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a b s t r a c t

The post-infection of COVID-19 includes a myriad of neurologic symptoms including neurodegeneration.
Protein aggregation in brain can be considered as one of the important reasons behind the neuro-
degeneration. SARS-CoV-2 Spike S1 protein receptor binding domain (SARS-CoV-2 S1 RBD) binds to
heparin and heparin binding proteins. Moreover, heparin binding accelerates the aggregation of the
pathological amyloid proteins present in the brain. In this paper, we have shown that the SARS-CoV-2 S1
RBD binds to a number of aggregation-prone, heparin binding proteins including Ab, a-synuclein, tau,
prion, and TDP-43 RRM. These interactions suggests that the heparin-binding site on the S1 protein
might assist the binding of amyloid proteins to the viral surface and thus could initiate aggregation of
these proteins and finally leads to neurodegeneration in brain. The results will help us to prevent future
outcomes of neurodegeneration by targeting this binding and aggregation process.

© 2021 Elsevier Inc. All rights reserved.
1. Introduction

The long-term post-infection complications of COVID-19 can be
associated with neurological symptoms of neurodegenerative dis-
eases. The major risk factors for the COVID-19 includes age, heart
disease, diabetes and hypertension [1]. Several studies suggested
that SARS-CoV-2 infection increases the risk for neurodegenerative
diseases [2e5]. SARS-CoV-2 invasion to the CNS and the noticeable
cytokine storm, metabolic changes, gut microbiome changes,
neuroendocrine axis, and hypoperfusion during COVID-19 infection
could be attributed to the different neurological distresses
observed in the nervous system [5e7]. It has been shown that
infection from human immunodeficiency virus (HIV), West Nile
virus, herpes simplex virus type 1 (HSV-1), H1N1 influenza A virus,
and respiratory syncytial virus causes several neurological mani-
festations, including encephalitis, protein aggregation, neuro-
degeneration, and Parkinson’s disease- or Alzheimer’s like
symptoms [8]. H1N1 infection to dopaminergic neurons expressing
a-synuclein resulted in aggregation of a-synuclein and inhibition of
sychology & Neurosciences,
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autophagy, and thus increased the susceptibility of neuro-
degeneration [9].

Very recently, Tavassoly et al. proposed a view that seeded
protein aggregation by SARS-CoV-2 could be attributed to long-
term post-infection complications including neurodegeneration
[4]. They suggested that SARS-CoV-2 spike protein S1 region binds
to heparin and heparin binding proteins (HBPs) present in brain
which are prone to self-assembly, aggregation, and fibrillation
processes. They also showed that the peptide from S protein
(SeCoV-peptide; ~150 aa) has more aggregation formation pro-
pensity than the known aggregation-prone proteins, suggesting
that this peptide is prone to act as functional amyloid and form
toxic aggregates. Thus, the heparin binding and aggregation pro-
pensity of S1 protein has been suggested the ability of S1 to form
amyloid and toxic aggregates that can act as seeds to aggregate
many of the misfolded brain proteins and can ultimately leads to
neurodegeneration. It has been suggested that SARS-CoV-2 infec-
tion invades the CNS by controlling protein synthesis machinery,
disturbs endoplasmic reticulum and mitochondrial function and
increases the accumulation of misfolded proteins, thereby activates
protein aggregation, mitochondrial oxidative stress, apoptosis and
neurodegeneration [3,5,10].

Interestingly, it has been shown that HSV-1 spike protein binds
to heparin and increases the aggregation of amyloid b (Ab42)
peptides on its surface spikes [11]. This study suggests that the
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heparin-binding site of the spike protein might act as a binding site
for Ab42 peptides and thus could dock to the viral surface and
catalyze aggregation of Ab42. As the receptor binding domain
(RBD) of SARS-CoV-2, which is located within the S1 subunit of
spike glycoprotein has several heparin binding sites [12e14], the
same mechanism of aggregation of neurodegeneration causing
proteins such as Ab, a-synuclein, tau, prions, and TDP-43 can be
observed in COVID-19 infection in the brain.

In this study, we have investigated the interactions of SARS-
CoV-2 S1 RBD to different amyloid forming proteins including Ab,
a-synuclein, tau, prions, and TAR DNA binding protein-43 (TDP-43).
We also examine the binding of S1 RBD to heparin and their
complex to the different amyloidogenic proteins present in the
brain. The insights will help us in understanding the heparin
binding induced increase in association of HBPs observed in neu-
rodegeneration and also to prevent future outcomes of neuro-
degeneration by targeting this association process.

2. Methods

Protein-protein docking of SARS-CoV-2 S RBD (PDB ID:6M0J)
with proteins Ab (PDB ID:1Z0Q), a-synuclein (PDB ID:1XQ8), tau
(PDB ID:6QJH), prion (PDB ID:1U5L), RNA recognition motifs of
TDP-43 (PDB ID:4BS2) were performed with the HDOCK server
(http://hdock.phys.hust.edu.cn/), which is based on a hybrid algo-
rithm of template-based modeling and ab initio free docking [15].
The HDOCK server globally samples all possible binding modes
between the two proteins through a fast Fourier transform (FFT)-
based algorithm [16]. Then, all the sampled binding modes were
evaluated by iterative knowledge-based scoring function ITScorePP
[17]. Finally, the bindingmode of macromolecules was evaluated by
the binding energy and ranked them according to their docking
energies.

The structure model with the lowest docking energy score and
the highest ligand root-mean-square deviation (RMSD) was
selected to analyse the binding energy scores (Kd) using PRODIGY
server [18]. PRODIGY is a robust predictive system that utilises
structural properties of protein-protein interactions, the number of
interfacial contacts and non-interacting surfaces to calculate pro-
teins binding affinity [19].

Further, the residual interactions of the three-dimensional
model of protein complexes were analysed through PDBSUM
server (http://www.ebi.ac.uk/pdbsum). The bonded and non-
bonded interacting residues between the protein-protein in-
teractions were examined.

3. Results and discussion

Many biological functions of protein depend upon the formation
of protein-protein interactions. The HDOCK server [15] was used to
estimate potential interactions between the amyloid-forming pro-
teins (Ab, a-Syn, tau, prion and TDP-43) and SARS-CoV-2 S1 RBD.
This server generates 100 theoretical models of possible protein-
protein (peptide) interactions and scores them based on docking
energy. Model 1 with the highest docking energy score and the
lowest ligand RMSD was selected. The docking results are sum-
marized in Fig. 1 and Tables 1 and 2.

The protein-protein docking suggests that the binding affinity of
SARS-CoV-2 S1 towards the selected proteins is favourable with
higher docking energy scores. On the basis of docking scores, the
increasing affinity of proteins towards S1 is arranged as:
Prion > Ab>Tau > RRM> a-Syn (Table 1). Interestingly, interaction
of heparin with S1 protein is also strong with the docking score
of �282.57, much higher than all the proteins studied except prion
protein. PDBSum is used to determine the interacting residues of
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protein complex. The interacting surfaces and the binding residues
are shown in Fig. 1.

Docking results showed that interaction of S1 with Ab (docking
score: �262.91) is strongly mediated by five hydrogen bonds and
one salt bridge. Fig. 1B illustrates that Ab forms 8 H-bonds through
His13, Lys16, Leu17, Ala21, Gly25, Leu34, and Ala42 Ala42 residues
with Asp420, Tyr421, Asn460, Thr470, Tyr473, Tyr489, and Gln493
of S1 protein. His13 and Lys16 and Lys16 of Ab form 4 salt bridges
with Asp420 of S1. Prion protein forms seven H-bonds and two salt
bridges with S1 protein (docking score: �285.39) (Fig. 1D). The
prion residues involved in H-bonding are Asn173, Gln172, Gln212,
Thr216, Gln223, and Ser135 with Thr345, Arg346, Tyr351, Arg466,
and Thr470 of S1 protein. Glu211 and Glu219 of prion protein forms
salt bridge with Arg346, and Arg466 of S1 protein.

S1-a-Syn complex (docking score: �230.93) shows four H-
bonds and one salt bridge (Fig. 1F). The H-bonds are formed be-
tween Ala89, Val70, Val66, and Glu46 of Syn protein to Lys378,
Thr385, Lys386, and Gln506 of S1 protein. The only one salt bridge
form between Glu83 and Arg408. In the case of Tau-S1 protein
complex (docking score: �258.39), two H-bonds are formed
(Fig. 1H). The H-bond forms between Asn279, and Tyr310 of tau to
Asn487, and Gly496 of S1 protein. TDP-43 RRMs (RRM1 and RRM2)
form eleven H-bonds and one salt bridge interaction with S1 pro-
tein having docking score of �238.26 (Fig. 1J). The H-bonds formed
between Glu156, Lys160, Glu154, Thr126, Lys160, Gln164, met167,
and Asp119 of RRMs to Thr345, Arg346, Ser349, Asn354, Arg355,
Ile468, and Thr470 of S1 protein. The only one salt bridge formed
between Glu154 of RRM and Arg346 of S1 protein.

Furthermore, interaction of fibroblast growth factor-2 (FGF2), a
well characterised heparin-binding proteinwith S1 protein showed
docking score of �242.75 significantly less than that of Ab, prion,
and tau protein but greater than a-Syn and TDP-43 RRM.

We have also analysed the interaction of SARS-CoV-2 S1 and
amyloid forming HBPs to heparin (PDB ID: 1HPN) to analyse the
binding interactions and affinity to heparin (Table 2). Docking re-
sults showed that interaction of S1 with heparin (docking energy
score: �282.57) is strongly mediated by H-bonds formed by resi-
dues Asn354, Arg355, Lys 356, Asn394, Tyr396, and Arg466 (Fig. 2).
Interestingly, the docking scores suggest that S1 interacts strongly
to heparin compared to all of the amyloid forming proteins. Based
on docking scores, the interaction between protein and heparin is
arranged in order: S1-heparin > Prion-heparin > RRM-
heparin > Ab-heparin > Tau-heparin >a-Syn-heparin (Table 2).
Also, the docking score of FGF2-heparin (�220.74) is less than all of
these proteins, indicating that the neurodegeneration causing
proteins and SARS-CoV-2 S1 protein binds more strongly to
heparin.

Next, we look for the interaction of S1-heparin complex to the
amyloid forming HBPs (Table 2). Interestingly, the SARS-CoV-2 S1-
heparin complex binds more strongly to these HBPs when
compared to the docking strength of S1-HBPs complex. This result
clearly suggests that heparin binding to S1 protein allows the am-
yloid forming HBPs to bind more strongly to S1 protein. The
docking scores indicate that a-syn binds more strongly to S1-
heparin complex followed by RRM > Ab >Prion > Tau (Table 2).

Next, we calculated the binding affinities (Kd) of the docked
structures using the PRODIGY server [18] (Table 1). The binding
affinities of S1-complexes showed that S1-a-Syn complex has a
stronger binding affinity (2.3 � 10�10 M) among other complexes,
followed by S1-prion (3.9 � 10�10 M), S1-Ab (8.5 � 10�10 M), S1-
RRM (9.7 � 10�10 M), and S1-tau (3.5 � 10�9 M). This indicates
that a-Syn has a more favourable binding affinity to SARS-CoV-2 S1
protein. The binding affinity of S1 to FGF2 indicates the favourable
binding with the Kd of 2.2 � 10�10 M.

Further, the binding energy scores (Kd) of S1 complexes were
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Fig. 1. SARS-CoV-2 spike protein S1 RBD domain interactions to amyloid forming HBPs. (A) Docking model of the interaction of heparin-binding domains of spike protein, S1 (green)
and Ab (brown). (B) Detailed molecular interactions between S1 (chain E) and Ab (chain A) residues deduced by PDBsum. (C) Docking model showing the interaction of S1 (green) to
Prion (yellow). (D) Molecular interactions of S1 (chain E) to prion protein (chain A). (E) Surface diagram of S1 (green)-a-Syn complex (red) model and (F) residual interactions of this
complex. (G) Model of S1(green)-tau complex structure and (H) the molecular interactions between the tau (chain A) and the heparin-binding domain of spike protein S1 (chain E).
(I) Docking model showing the interaction of S1 (green) with the RRM of TDP-43 (blue), and (J) detailed molecular interactions between spike protein S1 (chain E) and RRM (chain
A). Key interactions between residues are shown as dotted lines. The key interactions are color coded as: salt bridges (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.
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Table 1
Molecular docking of SARS-CoV-2 S1 RBD domain to amyloid forming proteins determined by HDOCK server.

Protein-protein complex Docking score DG (kcal mol�1) Kd (M) at 25.0 �C/40.0 �C

S1-Ab �262.91 �12.4 8.5E-10/2.3E-09
S1-PRION �285.39 �12.8 3.9E-10/1.1E-09
S1-a-Syn �230.93 �13.1 2.3E-10/6.6E-10
S1-TAU �258.39 �11.5 3.5E-09/8.8E-09
S1-RRM �238.26 �12.3 9.7E-10/2.6E-09
S1-FGF2 �242.75 �13.2 2.2E-10/6.4E-10

Table 2
Molecular docking scores of heparin and heparin binding proteins and its comparison to the docking score of SARS-CoV-2 S1-heparin complex to amyloid forming proteins.

Protein-heparin complex Docking score S1-heparin (S1eH)-Protein complex Docking score

S1-Heparin �282.57
Ab-Heparin �235.28 S1H-Abeta �323.21
Prion-Heparin �276.48 S1H-Prion �310.39
a-Syn-Heparin �214.57 S1H-a-Syn �323.02
TAU-Heparin �233.68 S1H-Tau �257.20
RRM-Heparin �256.50 S1H-RRM �340.03
FGF-Heparin �220.74

Fig. 2. SARS-CoV-2 spike protein S1 RBD domain interactions to Heparin. (A) Docking model of the interaction of heparin (grey) to heparin-binding domains of spike protein, S1
(green). (B) The Ligplot diagram showing the detailed molecular interactions between S1 and heparin as observed by PDBsum.
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predicted as a function of temperature. There was an obvious in-
crease in Kd as the temperature increased from 25 �C to 40 �C,
indicating a decrease in binding affinity for SARS-CoV-2 S1 protein
complexes. At higher temperature also, a-Syn appeared to have
stronger binding affinity for S1 protein (6.6 � 10�10 M) followed by
Prion (1.1 � 10�9 M), Ab (2.3 � 10�9 M), RRM (2.6 � 10�9 M), and
Tau protein (8.8 � 10�9 M).

Furthermore, the predicted Kd for S1-a-Syn and S1-tau complex
97
was less affected as the temperature increased from 25 �C to 40 �C,
in contrast to Ab, prion and RRM. Increase in temperature usually
disrupts the noncovalent interactions between a protein-protein
complex, despite that, the decrease in binding affinity across the
temperatures was less apparent for the a-Syn complex with S1. This
suggests a stable interaction between a-synuclein to SARS-CoV-2
S1 protein.
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4. Conclusion

In summary, the findings reported here support the hypothesis
that the SARS-CoV-2 spike protein can interact with heparin
binding amyloid forming proteins. Our results indicate stable
binding of the S1 protein to these aggregation-prone proteins
which might initiates aggregation of brain protein and accelerate
neurodegeneration. These findings might explain the possible
neurological distresses associated with COVID-19. Therefore, tar-
geting the interaction of SARS-CoV-2 spike protein with the brain
proteins might be a suitable way to reduce the aggregation process
and thus neurodegeneration in COVID-19 patients.
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