltz, D.; Sturm-Ramirez, K.; Shepherd, K.R.; Jiao, Y.; Webster, R.; Smeyne, R.J. Highly pathogenic H5N1 influenza virus
can enter the central nervous system and induce neuroinflammation and neurodegeneration. Proc. Natl. Acad. Sci. USA 2009, 106,
14063–14068. [CrossRef] [PubMed]

36. Blanco-Palmero, V.A.; Azcárate-Díaz, F.J.; Ruiz-Ortiz, M.; Laespada-García, M.I.; Rábano-Suárez, P.; Méndez-Guerrero, A.;
Aramendi-Ramos, M.; Eguiburu, J.L.; Pérez-Rivilla, A.; Marchán-López, A.; et al. Serum and CSF alpha-synuclein levels do not
change in COVID-19 patients with neurological symptoms. J. Neurol. 2021, 268, 3116–3124. [CrossRef] [PubMed]

37. Ulmer, T.S.; Bax, A.; Cole, N.B.; Nussbaum, R.L. Structure and Dynamics of Micelle-bound Human α-Synuclein. J. Biol. Chem.
2005, 280, 9595–9603. [CrossRef]

38. Chandra, S.; Chen, X.; Rizo, J.; Jahn, R.; Sudhof, T.C. A broken alpha-helix in folded alpha-Synuclein. J. Biol. Chem. 2003,
278, 15313–15318. [CrossRef] [PubMed]

39. Yan, Y.; Zhang, D.; Zhou, P.; Li, B.; Huang, S. HDOCK: A web server for protein–protein and protein–DNA/RNA docking based
on a hybrid strategy. Nucleic Acids Res. 2017, 45, W365–W373. [CrossRef] [PubMed]

40. Yan, Y.; Huang, S. Pushing the accuracy limit of shape complementarity for protein-protein docking. BMC Bioinform. 2019, 20, 696.
[CrossRef]

41. Huang, S.; Zou, X. An iterative knowledge-based scoring function for protein-protein recognition. Proteins Struct. Funct. Bioinform.
2008, 72, 557–579. [CrossRef]

42. Laskowski, R.A.; Jablonska, J.; Pravda, L.; Varekova, R.S.; Thornton, J.M. PDBsum: Structural summaries of PDB entries.
Protein Sci. 2018, 27, 129–134. [CrossRef] [PubMed]

43. Yugandhar, K.; Gromiha, M.M. Protein-protein binding affinity prediction from amino acid sequence. Bioinformatics 2014,
30, 3583–3589. [CrossRef] [PubMed]

44. Du, T.; Wu, Z.; Luo, H.; Lu, S.; Ma, K. Injection of α-syn-98 Aggregates into the Brain Triggers α-Synuclein Pathology and an
Inflammatory Response. Front. Mol. Neurosci. 2019, 12, 189. [CrossRef] [PubMed]

45. Wu, Z.; Gao, J.; Du, T.; Tang, D.; Chen, N.; Yuan, Y.; Ma, K. Alpha-synuclein is highly prone to distribution in the hippocampus
and midbrain in tree shrews, and its fibrils seed Lewy body-like pathology in primary neurons. Exp. Gerontol. 2019, 116, 37–45.
[CrossRef] [PubMed]

http://doi.org/10.1002/mds.28104
http://www.ncbi.nlm.nih.gov/pubmed/32347572
http://doi.org/10.1056/NEJMc2011400
http://www.ncbi.nlm.nih.gov/pubmed/32402155
http://doi.org/10.1007/s10072-020-04486-3
http://www.ncbi.nlm.nih.gov/pubmed/32483687
http://doi.org/10.1021/acschemneuro.1c00666
http://www.ncbi.nlm.nih.gov/pubmed/34860005
http://doi.org/10.1101/cshperspect.a024091
http://doi.org/10.1073/pnas.1906466117
http://doi.org/10.1073/pnas.0900096106
http://www.ncbi.nlm.nih.gov/pubmed/19667183
http://doi.org/10.1007/s00415-021-10444-6
http://www.ncbi.nlm.nih.gov/pubmed/33606070
http://doi.org/10.1074/jbc.M411805200
http://doi.org/10.1074/jbc.M213128200
http://www.ncbi.nlm.nih.gov/pubmed/12586824
http://doi.org/10.1093/nar/gkx407
http://www.ncbi.nlm.nih.gov/pubmed/28521030
http://doi.org/10.1186/s12859-019-3270-y
http://doi.org/10.1002/prot.21949
http://doi.org/10.1002/pro.3289
http://www.ncbi.nlm.nih.gov/pubmed/28875543
http://doi.org/10.1093/bioinformatics/btu580
http://www.ncbi.nlm.nih.gov/pubmed/25172924
http://doi.org/10.3389/fnmol.2019.00189
http://www.ncbi.nlm.nih.gov/pubmed/31447645
http://doi.org/10.1016/j.exger.2018.12.008
http://www.ncbi.nlm.nih.gov/pubmed/30553024

	Introduction 
	Results 
	Protein–Protein Interaction between SARS-CoV-2 Proteins and -Syn 
	-Syn Directly Interacts with SARS-CoV-2 Proteins in HEK293 Cells 
	Elevated Expression of -Syn by SARS-CoV-2 Proteins in HEK293 Cells 
	SARS-CoV-2 Proteins Caused Lewy-Like Pathology in HEK293 Cells Overexpressing -Syn 

	Discussion 
	Materials and Methods 
	Protein–Protein Docking 
	Cell Culture and Transfection 
	RNA Extraction and Quantitative Real-Time PCR (qRT-PCR) 
	Western Blot Analysis 
	Co-Immunoprecipitation Assay (Co-IP) 
	Confocal Immunofluorescence Assays 

	Conclusions 
	References

