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Abstract

Alzheimer’s disease (AD) is a major cause of dementia inducing memory loss, cognitive decline, 

and mortality among the ageing population. While the amyloid aggregation of peptide Aβ has 

long been implicated for neurodegeneration in AD, primarily through the production of toxic 

polymorphic aggregates and reactive oxygen species, viral infection has a less explicit role in the 

etiology of the brain disease. On the other hand, while the COVID-19 pandemic is known to harm 

human organs and function, its adverse effects on AD pathobiology and other human conditions 

remain unclear. Here we first identified the amyloidogenic potential of 1058HGVVFLHVTYV1068, 

a short fragment of the spike protein of SARS-CoV-2 coronavirus. The peptide fragment was 

found to be toxic and displayed a high binding propensity for the amyloidogenic segments of Aβ, 

thereby promoting the aggregation and toxicity of the peptide in vitro and in silico while retarding 

the hatching and survival of zebrafish embryos upon exposure. Our study implicated SARS-CoV-2 

viral infection as a potential contributor to AD pathogenesis, a little explored area in our quest for 

understanding and overcoming Long Covid.
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1. Introduction

Alzheimer’s disease (AD) is a debilitating human condition and a major culprit for 

dementia. The underling physiopathology of AD is not yet resolved, where the leading 

amyloid hypothesis attributes neurodegeneration to the extracellular aggregation of amyloid 

beta (Aβ) and intracellular formation of tau tangles, which then fosters a further decline in 

memory and loss of cognitive function in the host.1–2 Aside from the amyloidosis of Aβ and 

its downstream tauopathy, as well as the accomplice of apolipoprotein E which possesses 

a genetic bias, inflammation due to bacterial and viral infection and their stimulation to 

cerebral immunity (e.g., microglial activities) are other factors pertinent to the etiology of 

AD.3

The COVID-19 pandemic has caused immense damage to global human health, whose 

social and economic impact is not fully understood. The high rate of infection elicited by 

the novel SARS-CoV-2 coronavirus and its genetic variants firstly incites inflammation in 

the respiratory tract, causing acute as well as long-term conditions (i.e., the so-called “Long 

Covid”) in the bloodstream, the heart, the pancreas, the liver, the kidneys, and the brain 

of the infected host.4–8 Specifically, infections by influenza A, hepatitis C, HIV as well as 

SARS-CoV-2 viruses have been found to elevate the potential of developing brain disorders 

such as Parkinsonism, via processes which have not been deciphered.9–10

Mechanistically, recognition of the surface spike protein of SARS-CoV-2 by ACE-2 

receptor of host cells plays a decisive role in viral infection. In vivo, the spike protein 

may be cleaved off by proteases to render a series of peptide fragments. The short 

peptide fragments differ in sequence and amphiphilicity to entail diverse capacities in 

influencing the aggregation kinetics of amyloid proteins such as Aβ, alpha synuclein 

(associated with Parkinson’s disease) and human islet amyloid polypeptide (associated 

with type 2 diabetes).11–17 To assess the potential effect of SAR2-CoV-2 viral infection 
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on AD pathogenesis, in this study we examined the aggregation and toxicity of Aβ in 

the presence of 1058HGVVFLHVTYV1068 (or “Spike1058” in abbreviation), a 11-residue 

amyloidogenic fragment of SARS-CoV-2 spike protein identified by our computational 

analysis (Scheme). Spike1058 elevated the aggregation of Aβ in a dose-dependent manner, 

evidenced by a thioflavin T (ThT) fluorescence kinetic assay, transmission electron 

microscopy (TEM), Fourier transform infrared (FTIR), circular dichroism (CD), size 

exclusion-high-performance liquid chromatography (SEC-HPLC), and surface plasmon 

resonance (SPR) spectroscopies, and corroborated by discrete molecular dynamics (DMD) 

simulations (Scheme). In addition, Spike1058 was found to be toxic itself, further promoting 

the toxicity induced by Aβ in SH-SY5Y neuroblastoma cells while hampering the hatching 

and survival of zebrafish embryos. This study offered evidence for implicating the SARS-

CoV-2-AD axis in connection with Long Covid.

2. Materials and methods

All-atom DMD simulations.

Discrete molecular dynamics (DMD) is a rapid and predictive molecular dynamics 

algorithm18–22 that has been widely employed to investigate protein and peptide 

aggregation. In all-atom DMD, all heavy atoms and polar hydrogen atoms of biomolecules 

are explicitly modelled, based on interaction potentials encompassing van der Waals, 

solvation energy, electrostatic, and hydrogen bonding interactions.23 In this study, the van 

der Waals parameters used in the DMD simulations were obtained from CHARMM19,24 

while the Lazaridis-Karplus effective energy function, EEF1,25 was applied to calculate the 

corresponding solvation energy using an implicit solvent model. A reaction-like algorithm 

was employed to capture distance- and angle-dependent hydrogen bond interactions.23 

Screened electrostatic interactions were estimated using the Debye-Hückel approximation, 

with a Debye length of 1 nm due to a water dielectric constant of 80 and a monovalent 

electrolyte concentration of approximately 0.1 M. To account for counterion condensation 

effects26 and maintain a net zero charge in the simulated system, counter ions (Cl− or 

Na+) were added as needed. The Andersen thermostat was utilized to keep the system at 

a constant temperature of 300 K during DMD simulations.27 A DMD simulation engine is 

accessible at http://www.moleculesinaction.com.

Computational peptide array method.

To examine the amyloidogenicity of the spike protein, we employed the computational 

peptide array method, similarly to our previous study.28 The full-length spike protein 

sequence obtained from the Uniprot database (P0DTC2) was divided into a series of 

overlapping 20-residue fragments, with each fragment being shifted by 10 residues along 

the sequence. For each split sequence, we performed five independent DMD simulations of 

two identical spike protein fragments at 300 K inside a 10 nm cubic simulation box. Periodic 

boundary condition (PBC) was used. The minimum initial intermolecular distance was set to 

be 1.5 nm. Each independent simulation started with randomized initial position, orientation, 

and velocity and lasted approximately 0.4 μs. All five independent simulations were used to 

evaluate the propensity to self-associate and form inter-peptide β-sheets.
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Replica exchange DMD simulations.

We applied replica exchange DMD (rxDMD) simulations to identify the binding hotspots of 

Aβ42 with Spike1058. The molecular system was consisted of a full-length Aβ42 monomer 

and a Spike1058 monomer in a 10 nm cubic simulation box with PBC. The initial Aβ42 

structure was taken from the solution structure with the PDBID 1Z0Q.29 The Spike1058 

monomer was initialized in a coil structure. 16 replicas were utilized with temperatures in 

the range of 275-395 K. The replica exchange approach allowed for enhanced exploration of 

different conformational states and facilitated the sampling of diverse structural ensembles. 

In replica exchange simulations, temperatures were exchanged every 50 ps between replicas 

of adjacent temperatures according to the Metropolis criterion to overcome local free-energy 

barriers that may limit sampling of the conformational states. Each replica simulation lasted 

~0.8 μs.

Aggregation simulations.

Aggregation DMD simulations with 12 peptides were performed for each of the 

five targeted spike protein fragments: 116SLLIVNNATNVVIK129, 196NIDGYFKIYSK206, 
608VAVLYQDVNCT618, 1173NASVVNIQKE1182, and 1058HGVVFLHVTYV1068. Each 

fragment was studied by running 30 independent trajectories at a constant temperature 

of 300 K with PBC. For each independent trajectory, the simulation was conducted 

with a 15-nm cubic simulation box. Counter ions were added for charge neutralization. 

The starting configuration of each peptide and ion was randomly assigned in terms 

of relative position and orientation with an intermolecular distance of at least 1.5 

nm. The spike protein fragments were initialized in fully extended conformations, 

which rapidly relaxed into coil structures in simulations. Each trajectory lasted at least 

~0.3 μs with a total accumulative simulation time of ~9 μs for each spike protein 

fragment. Additionally, 196NIDGYFKIYSK206 (Spike196) and 1058HGVVFLHVTYV1068 

(Spike1058) were selected to continuously run longer DMD simulations so that their 

trajectories lasted ~0.7 μs. The last 0.450 μs of these trajectories were found to reach their 

steady states and thus used for analyzing the equilibrium aggregation dynamics.

The co-aggregation of Aβ12-22 or Aβ27-37 peptides with Spike1058 was also investigated. 

For each of the two Aβ fragments, 8 peptides were simulated with and without the presence 

of 8 Spike1058 peptides. For each molecular system, 30 independent trajectories were 

generated in a cubic simulation box of 200 nm with PBC and the corresponding starting 

configuration had all the peptides and ions randomly positioned with an intermolecular 

distance of at least 1.5 nm, and all peptides were initialized in the coil conformation. Each 

trajectory of the co-aggregation DMD simulations lasted at least 0.9 μs, corresponding to 

over 27 μs of total accumulated simulation time.

Computational analysis methods.

The secondary structures of the peptides were determined using the DSSP algorithm.30 A 

backbone hydrogen bond between two residues was recognized if the distance between the 

nitrogen (N) and oxygen (O) atoms was less than 3.5 Å and the angle between NH and 

O was greater than 150°. Two peptides were considered to form a β-sheet if (i) at least 

two consecutive residues in each chain adopted the β-strand conformation and (ii) they 
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formed at least two backbone hydrogen bonds. The size of a β-sheet was the number of β-

strands. We assessed the secondary structure content of the peptides using a time-averaging 

approach. Determination of the secondary structure content per residue involved calculating 

the average occurrence of a specific secondary structure for each residue within the peptide. 

To evaluate the secondary structure propensity of individual residues, we counted their 

frequency of adopting a particular type of secondary structure. By averaging these counts 

over time, we obtained the secondary structure propensity values for each residue.

Two atoms were considered in contact if their distance was less than the cutoff of 5.5 Å. Two 

residues were recognized to be in contact if they had at least one atomic contact between 

them, resulting in a residue contact. Accordingly, residue contact frequency between 

residues A and B can be evaluated by:

1
T ∑

t

T
Θ ∑

i

NA

∑
j

NB
Θ dcutoff − dij t − 1 ,

where T is the time period for the residue contact frequency evaluation; NA, NB refer to the 

number of heavy atoms in residues A and B, respectively; dcutoff denotes the coutoff distance 

of 5.5 Å, while dij(t) corresponds to the distance between atoms i and j at moment t.

We introduced a simple amyloidogenic score to quantify the propensity of a residue to 

contribute to amyloid formation. The score of a residue was determined by multiplying its 

β-sheet propensity, which represented its inherent tendency to adopt β-sheet structures in 

simulations, with its binding frequency to the other peptide. This multiplication captured the 

likelihood of the interaction between the residue and the peptide leading to the stabilization 

of a β-sheet structure.

Peptide aggregation was evaluated using the single-linkage clustering algorithm, with a 

peptide being assigned to a cluster if it was in contact with any of the component peptides. 

The size of a cluster was defined as the number of composite peptides in the cluster. To 

evaluate average cluster size of the system at a particular frame, the mass weighted cluster 

size was defined as:

Mass−weighted cluster size = 1
N ∑i = 1

K ni
2 .

Here, K denotes the number of clusters, N represents the total number of peptides, and ni 

corresponds to the number of peptides in the i-th cluster.

We identified a β-sheet cluster as a group of peptides in which every member formed a 

β-strand and belonged to a β-sheet. A β-sheet cluster can comprise multiple β-sheets. To 

determine the average size of β-sheets within a cluster, we used the following formula:

nβ − sheet − size = ∑i = 1
nβ ni

2

∑i = 1
nβ ni

,
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where nβ denotes the number of β-sheets in the β-sheet cluster, and ni refers to the number 

of β-strands in the i-th β-sheet. We estimated the number of β-sheet layers in a simulation 

frame by dividing the size of the largest β-sheet cluster (i.e., the number of peptides) with 

the average size of β-sheets within the cluster (i.e., nβ − sheet − size).

To visualize the free-energy landscape of the aggregation dynamics of an aggregating system 

in a two-dimensional configuration space, we used the potential of mean force (PMF) as a 

function of two certain parameters, x and y, throughout the entire simulation duration:

PMF = − kBT In P x, y .

Here, kBT represents the thermal energy at 300 K and P(x,y) the probability of the system 

having configuration parameters x and y.

The Weighted Histogram Analysis Method (WHAM)31–34 was used to evaluate the mean 

values of parameters obtained from rxDMD simulations at different temperatures. Here, the 

last 400 ns of trajectories from all 16 replicas were analyzed with WHAM to obtain the 

mean value of a specific parameter as a function of temperature in the range of 275~395 K.

Thioflavin T (ThT) fluorescence kinetics assay.

Spike1058 (1058HGVVFLHVTYV1068) and Aβ42 

(DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVVIA), with purity ⩾95% 

for both peptides, were acquired from China Peptides Co. Ltd. Firstly, Aβ42 (or simply 

abbreviated as “Aβ”, unless specified otherwise) and Spike1058 were treated with 

hexafluoro-2-propanol (HFIP) to breakdown pre-existing small aggregates, and freeze-dried. 

The lyophilized powder of Aβ42 was dissolved in 0.01% NH4OH for dissolution purpose 

and left in the open for 20 min to evaporate NH4OH, and then stored at −20 °C for further 

experiments. For the ThT kinetic assay, a 100 μL aqueous solution mixed with 25 μM Aβ42 

and 25 μM ThT was incubated with or without different concentrations of Spike1058 (12.5, 

25 and 50 μM) in a 96-well plate with a transparent bottom (Corning Costar 3880) at 37 °C. 

The ThT fluorescence was measured on a SPARK microplate reader (TECAN, Australia) 

with excitation at 445 nm and emission at 488 nm every 30 min for up to 90 h. ThT (25 μM) 

was regarded as a control. The kinetic parameter values (lag time, t½, and k) were calculated 

from the performed ThT assays following the literature.19, 35

Circular dichroism (CD) spectroscopy.

Aβ42 was mixed with or without different concentrations of Spike1058 as for the ThT assay 

and incubated for 48 h at 37 °C. Far-ultraviolet spectra were recorded by Spectra Manager 

2.0 in a Jasco J-815 spectropolarimeter at room temperature. Each spectrum was acquired 

from 260 to 190 nm with a 1 nm step size. The CD signal from water was subtracted from 

the data of each sample solution and averaged from three scans. The data were plotted in 

GraphPad Prism 7.0 and the secondary structural contents were determined by the Beta 

Structure Selection method.36
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Fourier transform infrared (FTIR) spectroscopy.

Aβ42 mixed with or without Spike1058 was incubated for 48 h at 37 °C and lyophilized. 

The lyophilized powder was redissolved with 10 μL deionized water to prepare the FTIR 

samples. FTIR spectra were recorded by an IRTracer-100 (Shimadzu, Japan) spectrometer 

under liquid nitrogen cooling. All spectra were collected for 1580-1700 cm−1 wavenumbers. 

The secondary structures of all samples were analyzed by Origin Software (Origin Lab) 

using the built-in Peak Deconvolution application as in our previously study.35

Transmission electron microscopy (TEM).

Aβ42 samples from the ThT assay were dropped onto 300-mesh amorphous carbon-coated 

copper grids and allowed to incubate for 10 min. Excess aqueous was removed and the grids 

were negatively stained with 3% phosphotungstic acid (w/v, pH = 7) for 30 s. The grids were 

allowed to dry overnight at room temperature. TEM imaging was performed using a Jeol 

JEM1400 Flash TEM microscope, operated at 80 kV.

Size exclusion-high-performance liquid chromatography with UV-Vis (SEC-HPLC-UV).

An UHPLC system (Agilent, USA) comprising a sample manager set at 4 °C and a column 

oven set at 30 °C was coupled to a multichannel rapid scanning UV-VIS detector (Agilent, 

USA) for online SEC/UV instrumentation. Aβ42 (25 μM) was mixed with or without 

Spike1058 (25 μM) incubated for 4 h at 37 °C and separated by an AdvanceBio SEC 

column (4.6 × 150 mm, 1.9 μm particle size, 200 A pore size) (Agilent, USA) at 25 °C, and 

the mobile phase was equilibrated with phosphate-buffered saline (PBS) where the pH was 

adjusted to 5.6. The flow rate was 0.25 mL min−1, and the detection was performed at the 

wavelength of 220 nm. Calculations of the amounts of Aβ42 and Spike1058 were carried out 

based on intensity peak areas acquired for the samples.

Surface plasmon resonance (SPR) analysis.

The Aβ42-Spike1058 binding kinetics was probed using Biacore T200 (GE Healthcare). 

The running buffer composed of 25 mM HEPES (pH = 7.4) and 1% DMSO, and 0.05% 

surfactant P20 was prepared, vacuum filtered, and degassed immediately prior to use. 

Spike1058 (50 μg/mL) was immobilized on a CM5 sensor chip via immobilization buffer 

containing 10 mM sodium acetate (pH = 4.5) to a level of ~10,000 response units. Serial 

concentrations of Aβ42 (0, 156.25, 312.5, 625, 1250, 2500, 5000 and 10000 nM) were 

injected to the Fc1 (control)-Fc2 (active) channels at a flow rate of 30 μL/min for an 

association phase of 120 s, followed by 300 s of dissociation at 25 °C. 8 cycles of analytes 

were repeated according to analyte concentrations in ascending order. After each cycle, the 

sensor chip surface was regenerated completely by 10 mM glycine-HCl as injection buffer at 

a flow rate of 30 μL/min for 30 s to remove the analyte. The resulting data were fit to a 1:1 

binding model using Biacore Evaluation Software (GE Healthcare).

Cytotoxicity and reactive oxygen species (ROS) assays.

SH-SY5Y cell lines were purchased from IMMOCELL (Guangzhou, China) (ATCC® 

CRL-2266™) and cultured in DMEM supplemented with 10% fetal bovine serum and 1% 

penicillin and streptomycin (Gibco, USA) under 5% CO2. Cells were seeded at the density 
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of 2×104 cells per well in 96-well plates and cultured for 24 h. Then 25 μM of Aβ42 mixed 

with or without different concentrations of Spike1058 (12.5, 25 and 50 μM) was added to the 

wells, respectively. After 24 h of treatment, cell viability was evaluated by Enhanced Cell 

Counting Kit-8 (Beyotime, China). The optical density (OD) at 450 nm of each well was 

recorded, and the well with only medium was set as the normal control. Cell viability was 

calculated according to:

Cell viability = ODsample − ODcontrol / ODcontrol − ODblank × 100% .

For the reactive oxygen species (ROS) assay, SH-SY5Y cells were seeded at a density of 25 

× 104 cells per well in 24-well plates and cultured for 24 h. Aβ (25 μM) with or without 

Spike1058 as in the cellular toxicity assay was added to the wells after 24 h incubation. 

To determine ROS generation, the fluoroprobe DCFH-DA (Beyotime, China) was used. 

The wells treated with medium were set as the normal control. Images were obtained 

with a fluorescence microscope (Leica, Wetzlar, Germany) and the DCF fluorescence was 

quantified at excitation/emission wavelengths of 495 nm/529 nm on a SPARK microplate 

reader (TECAN, Australia).

Toxicity assessment in zebrafish embryos.

AB wild-type adult zebrafish (Danio rerio) were sourced from China Zebrafish Resource 

Center and housed in a fish breeding circulating system (Hai Sheng, Shanghai, China) on a 

14 h:10 h light/dark cycle at 28 ± 0.5 °C. Two pairs of male/female zebrafish were placed 

into the mating box with a divider before spawning. Spawning was triggered by removing 

the divider in the morning and the embryos were collected after 1 h. Embryos rinsed with 

0.5 mg/L methylene blue solution were then transferred to Holtfreter′s medium (composed 

of 7 g NaCl, 0.40 g NaHCO3, 0.235 g CaCl2 and 0.1 g KCl in 2 L deionized water, pH = 

7) in a Petri-dish at 28 °C. Healthy and fertilized embryos at the same developmental stages 

were selected for further experiments under a stereomicroscope (Olympus-SZ61, Olympus 

Ltd., Japan).

Microinjections were performed with a finely calibrated needle using a pneumatic 

microinjection system (PV830 Pneumatic Picopump, WPI) at an injection pressure of 30 

psi. Healthy zebrafish embryos were positioned on a 10 mg/mL agarose gel plate and 

microinjected with Aβ42 (100 μM) or Spike1058 (12.5, 25, 50 μM) or their mixtures. 

A volume of 3.5 nL of the above solution was injected into the yolk of embryos at 1 

hour-post-fertilization (hpf), and the same volume of Holtfreter′s medium was injected as 

the vehicle control. After the injection, the embryos were transferred to 96-well plates, with 

each well containing 200 μL of Holtfreter′s medium. Toxicity endpoints, including hatching 

interference and mortality, were assessed at 72 hpf using a bright field stereomicroscope 

(Olympus-SZ61, Olympus Ltd., Japan). Three replicates were carried out for each treatment, 

with each replicate consisting of 8 embryos.

ROS assays in zebrafish embryos.

To evaluate the generation of ROS, zebrafish embryos were collected after 12 h post-

injection. The embryos were then incubated with 10 μM of 2′,7′-dichlorodihydrofluorescein 
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diacetate (H2DCFDA) at 28 °C in darkness for 60 min, followed by three washes with 

Holtfreter’s medium. Tissue homogenates were obtained by grinding the embryos using 

a hybrid grinding machine (Biheng Bio-Technique Co. Ltd., Shanghai, China) and 200 

μL of homogenates in each replicate were loaded into each well of a 96-well black/clear 

bottom plate. ROS production was determined by measuring the fluorescence intensity of 

DCF, which was excited at 485 nm and emitted at 530 nm, using a microplate reader 

(Varioskan LUX, Thermo Fisher Scientific, USA). Three replicates were carried out for each 

treatment, with each replicate consisting of 8 embryos. All zebrafish related experiments 

were conducted in accordance with the Animal Ethics Committee at Tongji University 

(Protocol #TJAD00723B02).

Statistical analysis.

In vitro experiments were performed in triplicate and data points were depicted as mean 

values of repeated measurements (n=3) ± standard deviation (SD). One-way analysis of 

variance (ANOVA) was conducted for ThT, cellular viability (%) and DCF fluorescence 

intensity values to evaluate the statistically significant differences between the values among 

the multiple groups, followed by Tukey’s multiple-comparison test. Statistically significant 

differences were considered when the p values were lower than 0.033 for data in Fig. 3 and 

lower than 0.05 for data in Fig. 4. For the zebrafish assays, all treatments were performed 

with three replicates, and the data were reported as average ± standard deviations (SD). One-

way analysis of variance (ANOVA) was conducted to evaluate the statistically significant 

differences of hatching rates, survival rates, and ROS production among the multiple groups, 

followed by Tukey’s multiple-comparison post hoc test. Statistically significant differences 

were considered when the p values were lower than 0.05.

3. Results and discussion

Computational screening of amyloidogenic spike protein fragments.

To identify potential amyloidogenic fragments of the spike protein, we employed 

DMD simulations using the computational peptide array method and determined an 

amyloidogenic score for each residue (see Methods). Additionally, we utilized available 

amyloid-predicting algorithms, including ANuP, PASTA, AGGRESCAN, and Waltz,37–40 to 

identify sequence amyloidogenicity and compared our results with those obtained by other 

algorithms, as shown in Supporting Information, Fig. S1. Based on experimental studies 

by Nyström and Per Hammarström15 as well as the consensus of different predictors, we 

selected five spike protein fragments: 116SLLIVNNATNVVIK129, 196NIDGYFKIYSK206, 
608VAVLYQDVNCT618, 1058HGVVFLHVTYV1068 and 1173NASVVNIQKE1182 for further 

study. Here, fragments of residues 196-206, 608-618, and 1173-1182 have been 

experimentally confirmed to form fibrils,15 validating the suitability of our computational 

peptide array method (Fig. S1) and the amyloid-predicting algorithms.37–40

Next, we performed aggregation simulations with 12 peptides for each of the selected five 

fragment sequences (see Methods). To monitor the fibrillization in silico, we analyzed the 

mass-weighted cluster size and β-sheet content per peptide averaged over all independent 

simulations as a function of time, as illustrated in Fig. S2. Our results revealed that 
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residues 116-129, 196-206, and 1058-1068 exhibited rapid increases in the cluster size 

and β-sheet content, maintaining β-sheet structures within the growing aggregates. This 

suggested a stronger fibrillization capability of these fragments compared to residues 

608-618 and 1173-1182. Among the three peptides with promising fibrillization propensity 

in silico, we specifically focused on 196NIDGYFKIYSK206, referred to as Spike196, and 
1058HGVVFLHVTYV1068, referred to as Spike1058, for further study. Both fragments 

adopted β-sheet conformations buried in the full-length spike protein (Fig. S3) and may 

only self-assemble after proteolytic cleavage. Spike196 has already been reported to form 

amyloid fibrils in experiments,15 while Spike1058 is a de novo spike protein fragment 

predicted to be amyloidogenic. Next, we continued additional DMD simulations for 

Spike196 and Spike1058 to reach equilibria, as depicted in Fig. S4.

By evaluating the equilibrated aggregate structures, we observed that Spike1058 had a 

greater β-sheet content than Spike196 (Fig. 1A&1B). This difference can be explained 

by a greater hydrophobicity of the Spike1058 sequence (HGVVFLHVTYV) as compared 

to Spike196 (NIDGYFKIYSK), containing more hydrophobic and aromatic residues as 

highlighted in bold. This stronger inter-peptide interactions of Spike1058 resulted in a 

more favorable fibril-like state and fewer intermediate states than Spike196 in the two-

dimensional potential of mean force for aggregation (2D-PMF, i.e., the effective aggregation 

free-energy landscape; (Fig. 1C). Furthermore, we discovered that the aggregates of 

Spike1058 were usually comprised of multilayer β-sheets (Fig. 1D) due to extensive 

interpeptide and inter-sheet interactions, forming the cross-β like fibril core. In contrast, 

Spike196 predominantly formed single-layer sheets (Fig. 1D) and its aggregates were easy 

to dissociate, leading to a greater number of intermediate states (e.g., low free-energy for 

small β-sheet rich aggregates in Fig. 1C).

Spike1058 accelerated Aβ42 aggregation in DMD simulations.

Based on the observed greater self-aggregation propensity, we selected Spike1058 as a 

candidate to assess its influence on Aβ aggregation, both in silico and in vitro. To address 

the computational challenges of directly observing the aggregation and formation of fibril-

like aggregates of full-length Aβ with and without the presence of Spike1058, we adopted 

a divide-and-conquer strategy. Specifically, we first identified the interaction hotspots of 

full-length Aβ42 with Spike1058,28, 41–42 and then used the Aβ fragments as surrogates in 

co-aggregation simulations to evaluate the impact of Spike1058 on Aβ aggregation.

Based on rxDMD simulations of a full-length Aβ42 monomer interacting with a Spike1058 

monomer (see Methods), we computed the contact frequency map between residues of 

Spike1058 and Aβ42 (Fig. 2A) using WHAM analysis. Two Aβ fragments of residues 

12-22 (Aβ12-22) and residues 27-37 (Aβ27-37) were observed to form prominent interactions 

with Spike1058. Moreover, these Spike1058-binding hotspots of Aβ overlapped with two 

well-known amyloidogenic regions of Aβ – i.e., the central hydrophobic cores of residues 

16-22 and residues 25-35.43–44 Next, we selected two fragments, Aβ12-22 and Aβ27-37, 

to study the effect of Spike1058 on Aβ aggregation. We investigated the co-aggregation 

dynamics by performing DMD simulations of these Aβ fragments with and without an equal 

molar of Spike1058 peptides. Notably, the presence of Spike1058 significantly accelerated 
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the aggregation of both Aβ fragments, evidenced by the faster increase in β-sheet content as 

a function of simulation time (Fig. 2B). Moreover, the β-sheet contents of the co-aggregation 

systems after reaching steady states (>500 ns) were greater compared to the control 

simulations of Aβ fragments alone, particularly for Aβ27-37. Additionally, we assessed the 

equilibration of the simulations by computing the time evolution of the ensemble-averaged 

potential energy and mass-weighted cluster size over independent simulations (Fig. S5).

To gain further insights into the effect of Spike1058 on the aggregation dynamics of the 

Aβ fragments from isolated monomeric states, we computed the 2D-PMF as a function of 

the aggregation cluster size and β-sheet content utilizing data from the entire duration of 

the simulations (Fig. 2C). Representative snapshots of low-energy states were also shown 

to provide structural visualization of the corresponding lower-energy basins in the PMF 

(Fig. 2D). Both Aβ fragments in the presence of Spike1058 preferred to form hetero-dimers 

initially. The hetero-dimers were stabilized by inter-peptide hydrogen bonds and formed 

β-sheets. These early heterodimers grew by continuously incorporating free monomers or 

undergoing merging events with other aggregates, ultimately resulting in the formation of 

stable multilayer β-sheets.

Importantly, the presence of Spike1058 exerted a significant acceleration on the aggregation 

of Aβ fragments, which can be attributed to its strong binding interactions with these 

fragments as well as rapid formation of β-sheet rich hetero-complexes. Compared to 

Aβ12-22, the self-aggregation of Aβ27-37 was significantly slower (Fig. 2B). In most of 

the independent simulations, Aβ27-37 tended to remain in a monomeric state in coils as 

well as adopting β-hairpin and turn conformations (e.g., the average secondary contents 

shown in Fig. S6A). Only in a few out of the 30 independent simulations, Aβ27-37 were 

observed to form large β-sheet rich aggregations. To validate the aggregation of Aβ27-37 in 

DMD simulations, we further performed aggregation simulations of Aβ27-37 in a higher 

concentration. Specifically, we performed additional aggregation simulations for eight 

Aβ27-37 peptides using a smaller cubic simulation box of 10 nm (i.e., 8× greater peptide 

concentration than that in Fig. 2). Indeed, with a higher peptide concentration, Aβ27-37 were 

able to form stable β-sheet rich aggregates (Fig. S7). We also computed the inter-peptide 

contact frequency maps of Spike1058 co-aggregating with the two Aβ fragments (Fig. S6B). 

In both cases, hydrophobic Leu-Leu pairwise contacts were found to play a crucial role in 

facilitating the inter-peptide interactions. Additionally, the presence of adjacent hydrophobic 

residues – e.g., Phe, Ile, and Val in both Aβ and Spike1058 – also contributed to their 

interactions. The observed cross-like patterns in the contact maps indicated formation of 

both parallel and anti-parallel β sheets. Hence, these multilayer β-sheet rich co-aggregates 

(Fig. 2D) were stabilized by strong hydrophobic interactions between Aβ and Spike1058. 

Taken together, our computational results suggested that Spike1058 may bind and accelerate 

the aggregation of Aβ42.

Spike1058 accelerated Aβ42 fibrillization in vitro.

To corroborate our in silico findings regarding the conformation of Spike1058 and its effect 

on Aβ aggregation, we employed several experimental techniques including transmission 

electron microscopy (TEM), circular dichroism (CD) spectroscopy, Fourier transform 
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infrared (FTIR) spectroscopy, a thioflavin T (ThT) fluorescence kinetic assay, size-

exclusion-high performance liquid chromatography (SEC-HPLC), and a surface plasmon 

resonance (SPR) kinetic binding analysis. Specifically, the ThT kinetic assay was used to 

monitor real-time amyloid aggregation of Aβ at 25 μM in the presence and absence of 

Spike1058 at several Aβ:Spike1058 molar ratios of 1:0.5, 1:1 and 1:2. The aggregation 

of amyloid peptides was thoroughly analyzed, which constituted an initial lag phase with 

slow rates of aggregation, when amyloid peptides underwent structural rearrangements and 

conformational changes to render small nucleation centers.45 Herein, Aβ at 25 μM exhibited 

a typical sigmoidal curve with a lag phase of 18.7 ± 7.8 h and t½ of 47.9 ± 15.5 h (Fig. 3A–

B), consistent with our previous reports.35,46 Nevertheless, once incubated with Spike1058 

at 12.5, 25 and 50 μM, the lag phase of Aβ increased significantly to 30.3 ± 3.8, 32.3 ± 5.9 

and 32.7 ± 0.58 h, respectively, implying a dose-dependent prolongment of Aβ nucleation 

at increasing Spike1058 concentrations (Fig. 3A–B). This result was accompanied by a 

change of t½ to 56.0 ± 4.1, 48.9 ± 5.2 and 46.0 ± 0.5 h further supporting the interpretation. 

On the other hand, the apparent aggregation constant k value increased from 0.072 ± 

1.8×10−2 (Aβ control) to 0.078 ± 7.9×10−3, 0.121 ± 5.6×10−3 and 0.150 ± 3.8×10−3 h−1 

upon the addition of different concentrations of Spike1058 (12.5, 25 and 50 μM) (Fig. 3C), 

indicating a significant dose-dependent pattern of accelerating the elongation and saturation 

kinetics of Aβ. This was further supported by the prolonged elongation phase from 17-42 

h for Aβ control to 31-62 h, 33-59 h and 37-55 h for Aβ with increased Spike1058 

concentrations (12.5, 25 and 50 μM) (Fig. 3A). This result implied that Spike1058 exposed 

their hydrophobic segments to enhance elongation of the Aβ species through co-aggregation. 

On the other hand, Spike1058 over the concentration range of 12.5, 25 and 50 μM did 

not notably enhance the fluorescence intensity of ThT over 90 h of incubation (Fig. S8) 

despite their amyloid-like morphology (Fig. S9), in accordance with the inability of ThT 

in tracing the aggregation kinetics of other short amyloidogenic peptide fragments.47 The 

effect of Spike1058 on amyloid morphology was further observed by TEM (Fig. 3E), 

where a typical twisted morphology of Aβ fibrils was rendered upon 48 h of incubation. 

In comparison, a denser fibrillar network consisted of Aβ amyloid fibrils was formed upon 

48 h incubation with increased stoichiometric ratios of Spike1058. Fig. S10&Table S1 were 

acquired with SEC-HPLC to confirm the co-aggregation of Aβ and Spike1058. Specifically, 

while 4 h of incubation altered little the amounts of Aβ and Spike1058 individually, the 

amount of Aβ was increased by 26% while that of Spike1058 was decreased by 39.54%, 

respectively in the mixed Aβ-Spike1058 sample (molar ratio 1:2). Moreover, no other peaks 

were detected. Thus, it can be inferred that Spike1058 complexed with Aβ to render the 

dynamic aggregates recorded in SEC-HPLC. In addition, an SPR analysis revealed strong 

binding between Spike1058 and Aβ (binding constant kD of 82.6 nM, comparable to the 

strength of antibody-antigen association) (Fig. S11), corroborating our computational and 

experimental findings (Figs. 2 &3).

FTIR spectroscopy revealed the effect of Spike1058 on the secondary structure of Aβ 
upon co-aggregation (Fig. S12). In FTIR, the amide I band (1605-1695 cm−1), which 

primarily (70-85%) relies on the stretching vibrations of the C=O bond, constitutes the 

most intense absorption band of proteins.48 In our experiment, specifically, a characteristic 

shift of the maxima from higher wavenumber regions of 1648-1674 cm−1 to lower ones of 

Cao et al. Page 12

ACS Appl Mater Interfaces. Author manuscript; available in PMC 2024 August 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



1623-1641 cm−1 provided qualitative evidence regarding the conformational transition of 

amyloid proteins from α-helical/random coils to β-sheets indicating the eventual occurrence 

of highly-ordered amyloid fibrils.48 By implementing this information and utilizing a 

band deconvolution tool (Methods) applied in our previous studies,19, 35 we were able to 

quantify and define the secondary structural profile of Aβ into α-helical/random coils and 

β-sheets, respectively. The acquired FTIR spectra (Fig. S12A) revealed that the β-sheet 

structure formed by Aβ was increased by 7.4% upon 48 h of incubation (Fig. S12E). 

Co-incubation with Spike1058 further enhanced Aβ’s β-sheet content by 7-33% (Fig. 

S12B–E). Notably, Spike1058 due to its hydrophobic character exhibited a characteristic 

band in the 1620-1625 cm−1 region in aqueous indicating adoption of a great number of 

β structures via intermolecular interactions and corroborating our computational data (Fig. 

1, Figs. S2&S4). However, to exclude the likelihood of Spike1058’s intervention in the 

β-sheet content of Aβ during their co-incubation, we employed CD to offer additional 

information on the types of β-sheets formed. As shown in Fig. S13A, the CD spectrum 

of Aβ monomers displayed a minimum at ~ 200 nm before incubation, implying a typical 

random coil structure. Nevertheless, upon 48 h incubation, a negative peak at ~220 nm and a 

positive peak around ~198 nm appeared in the CD spectrum (Fig. S13A), indicating that Aβ 
transformed from its initial random coils to a β-sheet-rich conformation. Upon co-incubation 

of Aβ with Spike1058, the β-sheet content of Aβ was gradually increased by 16-35% in a 

dose-dependent manner (Table 1, Fig. 3D, Fig. S13B–D), supporting the data derived from 

FTIR spectroscopy. As control samples, CD spectra for non- and 48 h incubated Spike1058 

were acquired in the range of 12.5-50 μM (Fig. S14). Specifically, the CD spectra indicated 

that the viral fragment did not significantly interfere as the background band at 210-220 nm 

(Fig. S14) was comparable to the Aβ-containing CD spectra (Fig. S13).

To gain further insights into β-sheet orientation (parallel/anti-parallel) and twisting, we 

utilized the web server of a novel algorithm program, β-structure selection (BeStSel),36 

which reliably distinguished parallel from anti-parallel β-sheets and quantitatively 

determined the twist angle distribution of β-sheets based on the definition by Ho and 

Curmi.49

The CD spectrum of fibrillar Aβ solution at 48 h revealed that the amyloid fibrils were 

highly organized consisting mainly of parallel in-register β-sheets (84% out of total β-sheet 

content) (Table 1), in accordance with the reports using other analytical techniques (NMR, 

MD, XRD).50–53 Notably, co-incubation between the viral fragment and Aβ rendered the 

formation of aggregates with an enhanced propensity for anti-parallel β-sheets (Table 1). 

This specific result is notable as anti-parallel β-sheet formation among full-length wild-

type Aβ is exclusively linked with intermediate prefibrillar species exerting significant 

neurotoxicity, compared to parallel orientations.54–55 We also analyzed the content of 

parallel vs. anti-parallel β-sheet contents in the co-aggregation simulations for Spike1058 

and Aβ fragments. Using the averages of simulations with the two Aβ fragments, we indeed 

observed an increase of anti-parallel β-sheet ratio in the co-aggregation of Spike1058 and 

Aβ, compared to the self-aggregation of spike1058 and the Aβ fragments alone (Fig. S15). 

Other than Aβ42, amyloidogenic fragments of Aβ such as 16-22 and 11-28 fragments56–58 

or the Iowa mutation,59 which is implicated in cerebral amyloid angiopathy (CAA),59 have 

been shown to form transient fibrils with anti-parallel structure, but eventually transformed 
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into parallel β-sheet orientations. To further assess whether the viral fragment was able to 

exert significant impact on amyloid protein-induced toxicity, we performed a cell viability 

assay with SH-SY5Y human neuroblastoma cells.

Spike1058 accelerated the toxicity of Aβ in vitro.

Neurodegenerative-related amyloid proteins such as Aβ are known to have a deleterious 

effect on neuronal cells, leading to a cascade of events and AD or PD-related pathologies. 

Although the exact role of amyloid protein-derived neurotoxicity remains unsolved, several 

reports correlated cell toxicity with the ability of amyloid proteins to impact cell membrane 

integrity through various proposed models, including the carpet, detergent, and ion-channel 

pore models.60–66 As shown in Fig. 4, the viability of SH-SY5Y cells was significantly 

reduced upon 24 h exposure to Aβ. Viable SH-SY5Y cells further exhibited a gradual 

decline in number at increasing molar ratios of Spike:Aβ (0.5, 1, 2:1), reaching 22% at 2:1 

Spike:Aβ molar ratio compared with the Aβ control group (p < 0.01, Fig. 4A) upon 24 h 

incubation. However, Spike1058 control at a similar concentration to Aβ (25 μM) impacted 

cell viability 11% less than Aβ control (Fig. 4A). In addition, cell mortality was elevated 

in a dose-dependent manner when exposed to Spike1058, where the highest Spike1058 

concentration (50 μM) was less deleterious than Aβ control. Furthermore, as shown in Fig. 

4B, when Aβ was pre-incubated with Spike1058 (25 and 50 μM), the intracellular ROS 

levels were significantly increased by 55% and 70% (p < 0.01) in a dose-dependent manner 

compared with Aβ control. Taken together, Spike1058 could elevate the toxicity induced by 

Aβ in neuronal cells.

Spike1058 accelerated Aβ42 toxicity in vivo.

Microinjection of Aβ and Spike1058, either individually or in combination, was employed 

to investigate the impact of Spike1058 on the toxicity of Aβ in zebrafish embryos (Fig. 

5A). Both the timepoint of 72 hpf for examining embryonic hatching and survival and the 

timepoint of 12 h peptide co-incubation for quantifying ROS production ensured the toxicity 

of Aβ through self-aggregation was observable, based on one of our earlier studies using 

this animal model.67 As illustrated in Fig. 5B–D, the pronounced hatching interference and 

mortality at 72 hpf were induced by Aβ at 100 μM and Spike1058 at 12.5, 25, and 50 μM, 

compared to the control group. In addition, Spike1058 appeared to exert a more substantial 

influence than Aβ at 72 hpf on the hatching and mortality rate of zebrafish embryos. 

Moreover, the mixtures of Aβ and Spike1058 significantly decreased the hatching rate (p < 

0.01) and survival rate (p < 0.05) in comparison to the administration of Aβ or Spike1058 

alone, suggesting a potential synergistic effect where Spike1058 may augment the toxicity of 

Aβ. Furthermore, a significant increase in the generation of biotic ROS occurred in zebrafish 

embryos incubated with the Aβ-Spike1058 mixtures for 12 h, surpassing the levels observed 

with Aβ or Spike1058 alone (Fig. 5E), corroborating the trends observed in hatching and 

survival rates.

4. Conclusion

The COVID-19 pandemic is becoming a thing of the past after three plus years, technically, 

but an estimated 65 million people globally are still suffering from the aftermath of 
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Long Covid that remains inadequately studied and poorly understood.68–69 Due to the 

large timescale in the development of dementia, coupled with the limited accessibility 

of the human brain, it is especially challenging to establish a plausible link between the 

pathologies of neurological disorders and viral infection.

Accordingly, in the current pilot study we first screened the spike protein of SARS-

CoV-2 coronavirus computationally and identified an amyloidogenic candidate named the 

Spike1058 fragment (Fig. 1). We then examined Aβ amyloidosis and toxicity that were both 

exacerbated by the presence of Spike1058, using synergistic techniques of ThT (aggregation 

kinetics), TEM (aggregation morphology), FTIR (secondary structure), CD (secondary 

structure), cell viability and ROS production (toxicity) assays (Figs. 3–5). The molecular 

basis for the elevated aggregation and toxicity can be traced back to the self-aggregation 

potential of Spike1058 (Figs. 1&S9) as well as the strong binding affinity of Spike1058 

for the amyloidogenic segments of Aβ to promote rapid dimerization of monomeric Aβ 
and structural transitions of the peptide to energetically more favorable toxic intermediates 

and (pre)fibrils that possessed anti-parallel cross-β sheets, as revealed by DMD simulations 

and CD, SEC-HPLC, FTIR and SPR spectroscopies (Figs. 2, 3, S6, S10–13). These in 
vitro and in silico findings were further corroborated by hatching, survival, and ROS assays 

performed with zebrafish embryos, where impaired development and increased toxicity were 

consistently observed with the animal model subjected to peptide co-aggregation. It should 

be noted that in AD animal models,70 the presence of functional proteins, cell membranes, 

and biological barriers could significantly slow down the self-aggregation processes of Aβ 
and Spike1058 and interfere with the mutual binding of the two peptide species, thereby 

retarding the phenomena as observed in this study. Together, our study implicated spike 

protein as a toxic amyloidogenic agent, whose co-aggregation with Aβ could potentially 

exacerbate the AD pathology (including the downstream events of Aβ amyloidosis in 

tauopathy, inflammation, and immune response3) and instigate Long Covid.
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Fig. 1. Self-aggregation of Spike196 and Spike1058.
(A) Secondary structure content per peptide and residue-wise β-sheet propensity. The error 

bars correspond to the standard error of mean, averaged over each peptide and independent 

simulations. (B) Interpeptide contact maps. (C) Aggregation free-energy landscapes using 

2D potential of mean force (PMF) of Spike fragments as a function of β-sheet content per 

peptide and the number of peptides in an aggregation cluster, ncluster. (D) Probabilities of 

observing different numbers of β-sheet layers for Spike196 (blue) and Spike1058 (orange). 

The representative snapshots correspond to the peaks labelled as i, ii, iii for Spike196 and a, 

b for Spike1058.
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Fig. 2. Co-aggregation of Spike1058 and Aβ peptides.
(A) Heatmap generated using WHAM on rxDMD simulations between Spike1058 and an 

Aβ42 monomer at 300 K. (B) Effect of equal amount Spike1058 on the β-sheet content 

per peptide of Aβ12-22 and Aβ27-37 over time. Error bars represent standard errors from the 

ensemble average over all independent trajectories. (C) Aggregation free-energy landscape 

using 2D PMF as a function of β-sheet content per peptide and the number of peptides 

in an aggregation cluster, including Aβ12-22 and Aβ27-37 with and without Spike1058. 

(D) Representative snapshots of conformations from the correspondingly labelled effective 

free-energy potential basins.
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Fig. 3. Spike1058 accelerated Aβ fibrillization.
(A) A ThT fluorescence kinetic assay for determining the amyloid aggregation of Aβ (25 

μM) in the presence and absence of Spike1058 (12.5, 25 and 50 μM). (B-C) ThT-derived 

kinetic aggregation parameters (t1/2, lag time, and apparent aggregation constant k values) 

over time (h) for Aβ in the presence and absence of Spike1058 (12.5, 25 and 50 μM). 

(D) CD-derived secondary structure profiles for non-incubated (0 h) and incubated (48 h) 

Aβ (25 μM) with and without Spike1058 (12.5, 25 and 50 μM). (E) TEM imaging of 

amyloid aggregation for non-incubated (0 h) and incubated (48 h) Aβ (25 μM) with and 
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without Spike1058 (12.5, 25 and 50 μM). Scale bars: 200 nm. For panels A-C, data points 

are depicted as mean values of repeated measurements (n=3) ± standard deviation (SD). 

Statistical analysis was performed through Tukey’s multiple comparisons test: * p < 0.033, 

** p < 0.002 and *** p < 0.001.
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Fig. 4. Spike1058 accelerated Aβ-induced adverse effects in SH-SY5Y human neuroblastoma 
cells.
(A) SH-SY5Y cell viability (%) induced by Aβ with or without Spike1058 for 24 h. 

(B) ROS levels were determined induced by Aβ with or without Spike1058 for 12 h by 

DCFH-DA. Data were expressed as the mean ± S.D. (n=3). Significant: * p < 0.05, ** p < 

0.01 vs. normal group; # p < 0.05, ## p < 0.01 vs. Aβ group.
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Fig. 5. Spike1058 accelerated Aβ-induced adverse effects in zebrafish embryos.
(A) Schematic of the experimental design with zebrafish embryos. (B) Hatching and (C) 

survival rate of zebrafish embryos induced by Aβ with or without Spike1058 at 72 hpf. (D) 

Representative images of healthy, dead, and abnormal embryos. (E) ROS levels of zebrafish 

embryos induced by Aβ with or without Spike1058 for 12 h by H2DCFDA. Data were 

determined by mean ± standard deviation. n = 3 (each replicate contained 8 zebrafish). 

Statistical analysis was performed through Tukey’s multiple-comparison post hoc test: * p < 
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0.05, ** p < 0.01, *** p < 0.001 vs. normal group; # p < 0.05, ## p < 0.01, ### p < 0.001 vs. 

Aβ group.
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Scheme. 
Synergistic in silico, in vitro, and in vivo methodologies for probing the effect of Spike1058 

on Aβ amyloidogenesis.
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Table 1.

Secondary structure contents of peptides determined by CD spectroscopy.

Secondary structure contents (%)

37 °C/48 h Anti-parallel (left-twisted) Anti-parallel (relaxed) Anti-parallel (right-twisted) Parallel Total β-sheets

Aβ -a - 6.5 35.1 41.6

Aβ/Spike1058=1/0.5 6.7 14.6 36.7 - 58.0

Aβ/Spike1058=1/1 6.1 21.3 34.9 - 68.0

Aβ/Spike1058=1/2 9.1 39.8 27.8 - 76.7

*
a: nondetectable
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