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1. The SARS-CoV and SARS-CoV-2 proteomes contain proteins harbouring aggrega-

tion-prone regions. 

2. The SARS-CoV-2 proteome tends to be more aggregation prone than the SARS-CoV 

proteome. 

3. Accessory proteins tend to be more aggregation prone than structural and non-

structural proteins. 

4. The proteins ORF10 and NSP11 of SARS-CoV-2 can form amyloid aggregates. 

5. The signal sequence and fusion peptide 1 of spike can form amyloid aggregates. 

 

Abstract 

The phenomenon of protein aggregation is widespread and associated with a wide range of 

human diseases. Our knowledge on the aggregation behaviour of viral proteins, however, is 

still rather limited. Here, we investigated the distribution of aggregation-prone regions in the 

the SARS-CoV and SARS-CoV-2 proteomes. An initial analysis using a panel of sequence-

based predictors suggested the presence of multiple aggregation-prone regions in these pro-

teomes, and revealed an enhanced aggregation propensity in some SARS-CoV-2 proteins. 

We then studied the in vitro aggregation of predicted aggregation-prone regions in the of 

SARS-CoV-2 proteome, including the signal sequence peptide and fusion peptide 1 of the 

spike protein, a peptide from the NSP6 protein (NSP6-p), the ORF10 protein, and the NSP11 

protein. Our results show that these peptides and proteins form aggregates via a nucleation-

dependent mechanism. Moreover, we demonstrated that the aggregates of NSP11 are toxic to 

mammalian cell cultures. These findings provide evidence about the aggregation of proteins 

in the SARS-CoV-2 proteome. 

 

Introduction 

The ongoing Covid-19 pandemic, which is caused by the SARS-CoV-2 virus, has caused 

devastating loss of human lives and disruptions of the global economy [1,2]. Intense studies 

are ongoing to understand the molecular mechanisms of SARS-CoV-2 pathogenesis in order 

to develop effective drugs.  

 

Given the widespread nature of the phenomenon of protein misfolding and aggregation, it is 

important to study its manifestation and possible implications in the case of SARS-CoV-2 

proteome. Quite generally, there are at least three different aspects of the interplay between 

the viral and host proteomes in terms of protein aggregation: (i) the functional aggregation of 
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viral proteins may help the virus in hijacking the replication machinery of a host cell [3,4], 

(ii) the aberrant aggregation of viral proteins may represent an additional mechanism by 

which viruses damage the host cells [5,6], (iii) the viral particles can trigger the misfolding 

and aggregation of host proteins, a process that for some viruses has been linked with the on-

set of Alzheimer’s disease [7]. 

 

Some viral proteins are known to form amyloid aggregates that are implicated in the viral 

pathogenesis. A remarkable example is that of the protein PB1 of the influenza A virus, 

which forms one of the three subunits of the viral polymerase. During the early stages of viral 

infection, PB1 accumulates in its monomeric form, but then convert into an amyloid-like 

form at a later stage of infection [8,9]. As a disordered protein, PB1 switches from a random 

conformation to an α-helical or �-sheet conformation in different environmental conditions 

such as in the presence of acetonitrile, trifluoroethanol or sodium dodecyl sulfate. The full-

length protein has been shown to oligomerize into amyloid fibrils, which are toxic to infected 

cells [5]. Another example concerns a highly mutating H1N1 influenza A virus, whose nucle-

ar export protein exhibits an intrinsic property to form aggregates, which has been correlated 

with its role in virion budding [10,11]. Viral protein aggregate-mediated viral pathogenesis 

has also been shown for the protein M45 of murine cytomegalovirus [6]. We also note that 

viral capsid proteins may be prone to aberrant aggregation upon dysregulation of the func-

tional self-assembly process, a process dependent on the environmental conditions and pro-

ceeds via nucleation and growth [12].   

 

It has been reported that in SARS-CoV, which is closely related to SARS-CoV-2, protein M, 

one of the membrane-forming protein of the virus, can undergo aggregation [13]. It has also 

been shown that the C-terminal end of protein E of SARS-CoV includes an aggregation-

prone motif, and that this peptide can form aggregates in vitro [14]. Furthermore, it is known 

that the transmembrane domain (TMD) of protein E oligomerizes to form pentameric non-

selective ion channels that might act as a viroporin, a small membrane-embedded protein 

having ion-conducting properties [15]. In SARS-CoV, aggregated ORF8b induces endoplas-

mic reticulum stress, lysosomal damage, and activation of autophagy [16].  

 

Following previously published reports of aggregation potential of coronavirus proteins, here 

we aimed to investigate the aggregation propensity and the aggregation-prone regions (APRs) 

of all proteins of SARS-CoV-2. The RNA genome of SARS-CoV-2 encodes 29 proteins, 
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which can be divided into three classes: structural, accessory, and non-structural proteins 

(Figure 1) [17]. Our results identify non-structural proteins (NSPs) as particularly aggrega-

tion prone, which play a crucial role during the initial and transitional phases of the viral life 

cycle in the host cell. We also compared the aggregation propensities of the SARS-CoV-2 

proteins with those of the SARS-CoV proteins. We then focused our analysis on specific pro-

tein regions of SARS-CoV-2 by investigating the signal sequence peptide and fusion peptide 

1 of spike protein, full-length ORF10, NSP6-p (residues 91-112 of NPS6), and NSP11. All 

these protein regions exhibited APRs in our in silico analysis. To test these predictions, we 

then carried out experimental investigations of these protein regions using fluorescence and 

spectroscopy methods. We further employed atomic force microscopy (AFM) to visualize the 

morphology of resultant aggregates. In addition, we investigated the cytoxicity of NSP11 ag-

gregates on different mammalian cell lines.  

 

 

Results 

 

Abundance of amyloidogenic regions in the SARS-CoV and SARS-CoV-2 proteome 

The tendency to self-assemble into amyloid structures is an intrinsic property of proteins and 

depends on the presence of APRs within their amino acid sequences [18,19]. This tendency is 

in competition with that of self-assembling to form functional complexes [20]. To investigate 

this competition, in this study we analyzed the tendency of SARS-CoV and SARS-CoV-2 

proteins to form amyloid aggregates using different computational prediction methods. We 

employed a combination of three different individual predictors – FISH Amyloid, AGGRE-

SCAN, and FoldAmyloid, and a meta-predictor MetAmyl to analyse the presence of aggrega-

tion prone regions. Further, hydrophobic residues involved in formation of aggregates mainly 

constitute the insoluble bodies in and around cells [21,22]. Therefore, we also used an addi-

tional server, CamSol, to predict the degree of hydrophobicity and hydrophilic regions in the 

proteins of both viruses. APRs predicted by different servers are abundant in both proteomes, 

and all proteins are found to contain at least one APR (Tables S1-S6).  

 

For the comparison of amyloidogenic propensity of the SARS-CoV-2 and SARS-CoV pro-

teomes, we calculated the the mean predicted percentage amyloidogenic propensity (PPAP) 

from the aggregation-prone regions obtained from four servers (MetAmyl, FISH Amyloid, 

AGGRESCAN, and FoldAmyloid) for both viruses (Figure 2a,b). Numerous proteins, par-
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ticularly accessory proteins of SARS-CoV-2 (Figure 2a) were observed to be more amyloi-

dogenic as compared with accessory proteins of SARS-CoV (Figure 2b).  

 

In SARS-CoV-2, among the structural proteins, membrane and envelope proteins are found 

to be more amyloidogenic by FoldAmyloid in comparison with nucleocapsid and spike pro-

teins (Figure 2c and Table S1), and the accessory proteins to have more abundance of APRs 

(Table S2). Except for ORF9b, all other proteins are showing FoldAmyloid profile value 

above the threshold value (Figure 2d). The functions of these proteins are less well charac-

terized, though they may be involved in enhancing the virulence [17]. As shown in Table S3, 

the NSPs contain several APRs. These 16 NSPs perform diverse roles, such as evading the 

host immune system, protection from host defence mechanisms, virus replication, and 

spreading of the infection [17]. From the FoldAmyloid analysis, after plotting the average 

profile value for protein (Figure 2e), NSP4 and NSP6 show profile values above the cut-off, 

which indicates a highly amyloidogenic nature.  

 

Furthermore, to gain insights into the possible cleavage of APRs, 20S proteasome cleavage 

sites within the entire SARS-CoV-2 proteome were predicted by the NetChop 3.1 server 

(Tables S7-S9). The reason of identifying these sites, in context of our study, is twofold. 

First, the predicted sites residing inside APRs suggest that due to aggregation the proteasome 

system may not be able to successfully cleave the viral proteins. Secondly, proteasome could 

cleave the viral proteins and release amyloidogenic reagions inside the host cell. Here, in case 

of accessory proteins, we found many cleavage sites located in APRs (Tables S7-S9).  

Aggregation-prone regions in structural proteins 

Four structural proteins of SARS-CoV-2 participate in the virion assembly and packaging 

processes and in providing structure to the virus [23]. We analyzed the APRs of these struc-

tural proteins (Table S1). One of these proteins, spike, is a heavily glycosylated transmem-

brane protein whose N-terminal S1 domain harbours receptor binding sites for the host cell, 

and C-terminal S2 domain mediates the fusion between virion and host cells [24]. It has sev-

eral APRs, out of which the regions of residues 2-8, 58-64, 116-121, 126-133, 258-270, 431-

436, 510-515, 608-612, 692-698, 718-722, 1058-1068, 1127-1132, 1214-1233 have been 

predicted by all the four servers to be amyloidogenic. We note that a recent cryo-EM study 

revealed a hinge motion of S1, which take the virus from its active state to its inactive state 

[25].  
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To investigate a possible relationship between Covid-19 and Alzheimer’s disease [7], we per-

formed a multiple sequence alignment (MSA) of the Aβ42 peptide with spike (Figure S1a). 

Interestingly, we observed that Aβ42 containes a similar amyloidogenic region (26SNKGAI31) 

as detected in spike (968SNFGAI973). By inspecting frames in the open state (Figure S1b), we 

observe that this APR can be exposed in the active state, thereby speculating a possible 

mechanism by which the virus could influence the aggregation of Aβ42.  

 

The membrane protein M gives shape to the virus, promotes viral membrane curvature, and 

binds with the nucleocapsid RNA complex during virus packaging. The regions of residues 

20-38, 51-57, 60-71, 80-97, 139-145 of M are the commonly predicted APRs. The envelope 

protein E is a transmembrane protein with an ion channel activity that facilitates the assembly 

and release of viral particles. The amyloid-forming propensity of 9-residue stretch (VY-

VYSRVK) of E have been reported previously for SARS-CoV [14]. The nucleocapsid pro-

tein N is the proteinaceous part of the viral nucleocapsid. It interacts with viral RNA and 

helps its packaging into the virion. It also interacts with other viral proteins such as the mem-

brane and NSP3. According to the analysis, AGGRESCAN detected a total of 18% amyloi-

dogenic regions in SARS-CoV-2 N and only 16% in SARS-CoV N. Similar to these results, 

FoldAmyloid, also predicted only 11% amyloidogenic regions in SARS-CoV N, ~3% less 

than SARS-CoV-2 N, which contains a total of 14% amyloidogenic regions.  

 

 

Aggregation-prone regions in accessory proteins 

The coronavirus genome codes for proteins termed accessory, which are multifunctional pro-

teins that play an important role in modulating the host response to virus infection, such as 

down-regulation of interferon pathways, the release of proinflammatory cytokines and 

chemokines, and the induction of autophagy. According to predictors used in this study, all 

accessory proteins have multiple aggregation-prone regions (Table S2).  

 

In the ORF3a protein, the regions of residues 5-13, 43-56, 77-97, 82-97, 105-121, 127-131, 

145-150, 202-206, and 228-233 are predicted to be APR by all predictors. The intrinsic solu-

bility of these regions is also computed to be very low. The N-terminal regions of ORF6, 

ORF7a, ORF7b, ORF8, and ORF10 proteins are observed in particular to have a tendency for 

aggregation. In addition, the C-terminal regions of ORF7a, ORF8, ORF9b, ORF10, and 

ORF14 proteins have also significant APRs. 
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Aggregation-prone regions in non-structural proteins 

SARS-CoV-2 has 16 non-structural proteins, and we identified APRs in all of them (Table 

S3). NSP1 is involved in creating a suitable environment for viral propagation by blocking 

host cell translation and host immune response. NSP3 is a papain-like protease that cleaves 

the viral Orf1ab polyprotein at NSP1/NSP2, NSP2/NSP3, and NSP3/NSP4 boundaries. It 

also interferes with the proper functioning of the host proteome by blocking the cellular deg-

radation system. In our analysis, residues 21-25, 355-360, 435-439, 477-484, 604-608, 752-

756, 857-865, 892-899, 1353-1364, 1408-1427, 1458-1463, 1507-1554, 1565-1576, 1720-

1725, 1891-1895 of NSP3 were the most commonly predicted APRs. NSP4 and NSP6 are 

transmembrane proteins that may have a scaffolding activity for viral replication vesicles 

formation [26]. NSP5 is a serine like protease that catalyzes the rest eleven cleavage events 

of the Orf1ab polyprotein. Our data suggest that there are several short stretches of APRs in 

NSP5. NSP12 is an RNA-dependent RNA polymerase, and NSP7 and NSP8 function as its 

processivity clamps. It also has very short stretches of predicted APRs. NSP10 is a cofactor 

for NSP16, which protects viral RNA from host antiviral measures. NSP13 is an RNA heli-

case whose 224-228, 292-298, 355-360, 543-547, and 571-575 regions were the most com-

monly predicted APRs. NSP14 is a methyltransferase that adds a 5’ cap to viral RNA and is 

involved in proofreading of the viral genome by virtue of its has 3’-5’ exonuclease activity. 

NSP15 is an endoribonuclease that has a defensive role from host attacks.  

 

Experimental analysis of SARS-CoV-2 proteins and protein regions 

After the computational prediction of APRs in the SARS-CoV and SARS-CoV-2 proteomes, 

we investigated the in vitro aggregation behaviour of various proteins and peptides. For this 

purpose, we selected pH 7.4 and temperature 37 ºC, and traced the aggregation process using 

the fluorescent dye thioflavin T (ThT), which interacts with amyloid fibrils and gives a 

maximum emission peak at ~490 nm upon binding to β-sheets in amyloid fibrils [27][28]. As 

protein aggregation has been shown to occur via a nucleation–polymerization mechanism 

[29,30], we studied this reaction using ThT fluorescence (�max at 490 nm) in presence of a 

fixed volume of incubated samples (25 µM). Before initiation of aggregation reaction (at 0 hr 

incubation), the peptides were treated with hexafluoroisopropanol (HFIP) to start from 

monomeric conformations.  
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Then, we employed AFM to gain insights in morphological feature of aggregates. To this 

end, we studied the in vitro aggregation potential of the spike signal peptide and fusion pep-

tide 1, ORF10 protein, NSP6-p, and NSP11 proteins of SARS-CoV-2. Additionally, 131-180 

residues of NSP1 protein (NSP1-p) have not been predicted to contain any APR by any of the 

software used. CamSol results also suggest the high hydrophilic character of these residues. 

Therefore, we considered NSP1-p as negative control in this study. In accordance with our 

bioinformatic analysis, we found that NSP1-p peptide does not form amyloid-like aggregates 

and it does not show any change in the ThT assay. 

 

Spike signal peptide  

Spike plays a key role in the receptor recognition and cell membrane fusion process. In its 

mature form, spike contains four regions, a signal sequence, ectodomain, transmembrane 

domain and endodomain, which is further divided into the S1 and S2 subunits. The 12-

residue N-terminal signal sequence (SP) directs spike to its destination in the viral membrane 

[31]. CamSol calculated SP to be poorly soluble and all aggregation prediction servers identi-

fied it as an APR (Table S1). Our study of the aggregation behaviour of SP in vitro (see 

Methods) showed an over threefold increase in ThT fluorescence intensity upon aggregation 

(Figure 3a). The nucleation process exhibited little to no lag phase and reached saturation 

after 10 hours with an half-time (T1/2) of about 4 hours (Figure 3b). We then used atomic 

force microscopy (AFM) to gain more information and confirm the changes in structural fea-

tures upon aggregation. AFM images of SP aggregates displayed short but slender fibrils 

formed after 170 hours (Figure 3c-f).  

Spike fusion peptide 1 

Spike contains a fusion peptide (FP1) of 15-20 residues in the S2 subunit that helps the virus 

penetrate the host cell membrane [31,32]. All the predictors used in this study identified 

APRs in this region. We then analysed the aggregation of FP1 in vitro finding an increment 

in ThT fluorescence intensity (Figure 4a). Upon a 3.5 hour incubation, we found an in-

creased ThT fluorescence by ~6 fold in comparison to a freshly dissolved peptide sample. 

Using ThT fluorescence at 490 nm, the aggregation of FP1 reached saturation in about 3 

hours with a T1/2 of about 1 hour (Figure 4b). Tapping-mode AFM used to investigate the 

morphological features of aggregates in this study exposed the presence of numerous entan-

gled filaments (Figure 4c,d). These differently sized filamentous FP1 aggregates of 96 hours 

have a height distribution peaking at ~6 nm (Figure 4e). For FP1, the ThT fluorescence read-

ings were maintained at saturation while preparing the samples for AFM imaging. 
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ORF10 protein (full-length) 

The SARS-CoV-2 ORF10 protein is predicted to be translated into a 38-residue long protein 

that does not have significant homology with any known proteins. Although the evidence of 

presence of ORF10 in SARS-CoV-2 infected cells is limited [33,34], it has been investigated 

to have high dN/dS (nonsynonymous over synonymous substitution rate) (3.82) and is posi-

tively evolving [35]. To this end, it has been predicted to contain multiple APRs. AGGRE-

SCAN located the regions of residues 1-9, 11-20, and 25-38 as APRs, while FISH Amyloid 

detected only the regions of residues 23-27 and 31-35 as APRs (see Table S2 for all APRs). 

In in vitro experiments, ORF10 showed a ~7 fold increase in ThT fluorescence after 11 days 

of constant stirring at 1000 rpm and incubation at 37 °C (Figure 5a). It showed a constant 

increase in ThT fluorescence (at 490 nm) upto 150 hours. The speedy kinetics of ORF10 ag-

gregation eliminated the lag phase directly skipping to a lengthier log phase nucleation reac-

tion. The T1/2 of aggregation kinetics of this process is calculated to be ~30 hours (Figure 

5b). In comparion with fibrillar aggregates of other peptides studied in this report, ORF10 

aggregates were visualized to form amorphous aggregates using AFM (Figure 5c-e). The 

ThT fluorescence of ORF10 protein aggregates were maintained at saturation while preparing 

the samples for AFM imaging. 

 

NSP6-p  

The SARS-CoV-2 NSP6 protein is one of an essential host immune system antagonist. It an-

tagonizes IFN-I signaling through blocking TANK binding kinase 1 (TBK1) to suppress in-

terferon regulatory factor 3 (IRF3) phosphorylation efficiently than the SARS-CoV and 

MERS-CoV NSP6 proteins [36]. Whilst accomodating multiple transmembrane regions, the 

region of residues 91-112 of NSP6 is of particular importance since it lies outside the mem-

brane and thereby can interact with host proteins [37]. This region exhibited APRs using all 

predictors (Table S3). The intrinsic solubility of this region is also calculated to low by 

CamSol server. As an experimental validation, we studied that aggregation of the NSP6-p 

peptide (residues 91-112 of NSP6) in buffered conditions. Its aggregation using ThT fluores-

cence is detected at ~40 hours (Figure 6a). A kinetic analysis revealed a ~15 hours long lag 

phase followed by an exponential phase attainting the final plateau phase (Figure 6b). The 

T1/2 value of aggregation kinetics of NSP6-p is calculated to be about 21 hours. Figure 6c-e 

reports the AFM images of 96 hours aggregated sample. The height profile shows the peak 

height of ~3 nm of an aggregated fibril (Figure 6f).  
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NSP11 protein (full-length) 

NSP11 of SARS-CoV-2 is a 13 amino acid length peptide, cleaved from polyprotein 1a. The 

first 9 residues of NSP11 are similar to the first 9 residues of NSP12 (RdRp) [38]. For the 

identification of amyloid-forming residues and the aggregation propensity of NSP11, we used 

four aggregation prediction servers. AGGRESCAN predicted the region 6-13, FISH Amyloid 

predicted 6-10, and MetAmyl Predicted 8-13 in NSP11 as APRs (Table S3). ThT dye binds 

to NSP11 amyloid fibrils (192-hour incubated sample) and increases its fluorescence inten-

sity as compared to the freshly-dissolved NSP11 monomers (Figure 7a). Futhermore, accord-

ing to a kinetic analysis of NSP11 aggregation, following a lag phase of ~45 hours , the proc-

ess reached a plateau phase after 110 hours (Figure 7b) with T1/2 of 64 hours. After incubat-

ing NSP11 for 192 hours, we detected typical amyloid fibrils using AFM (192 h) of ∼2.5-3 

nm height (Figure 7d,e). 

 

We then monitored by far-UV CD-spectroscopy the changes in the secondary structure dur-

ing the aggregation of NSP11. The far-UV CD spectrum of monomeric NSP11 is representa-

tive of the disordered proteins, which is also reported in our previous study [39], represents a 

robust negative band near 200 nm (Figure 7c). However, after incubating NSP11 at 37 ºC in 

phosphate buffer (20 mM phosphate, 50 mM NaCl, pH 7.4) at 1000 rpm for 192 hours, we 

observed a gain of weak negative band, appearing as a shoulder around 218 nm, suggesting 

the presence of β-sheet secondary structure elements in aggregated NSP11 protein (Figure 

7c). This result indicates that, upon aggregation, NSP11 converts from disordered to a con-

formation with a considerable secondary structure.  

 

Toxic effects of NSP11 aggregates on the viability of mammalian cells 

Studies on the amyloid aggregation of viral proteins may reveal an additional potential of the 

viruses to damage host cells. We therefore investigated whether or not β-sheet rich amyloid 

fibrils of SARS-CoV-2 NSP11 could be cytotoxic to human cells. We performed MTT assay, 

a colorimetric-based cell viability test to assess the effect of aggregates on the SH-SY5Y and 

HepG2 cell lines. The cells were treated with varying concentrations of NSP11 monomers 

(used as control) and amyloid aggregates (192 hours) separately. No significant cell death 

was observed after 24 hours(Figure 8a,c). However, when treatment was extended to 72 

hours, cell death observed at the highest aggregate concentration is comparatively enhanced 

(Figure 8b,d).  
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We also observed that percent cell viability in HepG2 cells is reduced more than that in SH-

SY5Y cells, suggesting the aggregates are comparatively more toxic to the liver cell line. 

HepG2 cell viability remained around 74%, while in SH-SY5Y percent cell viability re-

mained around 86%. These results thus suggest that NSP11 aggregates are cytotoxic at rela-

tively higher concentrations.  

 

 

Discussion and Conclusions 

 

This study was inspired by a series of reports that have associated viral infections with pro-

tein misfolding diseases of the central nervous system (CNS), including Alzheimer’s disease 

and related dementias [40]. The Ljuangan virus was detected in the hippocampus of Alz-

heimer’s disease patients [41], and HIV was found to affect the levels of Aβ42 in the cere-

brospinal fluid [42]. An epidemiological study recently linked herpes infections with an in-

crease in the risk of dementia [43], consistently with other reports where HSV-2 was associ-

ated with a decline in temporal cognitive abilities of aged individuals [44] and HSV-1 was 

linked to Alzheimer’s disease through the facilitatation of the formation of amyloid-like 

structures in neural stem cells and bioengineered brain tissue cultures [45]. Furthermore, the 

H5N1 influenza virus was reported to induce acute neurological signs such as motor distur-

bances and mild encephalitis in animal models resulting in CNS disorders of protein aggrega-

tion like Alzheimer's and Parkinson's diseases [46].  

 

In coronaviruses, SARS-CoV has been reported to target mouse brains [47] and was isolated 

from brain tissues of a Covid-19 patient with severe CNS symptoms [48]. Another case study 

showed the development of polyneuropathy in SARS-infected patients after the first outbreak 

in 2004 [49]. It was then reported that SARS-CoV can enter the brain via the olfactory bulb 

and that intracranial inoculation can cause extensive neuronal infection leading to death [50]. 

Likewise, SARS-CoV-2 was associated with severe neurologic manifestations, including 

acute cerebrovascular diseases, skeletal muscle injury, impaired consciousness, and acute 

hemorrhagic necrotizing encephalopathy [51,52]. The presence of SARS-CoV-2 in the cere-

brospinal fluid of patients has been linked with meningitis and meningoencephalitis [53,54], 

and neurons infected with SARS-CoV-2 displayed altered distribution of the tau protein [55].  
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To increase our understanding of the links between Covid-19 infection and pathological 

events linked to protein aggregation, in this study we have investigated several proteins of 

SARS-CoV and SARS-CoV-2 and shown that they exhibit an intrinsic propensity to aggre-

gate. Using specific examples of SARS-CoV-2 proteins and protein regions, we have demon-

strated that the signal peptide and fusion peptide 1 of spike, NSP6-p, ORF10, and NSP11 ag-

gregate under in vitro conditions. Furthermore, we have also identified the cytotoxic effects 

of NSP11 aggregates in SH-SY5Y and HepG2 cells.  

 

In conclusion, in this study we have analyzed the aggregation propensity of the SARS-CoV 

and SARS-CoV-2 proteomes and identified amyloidogenic proteins with several functions in 

the viral pathogenesis. Based on these predictions, we have demonstrated that the SARS-

CoV-2 spike signal sequence peptide and fusion peptide 1, ORF10, NSP6-p, and NSP11 form 

amyloid aggregates. We have then shown that NSP11 aggregates are toxic to mammalian 

cells. Taken together, these results provide evidence of the tendency of several proteins in the 

SARS-CoV-2 proteome to form aggregates. 

 

 

 

 

Experimental Procedures 

 

Materials 

Peptides: The following proteins and peptides are chemically synthesized from GenScript, 

USA: SARS-CoV-2 Spike signal sequence (SP, residues 1-12,  92.6% purity), SARS-CoV-2 

Spike fusion peptide (FP1, residues 816-837, 79% purity), SARS-CoV-2 NSP6-p (88.5% pu-

rity), SARS-CoV-2 NSP11 protein (residues 4393-4405, > 72.9% purity), NSP1-p (82% pu-

rity). SARS-CoV-2 ORF10 protein (full lenth, crude, Mass spectrometry data of crude pep-

tides is included in supplementary information) was purchased from Thermo Scientific, USA. 

 

Chemicals: TEM Grids and MICA sheets were obtained from TED PELLA INC., USA. 

Other chemicals, including ammonium molybdate, thioflavin T (ThT), and 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) were procured from Sigma 

Aldrich, St. Louis, USA. The chemicals used in the cell culture study were purchased from 
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GibcoTM. The cell lines (SH-SY5Y neuroblastoma and Hep-G2) were obtained from the Na-

tional Centre for Cell Sciences (NCCS), Pune, India. 

 

Prediction of amyloidogenic regions in SARS-CoV-2 and SARS-CoV proteome. Aggrega-

tion-prone regions (APRs) in the SARS-CoV-2 and SARS-CoV proteome were predicted by 

four sequence-based methods. MetAmyl, AGGRESCAN, FoldAmyloid, and FISH Amyloid. 

AGGRESCAN is based on a scale for natural amino acids derived from in vivo experiments. 

It also assumes that short and specific sequences within the protein can regulate protein ag-

gregation. It gives a hot spot area (HSA) score for susceptible aggregate forming residues 

[56]. FoldAmyloid calculates the probability of backbone-backbone hydrogen bond forma-

tion and efficiently classifies the amyloidogenic peptides. It determines the amyloidogenic 

residues scoring above 21.4, a threshold assumed by the server [57]. MetAmyl is a meta-

predictor and combines the strength of different individual predictors - PAFIG, SALSA, 

Waltz and FoldAmyloid. It creates a logistic regression model and gives score which is inter-

preted as probability for a fragment to form an amyloid fibril [58]. FISH Amyloid is a new 

machine learning prediction method based on the presence of a segment with the highest 

scoring for co-occurrence of residue pairs [59]. Additionally, CamSol is used to predict the 

hydrophilic and hydrophobic regions of proteins. It calculates the intrinsic solubility of pro-

teins, which is inversely related to their aggregation propensity. CamSol assigns values to 

each amino acid, negative values below -1 represent insoluble residues, and positive values 

above +1 represent soluble residues [60]. The region in a protein that is predicted with five or 

more than five amino acids long were considered as potentially amyloidogenic regions. Fur-

thermore, in silico mapping of 20S proteasome cleavage sites across SARS-CoV2 proteome 

predicted with proteasome prediction server NetChop 3.1 algorithm, webserver tool.  

 

Preparation of the samples for the aggregation assays. Peptides were dissolved in a 100% 

HFIP to remove pre-existing aggregates, and left to evaporate at room temperature overnight 

resulting in dry peptides. These peptide films were then dissolved according to their hydro-

phobic character and solvent recommended by GenScript and Thermo Scientific, USA, be-

fore incubation for aggregation experiments, as detailed in Table 1. Monomeric samples for 

the aggregation assays were then incubated at 37 ºC with constant stirring (1000 rpm) on Ep-

pendorf ThermoMixer C.  
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Table 1. Conditions used to prepare the peptides and proteins for the in vitro aggregation as-

say. 

Protein 

(SARS-CoV-2) 
Sequence 

UniProt 

ID 
Solvent 

Concentra-

tion used 

for in vitro 

aggregation 

Spike signal  

peptide (SP) 

NH2-MFVFLVLLPLVS-

COOH 
P0DTC2 

50% DMSO and 

50% 20 mM phos-

phate buffer (pH 

7.4) 

0.5 mg/ml 

Spike fusion pep-

tide 1 (FP1) 

NH2-

SFIEDLLFNKVTLADAG

FIKQY-COOH 

P0DTC2 

50% DMSO and 

50% 20 mM phos-

phate buffer (pH 

7.4) 

1 mg/ml 

ORF10 protein 

(full-length) 

NH2-

MGYINVFAFPFTIYSLLL

CRMNSRNYIAQVDVVN

FNLT-COOH 

YP_0097

25255.1 

60% DMSO and 

40% 20 mM phos-

phate buffer (pH 

7.4) 

1 mg/ml 

NSP6-p  

(residues 91-112 

of NSP6) 

NH2-

VMRIMTWLDMVDTSLS

GFKLKD-COOH 

P0DTC1 

8% DMSO and 

92% 20 mM phos-

phate buffer (pH 

7.4 

1 mg/ml 

NSP11 protein 

(full-length) 

NH2-SADAQSFLNGFAV-

COOH 
P0DTC1 

20 mM phosphate 

buffer (pH 7.4) 

containing 50 mM 

NaCl 

3 mg/ml 

NSP1-p 

(residue 131-180 

of NSP1) 

NH2-

AGGHSYGADLKSFDLG

DELGTDPYEDFQENWN

TKHSSGVTRELMRELN

GG-COOH 

P0DTC1 
50 mM phosphate 

buffer (pH 7.4 
1 mg/ml 

*Peptides were not soluble in buffer, therefore DMSO was used. 

 

Thioflavin T aggregation assay. To analyze the aggregation process in vitro we used 

thioflavin T (ThT), which is an extensively used dye that upon binding to amyloid fibrils 

gives an increase in fluorescence [61,62]. 25 µM aggregated samples were prepared in 20 
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mM sodium phosphate buffer (pH 7.4) with 25 µM ThT and incubated for 5 minutes in dark 

conditions. The samples were excitated at 440 nm wavelength and emission spectra were 

recorded from 460 to 600 nm wavelengths using TECAN Infinite M200 PRO multimode 

microplate reader. Further, the kinetics of peptide aggregation were monitored at different 

time intervals. At different incubation times, 25 µM of peptide samples and 25 µM ThT were 

mixed, incubated, and fluorescence intensity of ThT was monitored at 440 nm excitation and 

490 nm emission wavelength using black 96 well plates in TECAN Infinite M200 PRO mul-

timode microplate reader. For DMSO soluble peptides, ThT dye mixed with DMSO (at par-

ticular concentration) and buffer was used as ThT control. All the measurements were set up 

in duplicates, and the average value was reported with standard error (SE). Data were fitted 

using a sigmoidal curve to obtain T1/2 (the time at which ThT fluorescence intensity reaches 

50% of its maximum value) 

 

                                                       � � A2 �
�����

���������/��
                           (Eq. 1) 

 

where A1 indicates the initial fluorescence, A2 the final fluorescence, �� the midpoint (T1/2) 

value), and 	� is a time constant. The lag time was calculated as  

 

                                                          Tlag = ��- 2d�                                     (Eq. 2) 

 

Circular dichroism (CD) spectroscopy. Far-UV CD spectra were recorded to characterize the 

secondary structure of aggregated proteins and peptides. 20 mM sodium phosphate buffer 

(pH 7.4) containing 50 mM NaCl was used to prepare the samples, and far-UV CD spectra 

were recorded in 1 mm path length quartz cuvette using J-1000 series JASCO spectropho-

tometer system at 25 ºC. The spectra were recorded from 190 nm to 240 nm wavelength with 

a bandwidth of 0.5 mm as an average of 3 consecutive scans. The spectrum of the buffer 

alone was subtracted from the spectrum of samples.  

 

Atomic force microscopy (AFM). We obtained AFM images of aggregated fibrils using tap-

ping-mode AFM (Dimension Icon from Bruker). We carried out the measurements by depos-

iting a twenty-fold diluted aggregated solution on a freshly cleaved mica surface for each of 

the peptides. After incubating for 1 h, the surfaces were rinsed three times with deionized wa-

ter, dried at room temperature overnight, and finally, images were recorded. 
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Cell viability assays: The effect of SARS-CoV-2 NSP11 fibrils on cell viability was assessed 

in two different cell lines (SH-SY5Y neuroblastoma cells & HepG2 hepatocellular carcinoma 

cells) using a colorimetric assay that uses a reduction of a yellow tetrazolium salt MTT to 

purple formazan crystals by metabolically active cells. SH-SY5Y cells were maintained in 

Dulbecco’s modified Eagle’s medium/Nutrient Mixture F-12 Ham (DMEM F-12) while 

HepG2 was maintained in Dulbecco’s modified Eagle’s medium (DMEM), both supplement-

ed with 10% fetal bovine serum (FBS). Monomeric (0 h incubation) and aggregated (192 h 

incubation) samples of NSP11 were re-suspended at the calculated volume of media to attain 

the desired concentration. Further, 6000 cells/well in a 96-well plate were seeded with 150 µl 

volume in culture media and incubated for 24 h at 37 oC to allow them to surface adhere. Af-

ter incubation, cells were treated with varying concentrations of NSP11 (1.4 to 180 µM) 

samples in 100 µl fresh culture media and incubated at 37 °C for 24 h and 72 h. MTT (0.5 

mg/ml final concentration) was added to each well and incubated for 3 h at 37 oC, and then 

100 µl DMSO was added to dissolve formazan crystal (10 min incubation). The absorbance 

was recorded at 590 nm (630 nm reference wavelength) in TECAN Infinite M200 PRO mul-

timode microplate reader. Data were collected in triplicates and reported as the relative per-

centage of cell viability with respect to untreated cells.  

 

Data availability: All data are contained within the manuscript or as supporting information. 
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Figure 1. Schematic illustration of the organisation of the SARS-CoV-2 genome and 

proteome. (a) The SARS-CoV-2 viral particle comprises positive-sense single-stranded 

RNA associated with the nucleocapsid (N) protein, surface proteins - spike (S), membrane 

(M), and envelope (E) embedded in the lipid bilayer. (b) The length of the SARS-CoV-2 ge-

nome is ~30 kbp. It comprises of 5′ capped RNA with a leader sequence (LS), 5′ and 3′ UTR, 

coding region, and a poly-A tail at the 3′ end. It codes for four structural, nine accessory, and 

sixteen non-structural proteins.  
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Figure 2. Amyloidogenic propensity analysis of the SARS-CoV-2 and SARS-CoV prote-

omes. The mean predicted percentage amyloidogenic propensity (PPAP) calculated using the 

mean of percentage of aggregation prone regions obtained from four servers (MetAmyl, 

AGGRESCAN, FoldAmyloid, FISH Amyloid) for SARS-CoV-2 (a) and SARS-CoV (b). 

The average profile value for protein obtained from FoldAmyloid analysis of proteins was 

plotted against protein length for structural proteins (c), accessory proteins (d), and non-

structural proteins (e). The analysis was done at default settings in the FoldAmyloid server 

(Threshold: 21.4, represented by the red-colored short-dashed line, and Scale: Expected 

number of contacts within 8 Å).  
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Figure 3. In vitro aggregation of the signal peptide (SP) of the SARS-CoV-2 spike pro-

tein. (a) ThT fluorescence scan at 440 nm excitation wavelength and 470-700 nm emission 

scan. (b) ThT fluorescence kinetics of the SP. Black circles represent ThT fluorescence inten-

sity at 490 nm wavelength, and the line represents sigmoidal fitting. (c-e) Morphology of ag-

gregates after a 170 hour incubation. Scale bars represent 1 μm and 400 nm for zoomed im-

age. (f) Height profile of SP fibrils from a zoomed image of panel e. 
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Figure 4. In vitro aggregation of fusion peptide 1 (FP1) of the SARS-CoV-2 spike pro-

tein. (a) ThT fluorescence scan at 440 nm excitation wavelength and 470-700 nm emission 

scan. (b) ThT fluorescence kinetics of FP1. Black circles represent ThT fluorescence inten-

sity at 490 nm wavelength, and the line represents sigmoidal fitting. (c,d) Morphology of FP1 

aggregates after 96 hours incubation. Scale bars represent 2 μm and 400 nm for zoomed im-

age. (e) Height profile of FP1 fibrils shown with a green arrow from the zoomed image in 

panel d. 
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Figure 5: In vitro aggregation of the ORF10 protein of SARS-CoV-2. (a) ThT fluores-

cence scan at 440 nm excitation wavelength and 470-700 nm emission scan. (b) ThT fluores-

cence kinetics of ORF10 protein. Black circles represent ThT fluorescence intensity at 490 

nm wavelength, and the line represents sigmoidal fitting (c-e) Morphology of aggregates after 

96 hours incubation. Scale bars represent 2 μm, 700 nm and 600 nm for AFM images illus-

trated in c, d, and e respectively.  
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Figure 6. In vitro aggregation of NSP6-p. (a) ThT fluorescence scan at 440 nm excitation 

wavelength and 470-700 nm emission scan. (b) ThT fluorescence kinetics of NSP6-p. Black 

circles represent ThT fluorescence intensity at 490 nm wavelength, and the line represents 

sigmoidal fitting. (c-e) Morphology of NSP6-p fibrils after 96 hours of incubation. Scale bars 

represent 200 nm and 100 nm for zoomed image in 2D. (f) Height profile of NSP6-p fibrils 

from a zoomed image of panel e.  
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Figure 7. In vitro aggregation of the SARS-CoV-2 NSP11 protein. (a) ThT fluorescence 

scan at 440 nm excitation wavelength and 470-700 nm emission scan. (b) ThT fluorescence 

kinetics of NSP11. Black circles represent ThT fluorescence intensity at 490 nm wavelength, 

and the line represents sigmoidal fitting. (c) CD spectra of NSP11 monomer and 192 hours 

aggregate (d) Morphology of NSP11 fibrils after 192 hours incubation obtained using AFM. 

(e) AFM height profile of NSP11 fibril from a zoomed image of panel d.  
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Figure 8. Cell viability upon NSP11 aggregation using MTT assay. SH-SY5Y cells 

treated with NSP11 monomers (0 h incubation) and amyloid fibrils (192 hour incubation) for 

24 hours (a) and 72 hours (b). Hep-G2 cells were treated with NSP11 monomers (0 hours 

incubation) and amyloid fibrils (192 hour incubation) for 24 hours (c) and 72 hours (d). The 

cells treated in media containing 20 mM sodium phosphate buffer (pH 7.4) were used as a 

control (gray bars). The dark yellow and light green bars indicate cells treated with NSP11 

monomers and fibrils, respectively. Error bars represent the SEM of 3 independent samples.  
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