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Abstract

Malaria symptoms are very similar to those of COVID-19, and infections can be
symptomatic or asymptomatic. Common immunodominant epitopes are shared by the
SARS-CoV-2 proteins and the Plasmodium falciparum antigen. Through bioinformatics methods
such as domain search, this study discovered that the S, ORF3a proteins contained Plasmodium
antigens rich in tryptophan and threonine. ORF3a, ORF8, S, and N and others also had more
extended autotransporter domains. The Plasmodium antigen of S protein contained a C1q domain
capable of binding to the complement receptor 1 on the red blood cell membrane. ORF3a
contained the Plasmodium antigen EBA-175 domain, which was capable of binding to
glycophorin A on the red blood cell membrane. S and ORF3a were bound to band 4.1 to anchor on
the erythrocyte membrane skeleton, respectively. The Membrane attack complex component of the
S protein formed fusion pores on the red blood cell membrane. Then it injected viral genetic
material into the mature red blood cell. ORF3a used a thiol-activated cytolysin domain to create
hemolytic pores in the red blood cell membrane. The coagulation factor calcium ions were
involved in the red blood cell invasion process. The invasion would have no discernible hemolysis
or hypoxia reactions. According to the Plasmodium antigen type for SARS-COV-2, the blood cells
of people with blood types A and Knops were susceptible to attack by SARS-COV-2 virus
proteins.
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1. Background

Malaria has symptoms that are strikingly similar to COVID-19. Plasmodium malaria
symptoms are non-specific and include chills, vomiting, malaise, headache, fever, and myalgia. It
is extremely difficult to reliably distinguish from other febrile diseases(1). Plasmodium vivax
infection has been linked to severe anemia, respiratory distresss(2), malnutrition(3), and coma(4).
In vivax malaria, high fever and chills are more common than in falciparum malaria. COVID-19's
early symptoms, such as myalgia, fever, and fatigue, may be mistaken for malaria symptoms(5).
With the same Plasmodium falciparum, infection can range from subclinical to fatal. Malaria, like
COVID-19, has both symptomatic and asymptomatic forms(6). Plasmodium and SARS-CoV-2
have a similar incubation period(5). SARS-CoV-2 has an incubation period of 11.5 days, while
Plasmodium has an incubation period of 7 to 30 days. A few clinical cases of malaria and
COVID-19 co-infection have been reported(7, 8). Distinguishing the two diseases has become
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extremely difficult in impoverished areas with a high prevalence of malaria.
Plasmodium infects red blood cells in the following manner(9): To begin, heparin activates

the interaction and deforms the red blood cells slightly. The growth factor receptor (GFR) plays a
role in the entry and replication of viruses. Numerous viruses attach to and enter human cells via
GFR, including heparan sulfate proteoglycan (HSPG) (10). The second step is that the malaria
parasite's actin-myosin causes the malaria proteins (EBA and PfRh) to bend red blood cells
strongly. The malaria parasite protein then binds to the red blood cell receptor, forming a fusion
pore. Along the pipeline, small molecules and invading components enter the red blood cell. The
malaria protein is bound to the erythrocyte membrane skeletal protein (spectrum, actin, ankyrin,
protein 4.1). The EBAs and Rhs are two major parasite protein families. Three EBAs are receptors
for members of the glycophorin family(11). Complement receptor 1 (CD35, for example) has been
identified as a PfRh4 receptor(11). Complement receptor type 1 (CR1, CD35) is a C1q
receptor(12). PfRh5 is homologous to the antigen basigin of the Ok blood group (BSG, also
known as CD147(13), EMMPRIN, and M6) (14). The final step is the AMA1-RON2 interaction
(15), which mediates tight junction formation and anchors for the internalization point. The motor,
MTRAP (homolog of thrombin-sensitive protein), and other kinetic system proteins complete the
process of plasmodium's rapid slide into red blood cells. If the COVID-19 virus also employs
thrombin-sensitized protein-mediated entry into red blood cells, it may account for some of the
systemic coagulation observed in severe patients.

Genetic factors such as ABO blood type and ACE2 receptor can also account for the
unnatural link between malaria and COVID-19(16). Humans have been infected and co-evolved
with malaria(17). Numerous human polymorphisms are associated with this process of natural
selection(18). Genetic variants for malaria may also contribute to the incidence and severity of
SARS-CoV-2 infections (for example, ACE2 receptors) (16). There are four glycoproteins(19) in
humans: A, B, C, and D. These glycoproteins contain sialylated O-glycans and/or N-glycans. They
interact with the Plasmodium falciparum ligands EBA-175, EBL-1, EBA-140, and EBA-140,
respectively(19). Gerbich antigens are expressed on glycophorin C (GPC) and glycophorin D
(GPD) (20). Generally, Gerbich antibodies do not result in severe hemolytic transfusion reactions
(HTR) (20). Autoantibodies directed against Ge2 or Ge3 can result in autoimmune hemolytic
anemia (AIHA) (20). During the initial adhesion phase of malaria parasites invading red blood
cells, the merozoite surface protein 1-glycophore protein A-band 3 (MSP1-GPA-band 3) complex
exerts its influence (21). Plasmodium falciparum cannot infect red blood cells deficient in
glycoproteins A and B (M k phenotype) (22). COVID-19 infection and mortality rates are skewed
toward patients with blood type A and away from those with blood type O (23). Patients with type
O have natural IgM antibodies against both anti-A and anti-B. These antibodies may contribute to
the host's viral load reduction and result in milder symptoms(24). SARS-CoV-1 exhibits similar
characteristics(25). Thus, malaria and COVID-19 blood type infection rules are identical. Similar
hemolytic reactions will occur if SARS-COV-2 has the same structure to invade red blood cells.

The proteins of SARS-CoV-2 and the antigen of Plasmodium falciparum share
immunodominant epitopes(26). Generally, Plasmodium vivax infects host red blood cells via the
Duffy antigen(27). Antibodies against band 3 and spectrin accumulate during Plasmodium vivax
infection and are associated with anemia(28). The disease triggers the autoimmune response.
Hemoglobin levels are inversely related to those of anti-band 3 or anti-spectrin antibodies. Anemic
patients have higher IgG levels for band 3 and spectrin than non-anemic patients. Plasmodium
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vivax can also infect host cells via other mechanisms in Duffy-negative populations(29).
Tryptophan-threonine-rich antigen (TryThrA) is a Plasmodium falciparum homologue of the
erythrocyte membrane pypAg-1 antigen produced by Plasmodium yoelii. TryThrA is a
tryptophan-rich antigen expressed by various Plasmodium species' merozoites. TR-Ags from
Plasmodium can be combined with normal human red blood cells. The process can be slowed
down by the serum of a malaria patient(30). Through the tryptophan-rich threonine antigen
(PfTryThrA), Plasmodium falciparum infects host red blood cells(31). PvTRAg38 (P. vivax
tryptophan-rich antigen) binds to red blood cell receptors sensitive to chymotrypsin(32).
PvTRAg38 promotes Parasite growth by binding to the two red blood cell receptors Basigin and
Band 3, via their P2 and P4 regions, respectively(33). Band 3 protein is also a parasite protein's
chymotrypsin-sensitive red blood cell receptor(34). In COVID-19 patients, studies have revealed
that the function of red blood cell membrane proteins such as band 3 is impaired(35). It
demonstrates that the SARS-CoV-2 virus protein interacts with the structural proteins of red blood
cells via TryThrA and other Plasmodium falciparum antigens.

Some viral proteins also contain tryptophan-rich motifs. The tryptophan-rich region at the
immunodeficiency virus gp41(36) proximal membrane end is involved in hydrophobic subunit
interactions(37). It is required for the fusion of ENV proteins and viral infectivity(38). The
carboxyl-terminal tryptophan-rich motif of the hepatitis B virus small envelope protein is critical
for hepatitis D virus particle assembly(39). When influenza virus RNA's 5' end sequence is bound
to the polymerase, the tryptophan-rich cap-binding sequence on the enzyme's PB2 subunit is
activated(40). Shared antigens cause Cross-reactions between viral and malaria infections. The
association between malaria and the risk of death in patients with the Ebola virus suggests that the
P. falciparum parasite and the Ebola virus have an intra-host interaction(41). Semi-monkeys were
not protected from malaria by recombinant vaccinia virus expressing Plasmodium falciparum
antigens(42). Only the monoclonal antibody (MAb) to TNF-, on the other hand, inhibited malaria
antigen-induced HIV-1 replication. By contrast, the monoclonal antibody does not affect IL-6
production(43). Malaria antigens promote HIV-1 replication by increasing viral mRNA expression
and activating viral transcription directed by long-terminal repeats(43). TNF-, IFN-, MIF, MCP-1,
and IL-10 have been detected in patients with falciparum and vivax malaria(44).
Plasmodium-infected patients exhibit positive immunoglobulin IgM and IgG responses(44).
Tumor necrosis factor (TNF-) and interleukin 6 levels were increased in response to malaria
antigen stimulation (IL-6). TNF- and IL-6 are also the primary cytokines in COVID-19 patients.
Besides, patients with acute malaria infection exhibit a high degree of cross-reactivity with the
SARS-CoV-2 spike protein subunit 1 (S1) (45). The receptor-binding domain (RBD) and the
N-terminal domain (NTD) are the two central regions targeted by neutralizing antibodies in Spike
S1(45). Acute malaria infections can induce cross-reactions with the S1 Spike protein via
antibodies binding to the terminal sialic acid of complex glycans(45). As a result, the
SARS-COV-2 virus must infect host cells via Plasmodium falciparum antigens such as TryThrA
and induce the production of cytokines.

Invading a host's red blood cells via the complement-complement receptor pathway has
garnered considerable attention as a viral infection route. According to clinical and experimental
evidence, complement is implicated in both intrahepatic and extrahepatic manifestations of
chronic hepatitis C virus (HCV) infection(46). Direct Binding of the Complement Component
C1q to Coinfected Cells with Human Immunodeficiency Virus (HIV) and Human T
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Lymphotrophic Virus-I (HTLV-I) (47). In vitro and in vivo, C1q inhibits antibody-dependent
enhancement (ADE) of flavivirus infection in a subclass-specific manner(48). However, the Ebola
virus (EBOV) uses the complement component C1q to enhance infection via antibody(49). The
Ebola virus (EBOV)-antibody-C1q complex is cross-linked with the C1q receptor on the cell
surface, increasing the virus's ability to enter the cell(49). The spectrum of human C1q is identical
to that of the ZIKV E protein(50). It is, however, distinct from the E protein produced by the West
Nile virus(50). Dengue virus infection and transcription of inflammatory molecules in THP-1 cells
are decreased when C1q binds to the dengue virus(51). Symptoms of an activated complement
system include paroxysmal nocturnal hemoglobinuria, atypical hemolytic uremic syndrome, and
catastrophic antiphospholipid syndrome in patients with COVID-19(52). The alternative approach
plays a critical role. The classical complement pathway is activated before the onset of pneumonia
during virus clearance(24). Complement activation contributes to systemic diseases associated
with lung pathology and SARS-CoV infection(53). In comparison to mice lacking C4 or factor B,
mice lacking C3 are more resistant to infection with SARS-CoV MA15(53). This demonstrates
that diseases caused by SARS-CoV involve multiple complement cascade components(53). The
complement replacement pathway associated with severe COVID-19 is activated and amplified in
patients with this more severe disease. It has been associated with markers of endothelial injury
and hypercoagulability(54). The most severe COVID-19 patients experience cytokine storms,
endothelial inflammation (endothelitis), and thrombosis due to the complement system being
overactivated(55). However, patients treated with complement inhibitors recovered without
experiencing any adverse effects (56).

Multiple complement pathways are activated during coronavirus infection(57). The
complement system is activated in three distinct ways: classical antibody-dependent activation,
lectin-dependent activation, and alternative (AP) activation(58). Regardless of the initial activation
steps, the system's primary objective will be to lyse C3. Then C5 is lysed to produce
anaphylatoxins (C3a and C5a). They have the potential to induce vasodilation, chemotaxis, and
thrombosis(55). System activation promotes the formation of the membrane attack complex
(MAC) (i.e., C5b-9) (58). Coronaviruses cause the complement system to malfunction. The
interaction of the coronavirus's N protein with a membrane-associated serine protease(59) initiates
the lectin pathway(60). By inhibiting factor D or C5, SARS-CoV-2 spike protein (subunits S1 and
S2) activates AP(61) and ameliorates immunopathology. Immune complexes and C-reactive
protein can also activate the classical pathway(60). However, some viruses employ distinct
strategies for inhibiting and exploiting complement activation(62). By expressing
complement-like regulatory proteins, poxviruses inhibit complement activation(63). By hijacking
complement regulators, flaviviruses impair complement antiviral activity(62). HIV-1 recruits
complement regulators from the host into its virions(62). The virus can impair the antiviral
response by severing the C3 molecule attached to the virus's surface(64). As a result,
SARS-CoV-2 possessed complement-like proteins (such as C1q) that contributed to the activity of
invading red blood cells in a complement-complement receptor-dependent manner. When these
complement-like C1q proteins were activated, they inadvertently activated C3, activating the
complement system.

A membrane attack complex domain is present in the Plasmodium sporozoite protein(65).
Before hepatocyte infection, it destroys the sinusoidal cell layer. The molecule's pore-forming
activity is required for sporozoites to pass through the host's plasma membrane(65). Similar to the
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complement membrane attack complex, the SARS-CoV-2 protein can also construct cell
membrane pores. Near the transmembrane region of the SARS-CoV-2 S protein, the HAP2/GCS1
and Izumo-Ig domains promote the formation of membrane fusion pores(66). This overlapping
region contains Ca2+-ATPase, actin-myosin motor, and phospholipid flippase structures. These
sequences are involved in Ca2+-dependent hemolysis and coagulation. The membrane attack
complex (MAC, C5b-9) can perforate the membrane of a target cell(55). S also contains a
membrane attack complex domain, which can be involved in forming fusion pores invading red
blood cells. Hemolysin is a type of perforin that specifically targets infected cells. Hemolysin is
more resistant to heat(67). The fusion protein of the small ruminant plague virus is a
hemolysin(68). Newcastle disease virus hemolysin(69) is sufficient to lyse red blood cells(70).
Measles virus hemolysin shares many properties with myxovirus hemolysin(67). It predisposes
red blood cells to hemagglutination and hemolysis. Equine encephalomyelitis viruses are
hemolytic over a wide temperature range(71). Specific pH changes reduced their hemolytic
activity. However, trypsin treatment significantly increased the viruses' hemagglutinating activity
(71). Under conditions of heating, formaldehyde, and ultraviolet radiation, the mumps virus
retains almost all of its hemolytic activity and infectivity(72). SARS-CoV-2 nsp3 is a component
of the organelle's double-membrane pore complex(73). On the proteoliposome bilayer membrane,
the SARS-CoV-2 ORF3a polymer forms a Ca2+ channel(74). SARS-CoV-2 ORF8 is a very short
membrane peptide with a single channel span. It forms cation-selective channels when assembled
in lipid bilayers(75). ORF3a and ORF8 have pore-forming properties. It suggested that they were
SARS-CoV-2 hemolysin proteins. ORF3a is capable of forming not only dimers but also
tetramers(74). Then it can form larger hemolytic pores in the cell membrane. It may be a critical
entry point for viral proteins into the host cell.

Cytolysin binds to the target cell's surface receptor (glycoprotein, carbohydrate, or lipid) (76).
The subdomains of the cell membrane that contain cholesterol are frequently referred to as lipid
"rafts"(77). The transport of macromolecules into malaria-infected cells is facilitated by lipid rafts
(78). Experiments with cholesterol-depleted red blood cells demonstrated that red blood cells
become resistant to parasite invasion after depletion. It implies a role for lipid rafts in parasite
invasion. Lecithin and cholesterol are critical components of the cell membrane of red blood cells,
where they react with viral hemolysin(79). Cholesterol-dependent cytolysin (CDC) is a MACPF
superfamily member. Cytolysin can create holes (25-30 nanometers in diameter) in the cell
membrane where cholesterol is present(80). However, cholesterol is not required for this cytolysin
to adhere to target cells(80). The cytolysin is oxygen-sensitive(81), and its activity decreases in a
high-oxygen environment(82). Cholesterol promotes the fusion and infection of the alphaviruses
Semliki Forest virus (SFV) and Sindbis virus significantly(83). SFV's E1 fusion protein binds to
cholesterol(83). However, numerous dengue virus (DV) fusions and infections with yellow fever
virus 17D are unrelated to cholesterol(83). The DV fusion protein exhibits no detectable
cholesterol-binding activity(83). Cholesterol-dependent cytolysin may activate their hemolysin
activity in hypoxic COVID-19 patients.

Severe COVID-19 ill patients with acquired methemoglobinemia lead to refractory hypoxia
and require red blood cell transfusion for treatment(84). The prevalence of beta thalassemia
heterozygotes is related to immunity to COVID-19(85). Patients with sickle cell disease and
laboratory-confirmed COVID-19 usually have a mild or insignificant course. They face lower
chances of intubation, ICU admission, and death, but a slightly longer hospital stay(86). In some
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epidemic areas, patients with severe COVID-19 patients have lower hemoglobin levels than those
with mild illnesses, and lower hemoglobin levels can lead to anemia and complications(87).HP*2
alleles provide protection for certain people through its anti-inflammatory response from the
severe impact of COVID-19 and other infectious diseases(88). The main function of haptoglobin
is to combine with free hemoglobin to form a stable complex, and then it is processed by the
mononuclear-macrophage system. There is a correlation between decreased serum hemoglobin
and increased levels of ferritin and LDH(89). Since excessive hemoglobin phenotype,it is not
entirely clear whether patients with thalassemia are particularly susceptible to SARS-COV-2, or
whether they have a higher risk of complications from COVID-19 than the normal population(90).

COVID-19 patients who become critically ill as acquired methemoglobinemia develop
refractory hypoxia and require red blood cell transfusions for treatment(84). The prevalence of
beta-thalassemia heterozygotes is associated with COVID-19 immunity(85). Patients with sickle
cell disease and laboratory-confirmed COVID-19 typically have a mild or insignificant course.
They have a lower risk of intubation, ICU admission, or death but require a slightly more extended
hospital stay(86). Severe COVID-19 Patients have lower hemoglobin levels than those with mild
illnesses in some epidemic areas. And low hemoglobin levels can result in anemia and
complications(87). HP*2 alleles protect specific individuals from the severe effects of COVID-19
and other infectious diseases through their anti-inflammatory response(88). The primary function
of haptoglobin is to form a stable complex with free hemoglobin, which is then processed by the
mononuclear-macrophage system. There is a correlation between low serum hemoglobin levels
and increased ferritin and LDH levels (89). Due to the excessive hemoglobin phenotype, it is
unknown whether patients with thalassemia are more susceptible to SARS-COV-2 or have a
higher risk of COVID-19 complications than the general population(90).

The serum of COVID-19 patients contained proteins such as ORF1ab, ORF3a, ORF8, S, and
N. Antibody detection methods for these proteins are also used to confirm the infection with
SARS-COV-2. It demonstrates that viral proteins can also be secreted into the serum by infected
cells. ORF3a, and S protein must be secreted into serum to attack red blood cells. The V-type
pathway was initially described as the IgA1 protease. It ensures that the proteins secreted through
the outer membrane are completely contained within the secreted protein(91, 92). An
autotransporter is a protein that is secreted in this manner(93) (Autotransporter). Some proteins
autocatalyze cleavage after the Autotransporter domain induces itself export, while others dose not
(94). Some eukaryotic viruses use the asparagine-aspartate self-cleavage mechanism during capsid
maturation(95). The SARS-COV-2 virus protein may also use an autocrine mechanism similar to
this.

We studied the SARS-CoV-2 virus proteins using the domain search method. This current
study discovered that ORF3a, S, and N viruses and others had more extended Autotransporter
domains. The SARS-CoV-2 virus proteins S and ORF3a invaded immature red blood cells like
Plasmodium falciparum using Plasmodium falciparum-like antigen or complement C1q. Through
perforated holes in the oxygen-sensitive hemolysin, the SARS-CoV-2 virus protein ORF3a, S
entered the red blood cells. Both invasion conditions resulted in red blood cell dysfunction.

2. Methods

2.1 Data collection
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1. The SARS-COV-2 protein sequences. The NCBI database was used to obtain the
SARS-COV-2 protein sequences. All included S, E, N, M, ORF3a, ORF8, ORF7a, ORF7b, ORF6,
ORF10, and ORF1ab.

2. Sequences that are related. The corresponding sequences were obtained from the UniProt
data set (Table 1).

2.2 A localized MEME tool to identify conserved domains.

The following are the steps involved in the analysis:
1. Downloaded MEME from the official website and installed it in a virtual machine running

Ubuntu. VM 15 was the virtual machine.
2. Downloaded the SARS-COV-2 protein sequence from the National Center for

Biotechnology Information's official website.
3. Obtained the fasta format sequences of the related protein from the official Uniprot

website.
4. Generated fasta format files by MEME analysis for each sequence in all related proteins

and each SARS-COV-2 protein sequence.
5. To create multiple batches of the files generated in Step 4, a batch size of 50000 was used.

It was limited by the virtual ubuntu system's limited storage space.
6. Using MEME tools in batches, searched for conserved domains (E-value<=0.05) in

SARS-COV-2 and related proteins in Ubuntu.
7. Collected the conserved domains' result files. Located the domain name associated with

the motif in the UniProt database.
8. Analyzed the activity of each SARS-COV-2 protein's domains.

3. RESULTS

3.1 Antigenic domains of Plasmodium falciparum and EBA-175

We obtained the sequences encoding the antigen from the UniProt database. Then, using local
MEME tools, we compared these sequences to viral proteins in order to identify conserved
domains. We merged the search results by protein and domain because there were too many motif
fragments. The results are summarized in Tables 2 and 3.

As shown in Table 2, the SARS-COV-2 virus structural proteins (S, E, M, N) and
non-structural proteins (ORF3a, ORF6, ORF7a, ORF7b, ORF8, ORF10, and ORF1ab) contain the
TryThrA_C domain of the malaria parasite antigen. The TryThrA_C domain (PF12319) is at the
C-terminus of the Plasmodium malaria surface antigen. Plasmodium antigens with a high
tryptophan-threonine content (TryThrA) are typically between 254 and 536 amino acids in length.
S, M, N, ORF3a, ORF7a, and ORF8 are longer than ORF6, ORF7b, ORF10, and E.

As shown in Table 3, the SARS-COV-2 virus structural proteins (E, M, and N) and
non-structural proteins (ORF3a, ORF6, ORF7a, ORF7b, ORF8, ORF10, and ORF1ab) contain the
Plasmodium antigen's EBA-175 VI domain (PF11556). The EBA-175 VI domain encodes the red
blood cell binding antigen 175, and this family represents region VI. EBA-175 interacts with
glycophorin GPA, assisting in forming tight junctions, a necessary step for invasion. VI is a
cysteine-rich domain that is required for EBA-175 trafficking. EBA-175 is an alpha
helix-containing homodimer. N, ORF3a, and ORF8 all can form dimers. N's EBA-175 VI domain,
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on the other hand, is concise and does not contain cysteine. As a result, the EBA-175 VI domains
of N, E, M, ORF6, ORF7a, ORF7b, and ORF10 are incapable of exhibiting complete GPA binding
activity. ORF3a and ORF8 have EBA-175 VI domains that overlap with TryThrA_C domains,
respectively. Thus, ORF3a and ORF8 may bind to the red blood cell membrane's glycophorin GPA
via the Plasmodium antigen (EBA-175 VI) rich in the amino acid threonine.

Unexpectedly, the S protein lacks the EBA-175 VI domain. Other invasive binding
mechanisms may be used by S protein.

3.2 Domains of the complement C1q and membrane attack complex

C1q (IPR001073) contains a small spherical N-terminal domain, a collagen-rich central
Gly/Pro region, and a conserved C-terminal region(96). The C-terminal globular domain of the
C1q subfraction and collagen is required for the triple helix to fold correctly and for
protein-protein recognition events to occur(97). The domain is found in multimeric proteins and
EMILIN proteins. It is required for the proper assembly of proteins(98). The C1q domain's
globular head is a trimer(99). C1q is also a complement receptor 1 binding protein found on the
surface of red blood cells.

We downloaded complement-related sequences from the UniProt database to determine which
viral proteins contain the C1q domain. Then, using native MEME tools, compare these sequences
to viral proteins to identify conserved domains. Due to the more number of motifs, we combined
the motif search results by protein and domain. The C1q domain motifs of the SARS-COV-2 virus
proteins are listed in Table 4. As demonstrated in Table 4, structural proteins (S, E, M, and N) and
non-structural proteins (ORF3a, ORF6, ORF7a, ORF7b, ORF8, ORF10, nsp2, nsp4, 3c-like)
contain C1q domain motifs. nsp2, nsp4, and 3c-like all have concise C1q motifs. Among the four
S C1q A-D motifs, the relatively conservative C-terminal regions of S C1q C and D are required
for membrane fusion. S C1q C is located in the EF-hand region and has a spherical area, activating
S2 and initiating membrane fusion. S C1q A and B are located at the N terminal. S C1q A is in
the S1 protein's globular head region. S C1q is homologous to the TryThrA_C domain of the
Plasmodium falciparum antigen. As the trimeric structure of the S protein, its C1q domains were
able to bind complement receptor 1 in the red blood cell membrane.

Other viral proteins contain C1q domains as well. They lack a trimer structure, however, and
thus cannot be used for cell invasion. C1q stimulates C3 cleavage, activating the complement
system. As a result, other viral proteins' C1q domains may interfere with or activate the
complement system.

The MACPF domain (IPR020864) is a membrane attack complex/perforin (MACPF) family
component. The constituent elements interact sequentially and exhibit a high specificity in
response to pathogen infection to form a transmembrane channel known as the membrane attack
complex (MAC). MACPF has a low sequence similarity. Plasmodium's sporozoite microfilament
protein contains the MACPF domain. It is required for cell division 2 (SPECT2). Table 5 shows
MACPF domains are found in structural proteins (S, E, M, and N) and non-structural proteins
(ORF3a, ORF6, ORF7a, ORF7b, ORF8, ORF10, and ORF1ab).

The MACPF domain is frequently found in conjunction with other N- and C-terminal
domains, including TSP1, LDLRA, EGF-like, Sushi/CCP/SCR, FIMAC, and C2. They are in
charge of the MACPF function. Oligomerization of the MACPF domain is required for cleavage
activity. As shown in Table 6, E, nsp2, nsp10, 3C-like, and exonuclease lack domains that aid
MACPF. Therefore, E, nsp2, nsp10, 3C-like, and exonuclease cannot function as MACPF. ORF3a
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and ORF8 protein dimers can form ion channels, as can S protein trimers. So the S, ORF3a, and
ORF8 proteins' MACPF domains could form membrane attack complexes.

3.3 Thiol-activated cytolysin domain

Cytolysin activated with thiols is capable of dissolving cholesterol-containing membranes.
When the domain is reversibly inactivated, it is unable to bind to cholesterol. The Thiol_cytolys_C
proteins contain a cysteine residue(100) at the C-terminus of cytolysin, required for cholesterol
binding(101). Cholesterol is a necessary component of the membranes of red blood cells.But
cholesterol may not be required for viral proteins to make their initial contact with red blood cells.
We downloaded proteins involved in hemolysis from the UniProt database. We compared them to
viral proteins to identify domains conserved in thiol-activated cytolysin (Table 7).

According to Table 7, structural proteins (S, E, and N) and non-structural proteins (ORF3a,
ORF6, ORF7a, ORF7b, ORF8, ORF10, and nsp3) contain thiol-activated cytolysin domains
(Thiol_cytolys_C, IPR035390). This cytolysin domain is absent from the M protein. As shown in
Table 7, the Thiol_cytolys_C motifs of S, N, ORF6, ORF10, and nsp3 lack cysteine (C), indicating
that they lack thiol-activated cytolysin activity. "CAYCC" refers to the E protein's
non-transmembrane heme-binding domain. E's Thiol_cytolys_C motif contains the heme-binding
domain. E is capable of forming pores in the membranes of viruses and infected cells
(multi-inclusion bodies). Then E cannot puncture the membranes of uninfected red blood cells
directly. ORF7a and ORF7b have cysteine-containing Thiol_cytolys_C motifs, with ORF7a
having an unusually short motif. There is no evidence that these two proteins can form pores.
Therefore, these two proteins cannot function as cytolysins.

ORF3a has longer Thiol_cytolys_C motifs. It can all be combined to form dimmers and
tetramers. Multimers can be used to construction ion channels. As a result, ORF3a possess
cytolysin activity that is activated by thiols. We discovered that ORF3a's
"YFLQSINFVRIIMRLWLCWKCRSKNPLLYDANYFLCWHTNCYDYCIPYN" (residues
113-161) contains the B30.2/SPRY domain structure (IPR001870). The SPRY domain is present in
the calcium release channel of ryanodine receptors in mammals(101). The protein's SPRY domain
is homologous to their respective Thiol_cytolys_C domains. It indicates that the thiol activated
cytolysin-built pores in ORF3a acts as calcium release channels. Calcium is required for blood
clotting. ORF3a generates pore via Thiol-cytolys hemolysin. The clotting factor calcium ions are
released by the SPRY domain regulates the hemolysis of red blood cells. Thiol-activated
cytolysins are cholesterol-dependent cytolysins. It is oxygen-sensitive, and its activity is reduced
when the oxygen supply is constant or high. So the hemolysin domain of ORF3a is active only in
the presence of hypoxia.

3.4 Viral proteins binds to band 4.1 and spectrin protein on the red blood cell
membrane

From the UniProt database, we downloaded glycophorin-related proteins. We then used the
MEME local version tool to compare them one by one to viral proteins in order to identify
conserved domains. Table 8 summarizes the results of combining the motifs by protein and
domain. According to Table 8, the viral proteins had a 4.1m domain. The Band 4.1 protein is a
two-subunit globular protein. It acts as a promoter of spectrin-actin binding in the membrane
skeleton by binding to spectrin. The 4.1m domain can interact with the red blood cell membrane's
4.1 protein. 4.1m domains are also found in neurexins, syndecans, and glycophorin C. Syndecan-4
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is a heparan sulfate-containing transmembrane proteoglycan. It is a co-receptor for cell adhesion
with integrin. As a result, the SARS-CoV-2 protein can also adhere to the red blood cell membrane
via the heparin system. As is shown in Table 8, 4.1m A is in the S1 protein's N-terminal domain
and is involved in receptor binding. S 4.1m B-D is on the S2 protein's transmembrane and outer
membrane side and is involved in membrane fusion. It demonstrates that the S protein bends the
erythrocyte membrane via its heparin-like domain. Through the 4.1m domain, S is anchored to
band 4.1. ORF3a created pores in the membrane of the host cell. ORF3a 4.1m A is located outside
the transmembrane zone and contains the "CWKCR" heme-binding region. ORF3a is bound to
band 4.1 via the 4.1m domain. RdRP is a 4.1m-domain-containing membrane-bound protein RNA
polymerase. It shows that the virus will replicate itself using immature red blood cells after
infection.

We downloaded the proteins associated with "Erythrocyte membrane protein" from the
UniProt database. We then used the MEME local version tool to compare them one by one to the
viral proteins to identify conserved domains. We combined the motifs by protein and domain. As
shown in Table 9, the E, ORF3a, ORF7a, ORF7b, and ORF8 proteins all contain the Band_3_cyto
domain (IPR013769). Band_3_cyto is the cytoplasmic domain of the Band 3 anion exchange
protein, which is responsible for the exchange of Cl-/HCO3- ions. Band 3's cytoplasmic domain
serves primarily as a docking site for other membrane-associated proteins. Ankyrin, protein 4.2,
protein 4.1, and hemoglobin are all protein ligands for cdb3. E has a shorter Band_3_cyto domain
that serves as the heme-binding domain. Band_3_cyto domains are absent from the S and M
proteins. ORF7a and ORF7b have Band_3_cyto domains that overlap with their 4.1m domains,
respectively. ORF3a have Band_3_cyto domains that are in or near the transmembrane region. The
search results for "Erythrocyte membrane protein"-related proteins also indicates that the M
protein contains a FERM domain (residues 20-130, 178-216). F is an abbreviation for 4.1 protein.
4.1 proteins are associated with spectrin.

The S, N, M, E, and RdRP can all be anchored to the red blood cell membrane, as shown in
Tables 8 and 9. It means that immature red blood cells can function as factories for virus synthesis.
Synthetic structural proteins (S, M, and E) are on the red blood cell membrane through the
intracellular transport system. The N and RNA complexes are then transported to the membrane of
the red blood cell via the intracellular transport system, assembled into a virus, and secreted. The
immature red blood cells synthesize heme, so the viral structure proteins such as S and E can bind
heme(102). The porphyrin complex could enhance the virus's membrane penetration and generate
reactive oxygen species (ROS). ORF3a could attack the hemoglobin once it invaded mature red
blood cells(102).

3.5 The invasion mechanism of red blood cells

The crystal structure file for S protein (PDBID: 6xlu) was downloaded from the PDB
database. The domains such as Plasmodium antigen were then annotated. TryThrA_C A-C is
located in the virus's extracellular region, as illustrated in Figure 1. TryThrA_C D is found both
across the viral membrane and within the viral intracellular. The residue corresponding to the
TryThrA_C A part is "ESEFRVYS" due to the truncation of 6xlu. "ESEFR" is the overlapping
residue between TryThrA_C A and C1q A. 4.1m A overlaps residue "ESE" in the TryThrA_C A
segment. The TryThrA_C A region aids the virus in locating and binding to the membrane of the
red blood cell. S first binds to the complement receptor 1 on the red membrane before invading
and anchoring the 4.1 protein. The TryThrA_C B-C region aids the virus in its continued invasion
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of red blood cells. The TryThrA_C D region assists S in inserting into the red blood cell
membrane, binding to the 4.1 protein, and forming a membrane fusion channel.

We obtained the crystal structures of ORF3a (PDBID: 6xdc) proteins from the Protein Data
Bank. The domains such as malaria parasite antigens were then annotated (Figure 2). The
TryThrA_C A of ORF3a is shown in Figure 2.A in the transmembrane alpha-helix and beta
folding region. TryThrA_C B denotes the beta fold region on the membrane's surface. EBA-175
VI A overlaps with TryThrA_C A, near the transmembrane's inner side. Thiol_cytolys C of ORF3a
is in the transmembrane region and overlaps with EBA-175 VI A, as illustrated in Figure 2.B. The
Thiol_cytolys_C region contains domains Band_3_cyto and 4.1m. Via the TryThrA_C A and
TryThrA_C B domains, ORF3a invades the erythrocyte. ORF3a binds to erythrocyte membrane
glycoprotein A via the transmembrane EBA-175 antigen, as illustrated in Figure 2.A-B.
Simultaneously, the Band_3_cyto and 4.1m domains are anchored to the 4.1 protein of red blood
cell membrane. Finally, Thiol_cytolys_C establishes calcium ion efflux channels on the membrane
of red blood cells.

According to the research mentioned above, the mechanism that viral proteins infect red
blood cells may be clarified. Through the tryptophan-threonine-rich Plasmodium antigen
(TryThrA), the S protein, ORF3a proteins invaded red blood cells. S protein TryThrA exhibited
C1q activity, whereas ORF3a TryThrA exhibited EBA-175 activity. Through the C1q domain, the
S protein was bound to the complement receptor 1 on the red blood cell membrane. ORF3a
EBA-175 domains were bound to glycophorin A on the red blood cell membrane. S protein,
ORF3a are all bound to band 4.1 and anchor to the skeleton of the red blood cell membrane.
Through the MACPF domain, the S protein creates a fusion hole in the red blood cell membrane,
injecting viral genetic material into the red blood cell. Through the ion channel constructed by the
S protein, the SARS-COV-2 virus injected calcium ions from the virus to the membrane fusion
area(66). By using thiol-activated cytolysin, ORF3a created a pore in the erythrocyte membrane.
These pores contained ryanodine receptors activity and were capable of releasing calcium ions
from within red blood cells. Calcium ion was a factor in blood clotting. As a result, the entry of
viral proteins into the red blood cell would not result in a significant hemolytic reaction. Besides,
EBA-175 was associated with blood type A. The Knops blood group system was based on a
glycoprotein antigen (i.e., CR1 or CD35, complex immune receptor). So blood cells from people
with blood type A and Knops were susceptible to infection by the SARS-COV-2 virus.

3.6 Autotransporter was used to secrete viral proteins from infected cells

We downloaded the proteins associated with "Autotransporter" from the UniProt database.
We then used the MEME local version tool to compare them one by one to the viral proteins to
identify conserved domains. We combined the motifs by protein and domain. Table 10 shows
structural proteins (S, N, E, and M) and non-structural proteins (ORF3a, ORF8, ORF7a, ORF7b,
ORF6, ORF10, nsp2, nsp3, RdRP, and 3'-to-5' Exonuclease) almost all have longer autotransporter
domain (SSF103515, IPR036709, IPR005546), except some ORF1ab sub-proteins. On a
sequence-wide scale, S, N, M, ORF3a, ORF7a, and ORF8 almost all possess the autotransporter
domain. It indicates that SARS-COV-2-infected cells secrete viral proteins into the blood and
surrounding tissues via autotransporter. Therefore, ORF3a proteins could enter the blood and
invade red blood cells.
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4. Discussion

4.1 The oxygen dissociation curve was insufficiently interpretable

The heme theory found through calculations that ORF3a would attack hemoglobin(102).
Some perplexing signs are now regarding oxygen supply and hemolysis in COVID-19 patients
whose red blood cells are attacked. COVID-19 patients are still able to dance and sing despite low
blood oxygen saturation. However, this situation will not last long, and as a result, hypoxia will
worsen, and the condition will deteriorate rapidly. It is referred to as the "happy hypoxia
paradox"(103). The Hb oxygen dissociation curve represents the relationship between blood
oxygen partial pressure and hemoglobin oxygen saturation. P50 denotes the oxygen partial
pressure at which hemoglobin is 50% oxygen saturated. When the oxygen affinity of hemoglobin
increases, the dissociation curve of oxyhemoglobin shifts to the left. It lowers P50, thereby
decreasing tissue oxygen delivery. It has been reported that in some COVID-19 patients, the
oxygen dissociation curve does not shift to the left or right(104). The mixed-effects model (with
pH and PCO2 as covariates) revealed that SARS-CoV2 had a small but significant effect on the
PO2/SO2 relationship and appeared to be less sensitive to PCO2 in COVID-19 patients(105). In
comparison to other pneumonia patients, there is no evidence of hemolysis. These researchers
believe that there has been no significant change in hemoglobin's oxygen-carrying capacity(106).
That hemoglobin's affinity for oxygen has remained constant(107). The problem is referred to as
the "oxygen dissociation curve problem." The oxygen affinity of hemoglobin in COVID-19
patients are the subjects of intense academic debate(108).

However, structural proteins in COVID-19 patients' red blood cells were significantly
damaged(35). At the same time, membrane lipid remodeling and the level of RBC glycolysis
intermediates increased(35). There are no significant changes in blood parameters such as RBC
count, hematocrit or average corpuscular hemoglobin concentration, or average corpuscular
volume(35). Notably, an increase in RDW correlates with a decrease in ventilator-free days in the
intensive care unit (109). As the severity of COVID-19 increases, the distribution width of red
blood cells (RDW) gradually increases(110). The phenomenon is defined by the apparent
heterogeneity of red blood cell volume(111). Numerous studies have revealed that some
COVID-19 patients do experience significant hemolysis problems. There is a need for a more
rational method of evaluating the hemoglobin affinity argument, particularly at the
microcirculation level(112). Microscopic spectrophotometry analysis revealed a significant shift in
a single COVID-19 patient's red blood cell(113). Hemoglobin absorbance increases in the 420 nm
wavelength range during severe SARS-CoV-2 infections(113).

In patients with hypoxia, this study discovered that cholesterol-dependent cytolysin activated
its hemolysis function. According to some studies on the "oxygen dissociation curve problem,"
COVID-19 patients exhibit no obvious signs of hypoxia or hemolysis. It indicated that specific
SARS-CoV-2 proteins contained cholesterol-dependent cytolysins. Their hemolytic activity was
also related to the availability of oxygen. In hypoxia, it induced hemolysis. Calcium ions are
involved in the process of red blood cell invasion. Calcium ion is a factor in blood clotting. As a
result, viral proteins may not cause a significant hemolytic reaction when they enter the red blood
cell membrane. This study discovered that the viral proteins S and ORF3a contain a 4.1m domain
that binds to 4.1 protein in the red blood cell membrane. 4.1m domains are also found in neurexins,
syndecans, and glycophorin C. Syndecan-4 is a heparan sulfate-containing transmembrane
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proteoglycan. It functions as a co-receptor for cell adhesion with integrin. As a result, the
SARS-CoV-2 protein can also adhere to the red blood cell membrane via the heparin system.
Glycophorin C (GPC) and Glycophorin D (GPD) both express antigens from the Gerbich blood
group system(20). Generally, Gerbich antibodies do not result in severe hemolytic reactions. As a
result, some researchers believe that excessive interpretation of the oxygen dissociation curve is
inappropriate(114). If the oxygen dissociation curve is used exclusively in medical diagnosis, it
may result in an error. It is worth noting that our discovered malaria had comparable hemolysis
and oxygen supply issues.

4.2 The 2,3-diphosphoglycerate (BPG) augmented hemoglobin's oxygen-supply
function

Hemoglobin levels are significantly lower in patients infected with Plasmodium vivax and
Plasmodium falciparum than those with negative reactions(44). When widespread anemia occurs,
oxygen delivery to tissues may be further compromised(115). However, parasitemia is not
associated with anemia in patients infected with Plasmodium vivax or Plasmodium falciparum
(44). Antibodies against red blood cells and anticardiolipin are not associated with the presence or
severity of anemia(44). 2,3-diphosphoglycerate (BPG) interacts with hemoglobin molecules to
increase P50, thereby promoting oxygen release. Metabolic acidosis is a significant predictor of
hemoglobin-oxygen dissociation in severe childhood Plasmodium falciparum malaria(116).
Acidosis, such as the excruciating pain associated with diabetic ketoacidosis(117), can impair
BPG synthesis(118). There is a decrease in BPG in animals with severe malaria, according to
studies(119). After the BPG concentration decreases, the oxygen dissociation curve shifts to the
left(120). COVID-19 patients have active erythrocyte glycolysis(35). It was not ruled out that the
BPG enhanced hemoglobin's oxygen-supply function in damaged erythrocytes(121).

4.3 The hemoglobin phenotype affected the blood's oxygen transport

Anemia and the hemoglobin phenotype have an effect on O2 transport in the blood during
malaria infection. Infected red blood cells transport O2 in a fraction of how uninfected cells do
(122). Raman spectral changes in Plasmodium vivax-infected blood samples indicate a decrease in
oxygen affinity(123). Intracellular hemoglobin's oxygen dissociation curve shifts to the right(123).
The Bohr effect is a phenomenon that occurs when the concentration of CO2 in the blood
decreases, lowering the intracellular pH and lowering the oxygen affinity of hemoglobin in red
blood cells. The experiment found there is no significant difference in the oxygen affinity of
erythrocyte hemolysates containing Hb-S and Hb-A following potassium phosphate buffer
dialysis(124). The oxygen affinity of homozygous Hb-C and Hb-E carriers appears to be
comparable to that of standard blood samples and erythrocyte lysates. When Hb-D with an
abnormal chain is compared to a fraction of Hb-A separated, the Bohr effect remains unchanged.
Hb- purified using CM-cellulose or DEAE-cellulose chromatography has a significantly higher
affinity for molecular oxygen than normal Hb-A. The Bohr effect and the heme-heme interaction
are identical. Patients with HbE-thalassemia can adapt to anemia by lowering their red blood cells'
oxygen affinity. The presence of a high concentration of 2,3-BPG reduces the oxygen affinity to
compensate for the high affinity of HbF. Heterozygosity hemoglobin is partially protective against
Plasmodium falciparum. It facilitates the clearance of infected red blood cells by host immune
effectors such as macrophages(125). Then, patients are less likely to develop potentially fatal
cerebral malaria or severe anemia(125). Of course, other factors such as the initial infection dose,
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nutrition, co-infection, and genetics can be considered(126). The interaction between
erythropoietin and hemoglobin levels does not appear to be directly related to the P50 value in
these cases(127). When the SARS-COV-2 virus infects red blood cells or ORF3a invades red
blood cells, a similar Bohr effect or anemia occurs as well.

5. Conclusion

Malaria symptoms are very similar to those of COVID-19, and infections can be
symptomatic or asymptomatic. Common immunodominant epitopes exist between the
SARS-CoV-2 proteins and the Plasmodium falciparum antigen. We used the domain search
method to investigate the mechanism of SARS-CoV-2 protein invasion into red blood cells in this
present study. S protein was found to be bind to complement receptor 1 on the red blood cell
membrane via the C1q domain. ORF3a EBA-175 domains were attached to glycophorin A on the
red blood cell membrane. Both domains contained a high concentration of tryptophan threonine
Plasmodium antigens. S, ORF3a were linked to band 4.1 respectively, one erythrocyte membrane
skeleton protein. Through the MACPF domain, the S protein formed a fusion channel on the red
blood cell membrane. It injected viral genetic material into the mature red blood cell. The S
protein's ion channel injected calcium ions into the virus's membrane fusion region. ORF3a is
capable of forming not only dimers but also tetramers. ORF3a employed a thiol-activated
cytolysin domain to create hemolytic pores in the red blood cell membrane. As with ryanodine
receptors, the channel could release calcium ions from the inside of red blood cells. Calcium ion
was a factor in blood clotting. As a result, the viral protein penetrated the red blood cell membrane
without inducing significant hemolysis. According to the SARS-COV-2 Plasmodium antigen type,
the blood cells of individuals with blood types A and Knops were susceptible to the SARS-COV-2
virus protein attack. It was similar to the blood type infection rule of falciparum malaria.
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Table 1. Related sequences are used to search for conserved domains
No. Related Protein Keywords Count
1 Antigen Antigen 505,583
2 complement complement 66,078
3 Hemolysis Hemolysis 9,175
4 glycophorin glycophorin 1,004
5
6

Erythrocyte membrane protein

Autotransporter
Erythrocyte+membrane+protein

Autotransporter
21,928
98,365
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Table 2. Motifs of TryThrA_C domain of SARS-COV-2 virus proteins
Protein Alias Motif Start End

S A HKNNKSWMESEFRVYS 146 161

B IDGYFKIYSKHTPINLVRDLPQGFSALEPLVDLPIGINITR 197 237

C GWTFGAGAALQIPFAMQMAYRFNGIGVTQNVLY 885 917

D ELGKYEQYIKWPWYIWLGFIAGLIAIVMVTIMLCCMTSCCSCLK

GCCS

1202 1249

E A TLAILTALRLCAYCCNIVNVSLVKPSFYVYSRVKNLNSSRVP 30 71

M A QWNLVIGFLFLTWICLLQFAYANRNRFLYIIKLIFLW 19 55

B WPVTLACFVLAAVYRINWITGGIAIAMACLVGLMWLSYFIASF

RLFARTRSMWSFNP

58 114

C ILRGHLRIAGHHLGRCDIKDL 144 164

D SQRVAGDSGFAAYSRYRIGNYKLNTDHSSSSDNIALLVQ 184 222

N A QGVPINTNSSPDDQIGYYRRATRRIRGGDGKMKDLSPRWYFYY

L

70 113

B HWPQIAQFAPSASAFFGMSRIGMEVTPSGTWLTY 300 333

C IKLDDKDPNFKDQVILLNKHIDAYKTF 337 363

ORF3a A LAVFQSASKIITLKKRWQLALSKGVHFVCNLLLLFVTVYSHLLL

VAAGLEAPFLYLYALVYFLQSINFVRIIMRLWLCWKCRSKNPLL

YDANYFLCWHTNCYDYCIPYNSV

53 163

B SYFTSDYYQLYSTQLSTDTGVEHVTFFIYNKI 205 236

ORF6 A MFHLVDFQVTIAEILLIIMRTFKVSIWNLDYIINLIIKNLSKS 1 43

ORF7a A LFLALITLATCELYHYQECVRGTTVLLKEPCSSGTYEGNSPFHPL

ADNKFALTCFSTQFAFACPDGVKHVYQLRARSVSPKLFIRQEEV

QELYSPIFLIVAAIVFITLCF

5 114

ORF7b A MIELSLIDFYLCFLAFLLFLVLIMLIIFWFSLELQDHNETCHA 1 43

ORF8 A MKFLVFLGIITTVAAFHQECSLQSCTQHQPYVVDDPCPIHFYSK

WYIRVGARKSAPLIELCVDEAGSKSPIQYIDIGNYTVSCLPFTIN

CQEPKLGSLVVRCSFYEDFLEYHDVRV

1 116

ORF10 A MGYINVFAFPFTIYSLLLCRMNSRNYIAQVDVVNFNLT 1 38

nsp2 A EQLDFIDTKRGVYCCREHEHEIAWYTERSEK 37 67

B IQPRVEKKKLDGFMGRIRSVY 104 124

nsp3 A YFAVHFISNSWLMWLIINLVQMAPISAMVRMYIFFASFYYVWK

SYVHVVDGCNSSTCMMC

1535 1594

nsp4 A AHIQWMVMFTPLVPFWITIAYIICISTKHFYWFFSN 361 396

RdRP A YWDQTYHPNCVNCLDDRCILHC 289 310

B KFYGGWHNMLKTVYSDVENPHLMGWDYPKCDRAMPNMLRI

M

593 633

C YLQYIRKLHDELTGHMLDMY 884 903

helicase A SAQCFKMFYKGVITHDVSSAINRPQIGVVREFLTRNPAWR 468 507

3'-to-5'

exonucl

ease

A YRRLISMMGFKMNYQVNGYPNMFITREEAIRHVRAWIGFDVE

GCHATR

51 98

B DTYACWHHSIGFDYVYNPFMIDVQQWGFTGNLQSNHDLYCQV

HG

222 265
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2'-O-rib

ose

methylt

ransfera

se

A WWTAFVTNVNASSSEAFLIGCNYLGKPREQIDGYVMHANYIF

WRNTNPIQ

189 238
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Table 3. Motifs of the EBA-175 VI domain of SARS-COV-2 virus proteins
Protein Alias Motif Start End

E A YCCNIVNVSLVKPSFYVYSR 42 61

M A WPVTLACFVLAAVYRINWITGGIAIAMACLVGLMWLSYFIA 58 98

N A TDYKHWPQI 296 304

ORF3a A IIMRLWLCWKCRSKNPLLYDANYFLCW 123 149

ORF6 A MFHLVDFQVTIAEILLIIMRTFKVSIWNL 1 29

ORF7a A YHYQECV 18 24

B FHPLADNKFALTCFSTQFAFACPDGVKHVYQLRA 46 79

ORF7b A FYLCFLAFLLFLVLIMLIIFWFSLELQDHNETC 9 41

ORF8 A FLVFLGIITTVAAFHQECSLQSCTQHQPYVVDDPCPIHFYSKWYIR

VGARKSAPLIELC

3 61

ORF10 A INVFAFPFTIYSLLLCRMNSRNYIAQV 4 30
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Table 4. Motifs of the C1q domain of SARS-COV-2 virus proteins
Protein Alias Motif Start End

S A VYYHKNNKSWMESEFR 143 158

B AMQMAYR 899 905

C YIKWPWYIW 1209 1217

D TIMLCCMTSCCSCLKGCCSCGSCCKFDEDDSEP 1231 1263

E A MYSFVSEETGTLIVNSVLLFLAFVVFLLVTLAILTALRLCAYCCN

IVNVSLVKPSFYVYSRVKNLNSSRVPD

1 72

M A MADSNGTITVEELKKLLEQWN 1 21

B TWICLLQFAYANRNRF 30 45

C KLIFLWLLWPVTLACFVLAAVYRINWITGGIAIAMACLVGLMW

LSYFIASF

50 100

D HHLGRCDIKDLPK 154 166

N A KMKDLSPRWYFYYLGTGPEAGLPYGANKDGIIWVATE 100 136

B IRQGTDYKHWPQIAQFAPSASAFFGMSRIGMEVT 292 325

C YTGAIKLDDKDPNFKDQVILLNKHIDAYKTFPPTEP 333 368

ORF3a A YFLQSINFVRIIMRLWLCWKCRSKNPLLYDANYFLCWHTNCYD

YCIPYNSVTSSIVITS

113 171

B YQIGGYTEKWESGVKDCVVL 184 203

ORF6 A MFHLVDFQVTIAEILLIIMRTFKVSIWNLDYIINLIIKNLSKSLTEN

KYSQLDEEQPMEID

1 61

ORF7a A MKIILFLALITLATCELYHYQECVRGTTVLLKEPC 1 35

B YEGNSPFHPLADNKFALTCFSTQFAFACPDGVKHVYQLRARSV

SPKLFIRQEEVQELY

40 97

ORF7b A MIELSLIDFYLCFLAFLLFLVLIMLIIFWFSLELQDHNETCHA 1 43

ORF8 A VFLGIITTVAAFHQECSLQSCTQHQPYVVDDPCPIHFYSKWYIR

VGARKSAPLIELCVDEAGSKSPIQYIDIGNYTVSCLPFTINCQEPK

LGSLVVRCSFYEDFLEYHDVRVV

5 117

ORF10 A MGYINVFAFPFTIYSLLLCRMNSRNYIAQVDVVNFNLT 1 38

nsp2 A CREHEHEIAWYTER 51 64

nsp4 A AHIQWMVMFTPLVP 361 374

3C-like A YMHHME 161 166
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Table 5. Motifs of MACPF domain of SARS-COV-2 virus proteins
Protein Alias Motif Start End

S A LQELGKYEQYIKWPWYIWL 1200 1218

E A PSFYVYSRVKNLNSSRVPDLL 54 74

M A GASQRVAGDSGFAAYSRYRIGNYKLNTDHSSSSDNIALLVQ 182 222

N A TDYKHWPQ 296 303

ORF3a A FMRIFT 4 9

B YFLQSINFVRIIMRLWLCWKCRSKNPLLYDANYFLCWHTNCYD

YCIP

113 159

ORF6 A MFHLVDFQVTIAEILLIIMRTFKVSIWNLDYIINLIIKNLSKSLTEN

KYSQLDEEQPMEI

1 60

ORF7a A LYHYQECVRGTTVLLKEPCSSGTYEGNSPFHPLADNKFALTCFS

TQFAFA

17 66

ORF7b A MIELSLIDFYLCFLAFLLFLVLIMLIIFWFSLELQDHNETCHA 1 43

ORF8 A QECSLQSCTQHQPYVVDDPCPIHFYSKWYIRVGARKSAP 18 56

ORF10 A MGYINVFAFPFTIYSLLLCRMNSRNYIAQ 1 29

nsp2 A CREHEHEIAWYTERSEKSYELQ 51 72

nsp4 A PFWITIAYIICISTKHFYWFFSN 374 396

nsp10 A CRCHIDHPN 77 85

3C-like A SFCYMHHME 158 166

exonuclease A CCLCDRRATCFSTASDTYACWHHSIGF 207 233
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Table 6. MACPF auxiliary domains of SARS-COV-2 virus proteins
Protein Domain Motif Start End

S TSP type-1 KWPWYIW 1211 1217

EGF-like CCMTSCCSCLKGC 1235 1247

C2 WMESEFRVY 152 160

IDRLITGRLQSLQTYVTQQLIRAAEIRASANLAATKMSECV 993 1033

KWPWYIWLG 1211 1219

M C2 WITGGIAIAMACLVGLMWLSYFIASFRLFARTRSMWSFNP

ETNI

75 118

N C2 ARSKQRRPQGLPNNTASWFTALTQHGKEDLKFPRGQGVP

INTNSSPDD

35 82

TDYKHW 296 301

ORF3a EGF-like CWHTNCYDYC 148 157

C2 NFVRIIMRLWLCWKCRSKNPLLYDANYFLCWHTNCYDY

CIPY

119 160

ORF6 EGF-like MFHLVDFQVTIAEILLIIMRTFKVSIWNLDYIINLIIKNLSKS

LTENKY

1 49

C2 MFHLVDFQVTIAEILLIIMRTFKVSIWNLDYIINLII 1 37

ORF7a C2 LIVAAIVFITLCFTLKRKTE 102 121

ORF7b EGF-like QDHNETCH 35 42

FIMAC QDHNET 35 40

C2 IELSLIDFYLCFLAFLLFLVLIMLIIFWFSLELQDHNETCHA 2 43

ORF8 TSP type-1 QHQPYVVDDPCPIHFYSKW 27 45

EGF-like QHQPYVVDDPCPIHFYSKWYIRVGARKSAPLIELCVDEA 27 65

C2 HQECSLQSCTQHQPYVVDDPCPIHFYSKWYIR 17 48

ORF10 EGF-like LCRMNSRNYI 18 27

C2 MGYINVFAFPFTIYSLLLCRMNSRNYIAQVDVVNFN 1 36

nsp4 C2 HIQWMVM 362 368
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Table 7. The motifs of the Thiol-activated cytolysin domain of SARS-COV-2 virus proteins
Protein Motif Start End

S WPWYIW 1212 1217

E LTALRLCAYCCNI 34 46

N YYRRATRRIRGGDGKMKDLSPRWYFYY 86 112

ORF3a RIIMRLWLCWKCRSKNPLLYDANYFLCWHTNCYDYCIPY 122 160

ORF6 YSQLDEEQPM 49 58

ORF7a QECVRG 21 26

ORF7b DFYLCFLAFLLFLVLIMLIIFWFSLELQDHNETCH 8 42

ORF8 AAFHQECSLQSCTQHQPYVVDDPCPIHFYSKWYIRVGARKSAPLIELCVD

EAGSKSP

14 70

ORF10 MKFLVFLGIITTVAA 1 15

nsp3 WLMWLIINLVQMAP 1545 1558
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Table 8. The 4.1m domain of SARS-COV-2 virus proteins
Protein Alias Motif Start End

S A YYHKNNKSWMESE 144 156

B RVDFCGKGYHLM 1039 1050

C YEQYIKWPWYIW 1206 1217

D IVMVTIMLCCMTSCC 1227 1241

N A MKDLSPRWYFYYL 101 113

B NFGDQELIRQGTDYKHWP 285 302

C FFGMSRIGMEVTPSGTWLTY 314 333

ORF3a A MRLWLCWKCRSKN 125 137

ORF7a A HYQECVRG 19 26

ORF7b A MLIIFWFSLELQDHNETCH 24 42

RdRP A RYFKYWDQTYHPNC 285 298
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Table 9. Band_3_cyto domain of SARS-COV-2 virus proteins
Protein Motif Start End

E CAYCCN 40 45
ORF3a YDANYFLCWHTNCYDY 141 156
ORF7a TCELYHYQECVR 14 25
ORF7b QDHNETCHA 35 43
ORF8 FHQECSLQSCTQHQPYVVDDPCPIHFYSKWYIRVGAR 16 52
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Table 10. Autotransporter domain of SARS-COV-2 virus proteins
Domain Alias Motif Start End

S A MFVFLVLLPLVSSQCVNLTTRTQLPPAYTNSFTRGVYYPDKVFRSSVLHSTQDLFLPFFSNVTWFHAI

HVSGTNGTKRFDNP

1 82

B LIVNNATNVVIKVCEFQFCNDPFLGVYYHKNNKSWMESEFRVYSSANNCTFEYVSQPFLMDLEGKQ

GNFKNLREFVFKNIDGYFKIYSKHTPINLVRDLPQGFSALEPLVDLPIGINITR

118 237

C PRTFLLKYNENGTITDAVDCALDPLSETKCTLKSFTVEKGIYQTSNFRVQPTESIVRFPNITNLCPFGEV

FNATRFASVYAWNRKRISNCVADYSVLYNSASFSTFKC

272 379

D KLPDDFTGCVIAWNSNNLDSKVGGNYNYLYRLFRKSNLKPFERDISTEIYQAGSTPCNGVEGFNCYF

PLQSYGFQPTNGVGYQPYRVVVLSFELLHAPATVCGPKKSTNLVKNKC

424 538

E YQDVNCTEVPVAIHADQLTPTWRVY 612 636

F FQTRAGCLIGAEHVNNSYECDIPIGAGICASYQTQTNSPRRARSVASQSIIAYTMS 643 698

G EILPVSMTKTSVDCTMYICGDSTECSNLLLQYGSFCTQLNRALTGIAVEQDKNTQEVFAQVKQIYKTP

PIKDFGGFNFSQILPDPSKPSKRSFIEDLLFNKVTLADAGFIKQYGDCLGDIAAR

725 847

H LQIPFAMQMAYRFNGIGVTQNVLYENQKLIANQFNSAIGKIQD 894 936

I RLDKVEAEVQIDRLITGRLQSLQTYVTQQLIRAAEIRASANLAATKMSECVLGQSKRVDFCGKGYHL

MSFPQSAPHGVVFLHVTYVPAQEKNFTTAPAICHDGKAHFPREGVFVSNGTHWFVTQRNFYEPQIIT

TDNTFVSGNCDV

983 1128

J IVNNTVYDPLQPELDSFKEELDKYFKNHTSPDVDLGDISGINASVVNIQKEIDRLNEVAKNLNESLIDL

QELGKYEQYIKWPWYIWLGFIAGLIAIVMVTIMLCCMTSCCSCLKGCCSCGSCCKFDEDDSEPVLKG

VKLHY

1132 1272

N A QRNAPRITFGGPSDSTGSNQNGERSGARSKQRRPQGLPNNTASWFTALTQHGKEDLKFPRGQGVPIN

TNSSPDDQIGYYRRATRRIRGGDGKMKDLSPRWYFYYLGTGPEAGLPYGANKDGIIWVATEGALNT

PKDHIGTRNPANNAAIVLQLPQGTTLPKGF

9 171

B SPARMAGNGGDAALALLLLDRLNQLESKMSGKGQQQQGQTVTKKSAAEASKKPRQKRTATKAYN

VTQAFGRRGPEQTQGNFGDQELIRQGTDYKHWPQIAQFAPSASAFFGMSRIGMEVTPSGTWLTYTG

AIKLDDKDPNFKDQVILLNKHIDAYKTFPPTEPKKDKKKKADETQALPQRQKKQQTVTLLPAADLD

DFSKQLQQSMSSADSTQ

206 418

M A MADSNGTITVEELKKLLEQWNLVIGFLFLTWICLLQFAYANRNRFLYIIKLIFLWLLWPVTLACFVLA

AVYRINWITGGIAIAMACLVGLMWLSYFIASFRLFARTRSMWSFNPETNILLNVPLHGTILTRPLLESE

LVIGAVILRGHLRIAGHHLGRCDIKDLPKEITVATSRTLSYYKLGASQRVAGDSGFAAYSRYRIGNYK

LNTDHSSSSDNIALLVQ

1 222

E A MYSFVSEETGTLIVNSVLLFLAFVVFLLVTLAILTALRLCAYCCNIVNVSLVKPSFYVYSRVKNLNSSR

VPDLLV

1 75

ORF3a A MDLFMRIFTIGTVTLKQGEIKDATPSDFVRATATIPIQASLPFGWLIVGVALLAVFQSASKIITLKKRW

QLALSKGVHFVCNLLLLFVTVYSHLLLVAAGLEAPFLYLYALVYFLQSINFVRIIMRLWLCWKCRSK

NPLLYDANYFLCWHTNCYDYCIPYNSVTSSIVITSGDGTTSPISEHDYQIGGYTEKWESGVKDCVVLH

SYFTSDYYQLYSTQLSTDTGVEHVTFFIYNKIVDEPEEHVQIHTIDGSSGVVNPVMEPIYDEPTTTTSV

PL

1 275

ORF6 A MFHLVDFQVTIAEILLIIMRTFKVSIWNLDYIINLIIKNLSKSLTENKYSQLDEEQPMEID 1 61

ORF7a A MKIILFLALITLATCELYHYQECVRGTTVLLKEPCSSGTYEGNSPFHPLADNKFALTCFSTQFAFACPD

GVKHVYQLRARSVSPKLFIRQEEVQELYSPIFLIVAAIVFITLCFTLKRKTE

1 121

ORF7b A MIELSLIDFYLCFLAFLLFLVLIMLIIFWFSLELQDHNETCHA 1 43

ORF8 A MKFLVFLGIITTVAAFHQECSLQSCTQHQPYVVDDPCPIHFYSKWYIRVGARKSAPLIELCVDEAGSK 1 121



34

SPIQYIDIGNYTVSCLPFTINCQEPKLGSLVVRCSFYEDFLEYHDVRVVLDFI

ORF10 A MGYINVFAFPFTIYSLLLCRMNSRNYIAQVDVVNFNLT 1 38

nsp2 A LDFIDTKRGVYCCREHEHEIAWYTER 39 64

B ECNQMCLSTLMKCDHCGETSW 131 151

C CHNKCAYWVPRAS 236 248

nsp3 A EEEGDCEEEEFEPSTQYEYGTEDDYQGKPLE 113 143

B WLIINLVQMAPISAMVRMYIFFASFYYVW 1548 1576

C HNWNCVNC 1630 1637

nsp4 A HIQWMVMFTP 362 371

nsp6 A YFNMVYMPASWVMRIMTWLDM 80 100

RdRP A DMVPHISRQRLTKYTM 109 124

B WHNMLKTVYSDVENPHLMGWDYPKCDRAMPNMLRIM 598 633

C EFYAYLRKHFSMMI 744 757

3'-to-5'

exonuclease

A RHVRAW 81 86

B DRRATCFSTASDTYACWHHSIGFDYVYNPFMIDVQQWGFTGNLQSNHDLYCQVHGNAH 211 268

C ATHSDKFTDGVCLFWNCNVDRYP 371 393

endoRNAse A PRSQMEI 205 211

2'-O-ribose

methyltransf

erase

A EHSWNADLYKLMGHFAWWT 173 191

B YVMHANYIFWRNTNPIQLSSYS 222 243
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Figure 1. Schematic diagram of the TryThrA_C, C1q, MACPF, and 4.1m domains of
SARS-COV-2 S protein (PDBID: 6xlu). 6xlu is a trimer and has only the extracellular region of
the virus. TryThrA_C A-C is in the extracellular region of the virus. TryThrA_C D is across the
viral membrane and intracellular. It only marks the domain of one monomer, and the domains of
other monomers are the same.
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Figure 2. Schematic diagram of the binding region of the Plasmodium antigen and
erythrocyte membrane protein (ORF3a protein, PDBID: 6xdc). A. Plasmodium antigen
distribution area of ORF3a protein. B. The distribution area where the hemolysin of ORF3a
protein binds to the red blood cell membrane protein. It only marks the domain of one monomer,
and the domains of other monomers are the same.


