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1.1 Introduction: 

SARS-CoV-2 is the causative agent of current pandemic coronavirus disease-2019 (COVID-

19). Four genera of coronaviruses (CoVs) are identified, namely, Alphacoronavirus (αCoV), 

Betacoronavirus (βCoV), Deltacoronavirus (δCoV), and Gammacoronavirus (γCoV) [1]. More 

than a million people have been infected with SARS-COV-2 across the world. COVID-19 

causes an ongoing outbreak of lower respiratory tract disease, which leads to loss of immunity 

and even death in weak immunity persons. SARS-CoV-2 appears to be efficient for binding to 

the ACE2 receptor of human. SARS-CoV-2 S protein is a homotrimeric glycoprotein. 

Receptor-binding Domain (RBD) binds the PD of the human ACE2 receptor protein with 

higher affinity than the SARS-CoV S protein. ACE2 is a cell surface membrane protein 

expressed in human alveolar epithelial cells, enabling SARS-CoV-2 infection [2]. ACE2 

domains contain a signal peptide, a transmembrane domain, and an intracellular domain [3, 4]. 

ACE2 is expressed in various tissues, which include the myocardium, upper and lower 

respiratory tract, and gastrointestinal mucosa.  

 

Fig 1.1 Schematic representation of structure of SARS-CoV-2 
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Fig 1.2 Schematics representation of Spike protein sub-units S1 and S2. S1 is surface exposed, 

which contains a receptor-binding domain (RBD) that binds to the host cell ACE2 receptor, 

causing pathogenicity. S2 is a transmembrane domain that contains fusion peptides and is 

involved in fusion machinery: S1 and S2 junction separated by fusion peptide with a protease 

cleavage site. 

 

Fig 1.3 Schematics representation of Spike protein (Homotrimeric glycoprotein) binding to the 

ACE2 receptor. In the presence of the TMPRSS2 a cell protease, it initiates the membrane 

fusion directly at the cell surface, a part from this, the virion is directly engulfed by endocytosis 

and fusion occurs in the endosome where cathepsin L or cathepsin B cleave spike. 
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Coronaviruses possess the largest genomes (30kb) among all known RNA viruses, with 32% 

to 43% G+C contents. Major structural proteins of genes in all coronaviruses occur in the 5’-

3’ order as spike (S), envelope (E), membrane (M), and nucleocapsid (N). SARS-CoV-2 is a 

spherical or pleomorphic enveloped particle with single-stranded (positive sense) RNA 

associated with a nucleoprotein in a capsid comprised of matrix protein. The S-protein is 1273 

amino acids in length and plays a crucial role in viral entry and pathogenesis. It consists of 2 

subunits: S1 and S2. The S1 subunit binds to the ACE2 receptor on the host cell through RBD, 

whereas the S2 subunit is membrane-anchored and involved in the fusion machinery. SARS-

CoV-2 RBD is 223 amino acids and is located in the S1 subunit of S protein between 331-524 

residues. It was reported that the S protein might be activated by cleavage in the basic arginine-

rich region between S1 and S2 by furin to facilitate membrane fusion of the virus and unable 

cell-cell transmission of the virus [5, 6]. Furin is abundantly present in the respiratory tract, 

and may be involved in cleaving the S protein during leaving the lung epithelial cells, thereby 

successfully infecting other cells. During infection, the extracellular PD of ACE2 binds to the 

S-protein's RBD and is a surface protein on SARS-CoV-2 [7]. The replication of this virus 

happens in the epithelial cells of the respiratory tract with cellular necrosis in the stage of early 

infection, which later leads to eventual pulmonary tissue repair due to an inflammatory 

response with viral clearance and focal consolidation in pulmonary tissue [8, 9].  

The SARS-CoV-2 genome consists of 10 to 12 open reading frames (ORFs). The envelope 

bears club-shaped glycoprotein projections. Its replication is mediated by RNA-dependent 

RNA polymerase (RdRp), which has nonstructural proteins (nsps) for transcription and 

replication through multisubunit [10]. The 30Kb long SARS-CoV-2 genome contains a hefty 

21Kb portion attributing to non-structural proteins (NSPs) that cater to viral replication and 

translation. NSP 12, or RNA-dependent RNA polymerase (RdRp), is the key player, and Nsp8 

and Nsp10 regulate RdRp. Mutations in RdRp occur prior to S-protein, and differential RdRp 
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mutations were associated with geographical locations, suggesting a possible role of RdRP in 

virus evolution [11]. It contains (nsp12) as a catalytic subunit among nsp7, nsp8, and the 

complex of nsp12-nsp7-nsp8 [12, 13]. Among all ORFs, 67% of the entire genome represented 

by ORF1ab with 15 or 16 nsps. Non-structural proteins (nsps) are encoded by ORF1ab, 

ORF1ab are involved in viral processing and replication. Meanwhile, viral structural proteins 

are encoded by remaining ORFs (S, E, M, and N). Viral envelopes are formed by the M and E 

proteins, while the helical ribonucleocapsid complex with positive-strand viral genomic RNA 

by formed N protein and during the assembly of virions interacts with viral membrane protein.  

The exclusive proof-reading capacity of SARS-CoV-2 is promoted by the NSPs coded by 

ORF1ab. A replication and transcription complex (RTC) is a multiprotein NSP complex 

comprising NSP 7, NSP-8, NSP 12, NSP 13.1, and 13.2(RTC). Transcription is initiated on 

genomic RNA template for synthesis of a sub-genomic anti-sense strand of RNA by a complex 

of NSP7, NSP8, NSP12, NSP13.1 (backtracking complex; BTC), which serves an mRNA and 

full-length genomic RNA. Replication of genomic RNA is promoted by RTC, while a complex 

of NSP14 and NSP 10 (PRC) provide a proof-reading activity that corrects the replication 

errors, while a complex of NSP 13, 14, 16, and 10 perform capping of RNA at the final step 

[14]. Since the template anti-sense strand synthesis takes place in the presence of BTC, it is 

unknown if this complex has proofreading activity. Furthermore, RTC not in association with 

vesicles was reported to exhibit poor proofreading activity [15]. It is not clear if BTC or PRC 

devoid of non-vascular RTC introduces errors during the synthesis of sub-genomic and 

genomic RNA. 
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Fig 1.4 Schematic representation of the Life cycle of the SARS-CoV-2 genomic RNA 

(gRNA) (Nature Reviews Microbiology (Nat Rev Microbiol) ISSN 1740-

1534 (online) ISSN 1740-1526 (print)) 
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1.2 SARS-CoV 2 and Pregnancy: 

The interaction between SARS-CoV-2 and pregnancy has been an area of significant research 

and concern since the onset of the pandemic. Pregnant women are more likely to be susceptible 

to SARS-CoV-2 infection than non-pregnant women [16]. However, pregnancy can lead to 

changes in the immune system and physiology that might affect the severity and outcome of 

the infection. Most pregnant women who contract COVID-19 experience mild to moderate 

symptoms similar to non-pregnant women. However, a small proportion may develop severe 

illness requiring hospitalization, intensive care, or mechanical ventilation. Advanced maternal 

age, obesity, preeclampsia, preterm birth, stillbirth, and pre-existing medical conditions (such 

as diabetes or hypertension) are known risk factors for severe COVID-19 in pregnant 

women [16]. While studies for vertical transmission (transmission of SARS-CoV-2 from 

mother to fetus during pregnancy) are possible, they are relatively rare. The majority of the 

studies showed that third-trimester pregnant women were more prone to severe infection 

compared to first and second trimesters [17, 18]. Studies have shown that SARS-CoV-2 can 

infect placental cells, although the implications of this infection for pregnancy outcomes are 

still being studied. In some cases, placental inflammation and injury have been observed, which 

could potentially affect fetal development. Few neonates born to mothers with COVID-19 

infection were asymptomatic, and those symptomatic were admitted to the neonatal intensive 

care unit (NICU). Virus-specific antibodies such as IgM, IgG, and cytokines (Il-6, IL-10) levels 

were elevated in neonate blood sera samples born to mothers infected with COVID-19 [19]. 

IgM antibodies do not generally pass through the placenta to the fetus [20]. SARS-COV 2 

infection reports in neonates are still unclear, and there is no direct evidence of SARS-CoV 2 

infection occurrence during the delivery process (vaginal delivery or cesarean) or after birth, 

as there are no positive reports of RT-PCR of the umbilical cord blood, amniotic fluid, breast 

milk, placenta, or vaginal secretions. 
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1.3 Early pregnancy associated protein-1 and its role: 

The expression of Epap-1, a 90 kDa anti-HIV-1 active glycoprotein, in the first trimester 

placental tissue suggests that it is one of the major innate immune factors/proteins protecting 

the fetus from HIV infections [21].  Epap-1 can be a very efficient natural protection 

mechanism against cell-free and cell-associated viral infections during early pregnancy. Its role 

in interaction with other viral proteins and viruses is not understood.  

1.4. The placenta acts as an Anti-viral barrier: 

During the development process of the fetus, the placenta supplies continuous nutrients. This 

requires a continuous supply of maternal blood to transport the surface to the multinucleate 

syncytiotrophoblast layer [22]. The trophoblast layer acts as a major barrier between Hofbauer 

cells and maternal fluids. Several reasons make recognizing the cellular mechanisms 

controlling transplacental viral transmission essential. 

Fetal Health Protection: The placenta separates the mother and fetal circulations. One of the 

major functions of the placenta is to act as a barrier, keeping dangerous substances from 

entering the developing fetus, like viruses. 

Transmission: Viruses can reach the fetus either by crossing the placenta directly (vertical 

transmission) or by infecting the mother, resulting in systemic effects that indirectly impact on 

the placenta and fetus. 

Cellular Barriers: Cell barriers against viral entry are created by specialized cells in the 

placenta, such as syncytiotrophoblasts, cytotrophoblasts, and Hofbauer cells. Knowing the best 

is crucial for understanding how such cells eliminate, or indeed permit, the transmission of the 

virus. 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/glycoprotein
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/first-trimester-pregnancy
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Immune Responses: Placenta also possesses immune responses of its own in order to defend 

against infections. For example, the production of antiviral proteins and cytokines and the 

detection of viral threats due to innate immune responses. 

Infections: Viral infections during pregnancy can have severe outcomes such as miscarriage, 

preterm birth, congenital anomalies, and developmental neurological disability. Further, it is 

important to know how viruses escape or are kept at bay by placental defenses to manage these 

risks. 

Public Health Implications: Knowledge from studies of placental viral transmission will be 

critical for public health efforts to prevent and treat infections in pregnancy. 

This research area involves studying of viral-host interactions, placental structure-function 

relationships, immunological responses, and the impact of infections on placental function. 

Understanding these mechanisms would enhance our knowledge of pregnancy biology and 

contribute to the development of therapies and preventive measures to protect maternal and 

fetal health. 
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1.5 Rationale of the Study: 

During pregnancy, women express an ambit of innate immune factors in circulation to protect 

the fetus against pathogens [23]. Most of the SARS-CoV-2 infected pregnant women showed 

asymptomatic (64.71%) [24, 25] when compared to pregnant women who were symptomatic 

(35.29%). There is a very low frequency of virus transmission to a fetus when the mother is 

infected in the second trimester [26]. While there is a report that when a mother is infected in 

the third trimester, transmission may occur [27, 28], this could be due to the thinning of 

vascular endothelial cell layers during the third trimester [29]. Further, vascular endothelial 

cells were reported to express ACE2 [30] and harbor SARS-CoV-2 infection [31, 32]. Epap-1, 

a 90 kDa protein, is one of the innate immune factors involved in neutralizing viruses, 

specifically HIV [21]. If Epap-1 shows interaction with Spike protein activity, it may form a 

potential anti-viral factor modulating both HIV-1 and SARS-CoV-2. Further, an evaluation of 

the action of small molecular mimics of Epap-1 protein and novel small molecules will throw 

light on the potential molecular interactions associated with RBD interaction in interfering with 

ACE2 binding.  

The following objectives were framed based on the above rationale: 

1) An analysis of effect of Epap-1 on the SARS Cov-2 Spike protein and ACE2 interaction 

and virus entry.  

2) Evaluation of efficacy of small molecule mimics of Epap-1 on SARS-Cov-2 RBD 

protein and ACE2 interaction and virus entry. 

3) Development of novel dicumarol inhibitors of viral entry through RBD interaction. 
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2.1 Materials: 

2.1.1 Antibodies: 

 S2 Monoclonal Antibody (Invitrogen - 1A9) 

 SARS-CoV-2 Spike Protein (RBD) Antibody (MA5-38033) 

 Anti-ACE2 antibody (Sigma Aldrich - SAB3500346) 

 Alexa flora 594 (Rabbit and mouse) 

 Secondary antibodies Goat anti-mouse HRP and Goat Anti-rabbit HRP were used. 

 Hoescht 33342 (Catalog number: H3570) 

2.1.2 Molecular Biology Materials: 

 Sambucus nigra Agarose lectin was procured from Labmate 

 0.22 μm and 0.45 μm syringe filters, Polyvinylidene Flouride (PVDF) membrane 

(PALL Life Scientific, USA and Sartorius, Germany). 

 Nitrocellulose Membrane from PALL Life Sciences, USA. 

 SuperSignal chemiluminescent substrate (Pierce, Rockford, IL) 

 Protein A agarose beads (B. Genei). 

 PCR Master mix from Thermo Fischer manufacturers 

 HIV-1 p24 Antigen Capture Assay was performed with an ABL (Advanced Bioscience 

Laboratories) ELISA kit purchased from Kensington, MD, USA. 

 TMB substrate 

2.1.3 Biochemicals & Cell Culture Materials: 

 DMEM –high glucose and MEM was purchased from Gibco Thermo Fischer  

 Trypsin in Dulbecco’s Phosphate Buffered Saline w/o Phenol red (TCL006) 

 Lipofectamine3000 (Thermo fisher Catalog number: L3000001) 
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 Cell culture dishes, bottles, plates, and flasks were procured from Tarson and Corning. 

2.1.4 Instruments: Vortexer, Centrifuge (REMI C30BL and Hermle Z36HK), UV & visible 

spectrophotometer (Jasco v550), ELISA reader (Teccan), Ultrasonic homogenizer or sonicator, 

(300V/T, Biologics Inc., Manassas, Virginia, USA), Confocal microscope (Carl Zeiss), Gel 

electrophoresis apparatus (Medoxbiotech), SDS-PAGE running and transfer unit (Biorad). 

2.1.5 Software Tools: Graphpad Prism 9.0, Sigma Plot v11.0, Image lab, Zen 3.0. 

2.1.6 Cell types: 

 BHK-21 was obtained from NCCS PUNE, INDIA. 

 HEK293T 

2.2 Methodology  

2.2.1 Cell line: 

The cell lines BHK-21 and HEK293T were cultured in MEM and DEMEM, respectively, in 

the presence of 0.01% FBS in an incubator with 5% CO2, 37oC. 

2.2.2 Modelling studies:  

The 3D structure of the S-protein of Wuhan, delta, and omicron was retrieved from RCSB PDB 

(https://www.rcsb.org/) of PDB ID: 6VXX, 7W9E, 7WK2. The resolution of the S-protein of 

Wuhan was 2.80A, and Delta, Omicron was 3.10A. The 3D structure of ACE2 was retrieved 

from RCS PDB of PDB ID 1R42. The resolution of the structure was 2.20A. The structure of 

Epap-1 was modeled using MODELLER software and refined using GROMACS software for 

100ns. The docking of Epap-1 with S-protein of Wuhan, delta, and omicron was carried out 

using HADDOCK. The active region selected for S-protein is from 331-526, and for Epap-1 is 

from 1-50, 321-360, and 521-560 in the input parameters. All the docking parameters, such as 

distance restraints, sampling parameters, clustering parameters, dihedral and hydrogen bond 
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restraints, restraint energy constant, scoring parameters, energy and interaction parameters, 

solvated docking parameters, and analysis parameters, were set as default. The complex of 

Epap-1 with the S-protein of Wuhan, delta, and omicron was subjected to molecular dynamics 

simulation through GROMACS software using CHARMM36 forcefield. To carry out the 

simulation, a cubic box was built using the SPC/E water model, and the complexes were placed 

in the center of the box. Negatively charged chlorine ions replaced seven water molecules to 

neutralize the system. The systems were minimized using the steepest descent minimization 

algorithm for 50000 steps. The systems were equilibrated at constant pressure, volume, and 

temperature. The simulation of the systems was processed for 100ns. 

The simulated structure of Epap-1 and S-protein of Wuhan, delta, and omicron complexes were 

docked with ACE2 receptors using the ClusPro server (https://cluspro.bu.edu/). The complexes 

were refined through GROMACS software using CHARMM36 forcefield for 100ns. Epap-1, 

ACE2, and S-protein interaction of Wuhan, delta, and omicron was visualized using pymol and 

ligplot software. 

For validation, amino acid arginine at position 453 was substituted to alanine in Wuhan S-

protein and docked with Epap-1. Likewise, Amino acid lysine and proline at position 449, 548 

was substituted to alanine and docked with Epap-1. Similarly, asparagine, arginine, and 

glutamine at positions 345, 440, and 549 were substituted to alanine for Delta S-protein, and 

arginine, serine, and glutamic acid at positions 328, 340, and 452 were substituted to alanine 

for Omicron S-protein, then docked with Epap-1 using Cluspro server. The interaction of Epap-

1 complexed with the S-protein of mutated S-protein of Wuhan, Delta, and Omicron was 

visualized and analyzed using pymol and Discovery Studio software [33]. 
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2.2.3 Purification of Epap-1 from first trimester placental tissue:  

Epap-1 was purified from first-trimester placental tissue following procedure of Kondapi et al. 

(2002). The placental tissue was washed and homogenised 1xPBS and fractionated with 

ammonium sulfate at 0-80% saturation. The pellet was discarded and proteins present in the 

supernatant were refractionated with 80% saturation of ammonium sulfate. 60-80% 

fractionated proteins were dissolved in the minimum volume of 1xPBS and dialyzed 

extensively against 1xPBS of pH 7.3 overnight at 4℃. The dialyzed fraction was used for 

further purification and binding studies. The dialysate was centrifuged at 8000x g/10,000rpm 

for 10 min at 4℃. The proteins in the supernatant were estimated using the Bradford 

colorimetric method (Bradford, 1976). 10mg of total protein from 60-80% ammonium sulfate 

precipitated fraction was loaded onto 5ml immobilized Sambucus nigra agglutinin lectin-

agarose (Broekaetet. al. 1984) affinity column. Collected the flow-through and washed the 

column with 50-bed volumes of 1xPBS until OD 280 of the flow-through reached below 0.01. 

The protein was eluted with 1xPBS, pH 7.3, containing 50mM D (+) galactose in 1 ml fractions. 

The eluted protein was dialyzed extensively and analyzed immediately using 10% SDS-PAGE, 

followed by silver staining. A high molecular weight protein standard marker was used [33]. 

2.2.4 Silver staining: 

After electrophoresis, 10% SDS-PAGE gel was fixed in a fixing reagent (50% Methanol, 12% 

Glacial Acetic acid, 100µl HCOH) for 1 hour. After 1 hr, the gel was washed twice with 20% 

methanol for each 20 sec. The gel was pre-treated with 0.02% Na2S2O3 for 1-2 mins; after that, 

the gel was rinsed with double distilled water thrice each 20 sec. The gel was impregnated in 

200mg AgNO3 and 100µl HCOH for 30 mins. The gel was again rinsed with double distilled 

water thrice each 20 sec. A developing solution (3% Na2CO3 with 100µl HCOH) was added to 
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the gel and incubated until it developed. Once developed, a Stop solution containing 5% acetic 

acid was added to the gel. The gel was preserved in double distilled water [33]. 

2.2.5 Cloning of Spike and RBD proteins: 

Spike and RBD protein from SARS Cov-2 was amplified using specific primers based on the 

nucleotide sequences from the Gen Bank (accession number MT415320, MT415321, 

MT415322, MT415323, MT457402, MT457403, MT477885) and cloned into a pEGFP-C1 

vector for cell line expression. RBD protein cloned into pET23d+ vector for bacterial 

expression.  

Table 1: Primer Sequences of Spike and RBD 

S.No Oligo Name Sequence 5’-3’ Primer size(bp) 

1 Spike prtn_F ATGTTTGTTTTTCTTGTTTTATTGC 25 bp 

2 Spike prtn_R TTATGTGTAATGTAATTTGACTCCT 25 bp 

3 RBD_F AGAGTCCAACCAACAGAATCTATTG 25 bp 

4 RBD_R TTGACACATTTGTTTTTAACCAA 25 bp 

 

Table 1: The above table shows the primers used for PCR experiments. 

2.2.6 Expression of Spike and RBD in cell lines: 

HEK293T cells 105 were suspended in DMEM supplemented with 10% FBS and were seeded 

in a 35mm dish. The cells were incubated for 24 hrs at 37°C in a 5% CO 2 incubator to reach 

70% confluency. After incubation, the cells were transfected with the standard protocol of 

lipofectamine3000 (Thermo Fisher Catalog number: L3000001). After 6 hours of 

Transfection, complete media was added to the cells. Cell lysate was collected at 48 hrs and 72 

hrs [33]. 
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2.2.7 Western Blotting: 

The cell lysate was suspended in RIPA buffer (25 mM Tris-HCl, pH 7.6, 150 mM NaCl, 1% 

NP-40, 1% Sodium deoxycholate, 0.1% SDS). Total protein (20 μg) was resolved on 8% SDS-

PAGE. The samples were processed as per standard protocol. Electrophoresis was carried with 

1X Running buffer [0.025 M Tris HCl, 192 mM Glycine, and 1% SDS (pH 8.3)] electrode 

running at 120 V. After electrophoresis, the PVDF membrane was placed on the gel for the 

protein transfer by Towbin et al. method [34]. Initially, PVDF membranes were equilibrated in 

100% Methanol for 10 mins. The gel and PVDF membrane were placed in a transfer unit with 

buffer containing (0.025 M Tris HCl, 192 mM Glycine, and 20% methanol) for overnight 

transfer at 35 V under 4ºC. The next day, the blot is blocked with a blocking solution containing 

(5% Skim milk powder w/v) in 0.02 % Tween 20 (1xTBST) at RT for 2 h. Then, the blot was 

rinsed with 1xTBST (TBS containing 0.02 % Tween-20). Primary antibody of SARS-CoV-2 

Spike Protein S2 Monoclonal Antibody (Invitrogen- 1A9) and Primary antibody of SARS-

CoV-2 Spike Protein (RBD) Antibody (MA5-38033) incubated overnight at 4 ºC. The next 

day, the blot was washed twice in 1xTBST for 10 minutes, and a single wash in 1xTBS, and 

the blot was incubated with a secondary anti-mouse antibody conjugated to HRP (horseradish 

peroxidase) used for Spike protein and Anti-Rabbit secondary antibody was used for RBD 

protein detection for 2 h at room temperature. After incubation, the blot was washed again with 

1xTBST (twice) and 1xTBS (single). Substrate ECL from Thermo Scientific, USA used to 

develop the blots, and the chemiluminescence was developed in the chemidoc instrument (Bio-

Rad). 
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2.2.8 Immunofluorescence: 

HEK293T, 105 cells grown on coverslips and suspended in DMEM supplemented with 10% 

FBS were seeded in a 35mm dish. The cells were incubated for 24 hrs at 37°C in a 5% CO 2 

incubator to reach 70% confluency. After incubation, the cells were transfected with the 

standard protocol of lipofectamine3000 (Thermo Fisher Catalog number: L3000001). After 

24 hrs of Transfection, complete media was added to the cells. Cells were washed with 1x 

phosphate buffer saline (PBS). The cells were fixed in 4% paraformaldehyde and 

permeabilized in 0.1% Triton X-100 in 1x PBS for 15 min at room temperature. Then gently 

washed thrice with 1x PBS and cells were blocked with 3% BSA in 1xPBS for 2 h at room 

temperature. The cells were washed thrice with 1x PBS. The coverslips were mounted onto 

glass slides with 40% glycerol. Finally, the slides were viewed under a confocal microscope, 

and images were captured [33]. 

2.2.9 Expression and Purification of Receptor binding domain (RBD) in DHα and BL-21 

(DE3): 

RBD was cloned into pET23d (+) using SacI and NotI restriction sites to produce pET23d (+)-

RBD-HisX6. pET23d (+)-RBD-HisX6 was expressed in E.coli BL21 (DE3) cells. After 

transformation, the positive colony was inoculated into LB-broth with Ampicillin 12-16hr or 

overnight at 37°C, 180rpm. After 12-16hr, the primary culture is inoculated into secondary 

culture at 37°C, 180rpm, till it reaches OD600 value 0.4-0.6. After the culture reached the 

desired OD, 1mM IPTG was added to the secondary culture and further incubated for 4hr at 

28°C, 180rpm. The culture was centrifuged at 6,800 rpm, 4°C to pellet down and resuspended 

the pellet in lysis buffer (50 mM Tri-HCl, pH-8.0, 200 mM NaCl, 1 mM PMSF, Lysozyme 

(5µg/ml), 10% Glycerol). Sonication was done at 35% amplitude for 15mins with 10 On and 

10 Off pulse. After sonication, cell lysate was centrifuged at 10,000 rpm for 15 minutes at 4°C 
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to separate cell debris. The Supernatant was loaded onto the NTA-Ni2+ column previously 

equilibrated with equilibration solution 50 mM Tris–HCl, 200 mM NaCl, 10% glycerol, pH 

8.0. The flow-through was reloaded thrice, and the column was washed with a wash buffer 

containing 10 mM imidazole. RBD was eluted with an elution buffer containing 250 mM 

imidazole. The eluted protein was dialyzed thrice, initially with 50 mM Tris-HCl, 0.2 mM 

NaCl, 10%Glycerol, 1 mM PMSF, and twice followed by 1xPBS with 10%glycerol and 1 mM 

PMSF and quantified the protein using the Bradford method and stored at -80°C. 

2.2.10 Purification of IgG from Covid-19 Positive Blood sample using Proteinase A column 

affinity chromatography: 

Blood samples from COVID-19-positive patients were drawn carefully under medical 

practitioner guidelines from Gandhi Medical College and Hospital and centrifuged at 2,000 

rpm for 10 mins to separate serum and blood cells. The supernatant serum was collected and 

loaded on the protein A column affinity chromatography. The serum was incubated in protein 

A column overnight at 4°C. The next day, serum was passed through the column thrice, and 

Igg was eluted using 0.1M glycine. The purified Cov-2 IgG reactivity to Spike and RBD protein 

samples was analyzed using Western blotting using Human IgG (Gamma chain) Cross-

Adsorbed Secondary Antibody (62-8420) [33]. 

2.2.11 Analysis of the effect of Epap-1 interaction with S-protein/ RBD protein and ACE2 

interaction using ELISA: 

2.2.11. A. Analysis of Epap-1 interaction with S-protein: 

2.2.11. A1. HEK293T Cells were seeded in 96 well plates in triplicate at a density of 0.15 x 

105 cells per well in100μL of complete media. Cells were grown overnight at 37°c, with 5% 

CO2. The next day, cells were washed once with 1xPBS and fixed with 1% PFA for 15 mins. 

Cells were rinsed thrice with 1xPBS. Cells were incubated with Anti-ACE2 antibody overnight 
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at 4°c. The next day, cells were washed thrice with 1xPBS. Cells were incubated with an Anti-

Rabbit HRP secondary antibody for 1 hour at room temperature. Cells were rinsed thrice with 

1xPBS. 100μL of TMB was added to wells and incubated in the dark for 20 mins. 100μL of 

2N H2SO4 (Stop solution) was added to these wells, and readings were taken at 450nm. 

2.2.11. A2. HEK293T Cells were seeded and fixed as mentioned above. Cells were rinsed thrice 

with 1xPBS after fixing. Cells were incubated with only S-protein (100 µg), Spike-Epap1 

(Epap1- 50µg, 100µg) complex for 1 hour at 37°c. Cells were rinsed thrice with 1xPBS. Cells 

were incubated with Anti-ACE2 antibody overnight at 4°c. The next day, cells were washed 

thrice with 1xPBS. Cells were incubated with a secondary Anti-Rabbit HRP antibody for 1 

hour at room temperature. Cells were rinsed thrice with 1xPBS. 100μL of TMB was added to 

wells and incubated in the dark for 20 mins. 100μL of 2N H2SO4 (Stop solution) was added 

to these wells, and readings were taken at 450nm.  

2.2.11. A3. HEK293T Cells were seeded and fixed as mentioned above. Cells were rinsed thrice 

with 1xPBS after fixing. Cells were incubated with only S-protein (100 µg), Spike-Epap1 

(Epap1- 50µg, 100µg) complex for 1 hour at 37°c. Cells were rinsed thrice with 1xPBS. Cells 

were incubated with an Anti-Spike antibody overnight at 4°c. The next day, cells were washed 

thrice with 1xPBS. Cells were incubated with a secondary Anti-Mouse HRP antibody for 1 

hour at room temperature. Cells were rinsed thrice with 1xPBS. 100μL of TMB was added to 

wells and incubated in the dark for 20 mins. 100μL of 2N H2SO4 (Stop solution) was added 

to these wells, and readings were taken at 450nm.  

2.2.11. B. Analysis of Epap-1 interaction with RBD protein: 

2.2.11. B1. HEK Cells were seeded in 96 well plates in triplicates at a density of 1.5 x 106 cells 

per well in 100μL of complete media. Cells were grown overnight at 37°C, with 5% CO2. The 

next day, cells were washed once with 1xPBS and fixed with 1% PFA for 15 mins. Cells were 
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rinsed thrice with 1xPBS. Cells were incubated with only RBD-protein (100 µg), RBD-Epap1 

(Epap1- 50µg, 100µg) complex for 1 h at 37°c. Cells were rinsed thrice with 1xPBS. Cells 

were incubated with Anti-ACE2 antibody overnight at 4°c. The next day, cells were washed 

thrice with 1xPBS. Cells were incubated with a secondary Anti-Rabbit HRP antibody for 1 h 

at room temperature. Cells were rinsed thrice with 1xPBS. 100μL of TMB was added to wells 

and incubated in the dark for 20 mins. 100μL of 2N H2SO4 (Stop solution) was added to these 

wells. Absorbance was recorded at 450nm.  

2.2.11. B2. HEK293T Cells were seeded and fixed as mentioned above. Cells were rinsed thrice 

with 1xPBS after fixing. Cells were incubated with RBD-protein, RBD-Epap1 (Epap1- 50µg, 

100µg) complex for 1 h at 37°c. Cells were rinsed thrice with 1xPBS. Cells were incubated 

with Rabbit Anti-RBD antibody overnight at 4°c. The next day, cells were washed thrice with 

1xPBS. Cells were incubated with a secondary Anti-Rabbit HRP antibody for 1 h at room 

temperature. Cells were rinsed thrice with 1xPBS. 100μL of TMB was added to wells and 

incubated in the dark for 20 mins. 100μL of 2N H2SO4 (Stop solution) was added to these 

wells. Absorbance was recorded at 450nm [33].  

2.2.12. Analysis of the effect of Epap-1 interaction with S protein and ACE2 interaction 

using immunofluorescence: 

2.2.12.1. HEK293T 105 cells suspended in DMEM media supplemented with 10% FBS and 

seeded on coverslips in a 35mm dish. The cells were incubated at 37°C for 24 hrs in a 5% CO2 

incubator to reach 70% confluency. After incubation, the cells were fixed with 4% PFA for 20 

mins. Cells were rinsed thrice with 1xPBS. Spike- Epap1 complex incubated at 37°C for 1 

hour. In the negative control, cells were incubated with 1xPBS, whereas, in the positive control, 

cells were incubated with 100 μg Cov-2 IgG for 4 hours at 37°C. Cells were incubated with 

only Spike protein (100 µg) and Spike- Epap1 complex (50µg, 100 µg) for 4 hours at 37°C. 
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After 4 hours of incubation, the cells were gently washed thrice with 1x PBS. Cells were 

incubated with Anti-ACE2 antibody overnight at 4°c. The next day, cells were washed thrice 

with 1xPBS. Cells were incubated with a secondary Anti-Rabbit HRP antibody for 1 hour at 

room temperature.  Cells were washed thrice with 1xPBS.The coverslips were mounted onto 

glass slides with 50% glycerol. Finally, the slides were viewed under a confocal microscope, 

and images were captured.  

2.2.12.2. HEK293T 105 cells grown on coverslips and fixed as mentioned above. Cells were 

rinsed thrice with 1xPBS. Spike- Epap1 complex incubated at 37°C for 1 hour. In the negative 

control, cells were incubated with 1xPBS, whereas, in the positive control, cells were incubated 

with 100 μg Cov-2 IgG for 4 hours at 37°C. Cells were incubated with only Spike protein (100 

µg) and Spike- Epap1 complex (50µg, 100 µg) for 4 hours at 37°C. After 4 hours of incubation, 

the cells were gently washed thrice with 1x PBS. Cells were incubated with an Anti-Spike 

antibody overnight at 4°c. The next day, cells were washed thrice with 1xPBS. Cells were 

incubated with a secondary Anti-Mouse HRP antibody for 1 hour at room temperature. Cells 

were washed thrice with 1xPBS. The coverslips were mounted onto glass slides with 40% 

glycerol. Finally, the slides were viewed under a confocal microscope, and images were 

captured [33].  

2.2.13. Analysis of the effect of Epap-1 interaction with RBD protein and ACE2 interaction 

using immunofluorescence: 

2.2.13.1. HEK293T 105 cells suspended in DMEM media supplemented with 10% FBS and 

seeded on coverslips in a 35mm dish. The cells were incubated for 24 h at 37°C in a 5% CO 2 

incubator to reach 70% confluency. After incubation, the cells were fixed with 4% PFA for 20 

mins. Cells were rinsed thrice with 1xPBS. RBD- Epap1 complex incubated at 37°C for 1 h. 

In the negative control, cells were incubated with 1xPBS, whereas, in the positive control, cells 
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were incubated with 100 μg Cov-2 IgG for 4 hours at 37°C. Cells were incubated with only 

RBD protein (100 µg) and RBD- Epap1 complex (50µg, 100 µg) for 4 hours at 37°C. Cells 

were incubated with Rabbit Anti-ACE2 antibody overnight at 4°C. The next day, cells were 

washed thrice with 1xPBS. Cells were incubated with a secondary Anti-Rabbit HRP antibody 

for 1 h at room temperature. Cells were washed thrice with 1xPBS.The coverslips were 

mounted onto glass slides with 40% glycerol. Finally, the slides were viewed under a confocal 

microscope, and images were captured. 

2.2.13.2. HEK293T 105 cells grown on coverslips and fixed as mentioned above. Cells were 

rinsed thrice with 1xPBS. RBD- Epap1 complex incubated at 37°C for 1 h. In the negative 

control, cells were incubated with 1xPBS, whereas, in the positive control, cells were incubated 

with 100 μg Cov-2 IgG for 4 hours at 37°C. Cells were incubated with only RBD protein (100 

µg) and RBD- Epap1 complex (50µg, 100 µg) for 4 hours at 37°C. After 4 h of incubation, the 

cells were gently washed thrice with 1x PBS. Cells were incubated with Rabbit Anti-RBD 

antibody overnight at 4°c. The next day, cells were washed thrice with 1xPBS. Cells were 

incubated with a secondary Anti-Rabbit HRP antibody for 1 h at room temperature. Cells were 

washed thrice with 1xPBS. The coverslips were mounted onto glass slides with 40% glycerol. 

Finally, the slides were viewed under a confocal microscope, and images were captured [33].  

2.2.14. Antiviral assay: 

In a 12-well plate, HEK293T 105 cells suspended in DMEM supplemented with 10% FBS were 

seeded on coverslips. The cells were incubated for 24 h at 37°C in a 5% CO 2 incubator to 

reach 70% confluency. The cells were then infected with 100µl pseudovirus (HIV-1 strain Indie 

delEnv d2EFP S-protein/RBD protein) (100pg/ml each) of Spike or RBD expressing 

pseudovirus in the absence and presence of 50µg, 100µg Epap1, respectively. Cells were 

incubated at 37℃ in a humidified incubator with 5% CO2 for 6 h. After 6 h post-infection, 
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Cells were rinsed thrice with 1xPBS. The cells were fixed with 4% PFA for 20 mins. Cells 

were rinsed thrice with 1xPBS. The coverslips were mounted onto glass slides with 40% 

glycerol. Finally, the slides were viewed under a confocal microscope, and images were 

captured [33]. 

 2.2.15. Analysis of Proviral DNA with SK38 and SK39 Primers:  

HEK293T 105 cells were seeded in DMEM supplemented with 10% FBS in each well of a 12-

well plate. The cells were incubated for 24 h at 37°C in a 5% CO 2 incubator to reach 70% 

confluency. After incubation, the cells were then infected with 100µl pseudo virus of RBD 

alone, pseudovirus of RBD with each 50µg, 100µg  Epap1, and pseudovirus of Spike alone, 

with pseudovirus of Spike each 50µg, 100µg  Epap1 (100pg/ml each) respectively. Cells were 

incubated at 37℃ in a humidified incubator with 5% CO2 for 6 h. After 6 h post-infection, the 

plate was centrifuged for 10 mins at 1200 rpm, and the supernatant was safely discarded into 

Sodium hypochlorite solution. The cells were re-suspended in 1xPBS and pelleted at 1200 rpm 

for 5 mins. From the cell pellet, genomic DNA was isolated using a standard protocol of the 

phenol/chloroform method. DNA was used as the template for PCR.  The primer details are 

given in Table 2. The PCR was carried out in a thermal cycler with the following PCR 

conditions: 1 cycle, 95°C for 10 min; 35 cycles, 95°C for 1 min; 60°C for 30 sec, and 72°C for 

1 min; 1 cycle, 72°C for 7 min. The PCR products were separated on a 2% agarose gel stained 

with ethidium bromide at 100V, and the gel image was obtained using Chemidoc. [33] 
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Table 2: Primer Sequences of Proviral DNA 

S.No Oligo Name Sequence 5’-3’ Primer 

size(bp) 

Purpose of 

Primers 

1 Sk38_FP ATAATCCACCTATCCCAGTAGG

AGAAAT 

28 bp Proviral 

DNA 

synthesis  

2 Sk39_RP TTTGGTCCTTGTCTTATGTCCAG

AATGC 

28 bp Proviral 

DNA 

synthesis 

3 GAPDH_FP GTCGGAGTCAACGGATTTGGT 21 bp Standard 

Control 

4 GAPDH_RP CTTGACGGTGCCATGGAATTTGC 23 bp Standard 

Control 

 

Table 2: The above table shows the primers used for PCR experiments to analyze Proviral 

DNA. 

2.2.16. Analysis of Novel Small Molecules interaction with RBD using ELISA: 

In a 96-well plate, HEK293T Cells were seeded in triplicates at a density of 1.5 x 106 cells per 

well in 100μL of DMEM media and 10% FBS. Cells were grown O/N at 37°c, 5% CO2. The 

following day, cells were washed once with 1xPBS and fixed with 4% PFA for 15 mins. Cells 

were rinsed thrice with 1xPBS. Cells were incubated with RBD-protein, RBD-small molecules 

(100µM) complex for 1 h at 37°c. Cells were rinsed thrice with 1xPBS. Cells were incubated 

with Rabbit Anti-RBD antibody overnight at 4°c. The next day, cells were washed thrice with 

1xPBS. Cells were incubated with a secondary Anti-Rabbit HRP antibody for 1 h at room 

temperature. Cells were rinsed thrice with 1xPBS. 100μL of TMB was added to wells and 

incubated in the dark for 20 mins. 100μL of 2N H2SO4 (Stop solution) was added to these 

wells. Reading was taken at 450nm. 
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2.2.17. Analysis of Novel Small Molecules Interaction with RBD using Spectrofluorometer: 

Spectrafluoromteric analysis were performed using Jasco FP-8550 equipped with a 

thermostated cell holder connected to a circulating water bath set at 20 °C. The excitation and 

emission wavelength for RBD protein were set to 295 nm and 310–450 nm, respectively. The 

slits-width were set at 5nm each [35]. The RBD protein concentration used was 27.77 μM with 

different concentrations of small molecules. 

2.2.18. Antiviral Assay of RBD and Spike Pseudovirus with Small Molecules: 

 2.2.18. A. Antiviral assay: 

In a 12-well plate, HEK293T 105 cells grown on coverslips suspended in DMEM supplemented 

with 0.01% FBS were seeded. The cells were incubated O/N at 37°C in a 5% CO 2 incubator 

to reach 70% confluency. The cells were then infected with 100µl pseudovirus of RBD alone, 

pseudovirus of Spike alone, and pseudovirus of RBD/Spike with 100µM each small molecule, 

respectively. Cells were incubated at 37℃ in a humidified incubator with 5% CO2 for 6 h. 

After 6 h post-infection, Cells were rinsed thrice with 1xPBS. The cells were fixed with 4% 

PFA for 20 mins. Cells were rinsed thrice with 1xPBS. The coverslips were mounted onto glass 

slides with 40% glycerol. The slides were focused under a confocal microscope, and images 

were viewed. 

2.2.18. B. Analysis of Proviral DNA with SK38 and SK39 Primers:  

In each well of a 12-well plate, HEK293T 105 cells were seeded in DMEM supplemented with 

0.01% FBS. The cells were incubated O/N at 37°C in a 5% CO 2 incubator to reach 70% 

confluency. The cells were then infected with 100µl pseudovirus of RBD alone, pseudovirus 

of Spike alone, and pseudovirus of RBD/Spike with 100µM each small molecule, respectively. 

Cells were incubated at 37℃ in a humidified incubator with 5% CO2 for 6 h. After 6 h post-

infection, the plate was centrifuged for 10 mins at 1200 rpm, and the supernatant was safely 
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discarded into Sodium hypochlorite solution. The cells were re-suspended in 1xPBS and 

pelleted at 1200 rpm for 5 mins. From the cell pellet, genomic DNA was isolated using a 

standard protocol of the phenol/chloroform method. DNA was used as the template for PCR. 

The primer details are mentioned in Table 2, and PCR details are in Section 2.2.15.  
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3.1 Introduction:  

Studies on vertical transmission of the virus reported mixed results, though the majority of 

studies were during the third trimester of pregnancy [36, 37]. Neonates from Cov-2 infected 

women showed positive for the virus at 16 hours [38], 30 h [39], and 36 h [40], and after 

delivery and on the first day of life after delivery [41, 39], while it is unclear if the transmission 

from the mother or environment. A study reported that longer virus exposure may contribute 

to neonatal infection [42], while the virus transmission is seen irrespective of the severity of 

infection [43, 44]. There is no evidence of the presence of infected cells in the feto-maternal 

interface [45]. However, placenta samples were shown to be positive for the virus [46, 47, 48, 

49, and 50]. Higher viral load was detected in placental tissue compared to the amniotic fluid 

or maternal or neonatal blood, umbilical stump, and nasopharyngeal aspirate of the neonate 

[51, 52]. Virions were detected in the syncytiotrophoblast and in the fetal capillary endothelium 

[53].  

Indeed, IgM and IgG antibodies against SARS Cov-2 were reported in neonate blood, 

suggesting possible in-utero exposure to the virus [54, 45]. IgG may be transferred through the 

placenta, while virus exposure through the placenta may lead to IgM secretion in the infant 

[55]. N-protein antibodies were correlated with the severity of maternal infection [56]. Thus, it 

suggests that host defense mechanisms are associated with a protective environment. 

3.2 Results: 

3.2.1 Spike protein interacts with Epap-1: 

The Wuhan Spike protein and Epap-1 structure were modeled as described in the methods; the 

structure was optimized using molecular dynamics simulation using GROMACS at 100ns. As 

shown in Fig 3.1A, an optimized structure was used to determine their interactions using Pymol 

and ligplot. The results of these studies show that the Spike-protein binds with Epap-1 at 
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position ASN381, LYS449, ARG453, THR457, GLU458, PRO548 of S-protein hydrogen 

bonded with LEU346 TYR355, ILE358, ASN457, HIS465, ARG570, HIS573 of Epap-1 with 

docking score of -12.0 (Fig 3.1B). Further, a comparison of Epap-1 interaction of delta and 

omicron variants of S protein showed that the Spike-protein of Delta variant binds with Epap-

1 at positions ARG331, ARG340, ASN345, ARG451, ALA507, GLN549, ARG562 of Spike-

protein hydrogen bonded with ASN1, ARG5, THR23, ALA389, THR390, LYS392, ALA393, 

TYR555, ARG564 of Epap-1 (Fig 3.2A). While the Spike-protein of Omicron variant binds 

with Epap-1 at position GLU321, THR326, ARG328, PHE328, ALA329, SER330, ASN335, 

SER340, ILE449, GLU452 of Spike-protein hydrogen bonded with LEU346, ASN347, 

ARG570, HIS573, PRO587, SER591, PHE718, LEU721, GLY722, LEU728, GLN729, 

GLY730, ASN731 of Epap-1 (Fig 3.2B). The docking score of Epap-1 with Spike-protein of 

SARS CoV-2 delta and omicron is -16.6 and -15.2, suggesting a stronger interaction of these 

variants compared to the Wuhan variant. The interaction studies shows that mutation in 

arginine at 453 of Wuhan S-protein interact with Epap-1 at position K28, N108, L163 D165, 

R177, S192, K193, N198, E211, T271, I272, T273, K293, D732, Q823, Y824, D826, G829, 

S961, S962, N965, D966 of S-protein hydrogen bonded with R299, E300, L346, R359, R363, 

K564, R568, R570, L571, L574, R588, G719, L723, F724 of Epap-1 (Fig 3.3(A)) with binding 

energy of -17.6 kJ/mol.  The mutation in lysine at 449 of Wuhan S-protein interact with Epap-

1 at position K28, D96, N198, T271, I272, T273, D723, Q823, D826, G829, S961, S962, N965 

of S-protein hydrogen bonded with R299, E300, L346, R359, L441, R570, L574, S577, R580, 

R588, G719, L723, F724, N731 of Epap-1 (Fig 3.3(B)) with energy of -17.6 kJ/mol. The 

mutation in proline at 548 of Wuhan S-protein interact with Epap-1 at position K28, V107, 

N108, L163, S192 K193, N198, E217, S259, T271, T273, I272, D723, Q823, D826, S961, 

S962, N965, D966 of S-protein hydrogen bonded with R299, E300, L346, R359, L441, V565, 

R568, W569, R570, L574, S577, R580, R588, G719, F724, L723, N781 of Epap-1 (Fig 3.3(C)) 
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with binding energy of -18.2 kJ/mol. Similarly, the mutation in asparagine at 345 of Delta S-

protein interact with Epap-1 at position S1108, L1126, E1129, N899, E903, T897, E1096, 

Q1098, E1072, Q886, Q1021, E1016, Y889, W871, T872 of S-protein hydrogen bonded with 

R299, N781, R463, N466, S444, R359, H573, R570, V565, D356, P563, R364, R568, R363 

Epap-1 (Fig 3.4(A)) with binding energy of -14.0 kJ/mol. The mutation in arginine at 440 of 

Delta S-protein interact with Epap-1 at position T807, W871, T872, Q886, Y889, N892, N899, 

E1016, Q1021, E1077, E1096, Q1098, S1108, E1126, L1129, S1132 of S-protein hydrogen 

bonded with R299, D356, R359, R463, N466, G467, P563, V565, R568, R570, H573, N731, 

S944 of Epap-1 (Fig 3.4(B)) with binding energy of -14.1 kJ/mol. The mutation in glutamine 

at 549 of Delta S-protein interact with Epap-1 at position N882, Q886, Y889, N892, N899, 

E903, E1077, Q1091, E1096, Q1098, E1106, S1108, L1126, E1129 of S-protein hydrogen 

bonded with R299, D354, D356, R359, R363, R364, S444, N466, P563, R564, V565, R568, 

R570, N731 of Epap-1 (Fig 3.4(C)) with binding energy of -14.0. Likewise, the mutation in 

arginine at 328 of Omicron S-protein interact with Epap-1 at position Y401, F410, E497, D408, 

T411, R548, D532, D562, S444, R300, E600, T599, R627, A628, N592, S640, S638, A682 of 

S-protein hydrogen bonded with K261, T424, D422, D32, G31, Q33, S27, T440, N298, L442, 

V361, R363, Y546, H362, R359, E354, S353, R580, G730, N731 of Epap-1 (Fig 3.5(A)) with 

binding energy of -21.9 kJ/mol. The mutation in serine 340 of Delta S-protein interact with 

Epap-1 at position Y402, D408, F410, D488, E497, Q625, R67, A628, Y636, N638, S640, 

A682, N697, Y737, F740, Q743, E754, Q989, T990 of S-protein hydrogen bonded with Q47, 

K48, Y293, S353, L354, N357, R359, N402, R414, D415, R416, R422, T424, H465, R570, 

R580, G730, N731 of Epap-1 (Fig 3.5(B)) with binding energy of -22.7 kJ/mol. The mutation 

in glutamic acid at 452 of Omicron S-protein interact with Epap-1 at position N298, Y402, 

D408, E497, R548, D549, D552, N597, Q599, Q625, R627, A628, Y737, S739, Q743, E754, 

Q983, T990 of S-protein hydrogen bonded with D32, Q33, R41, Q47, K48, K261, H353, E354, 
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N357, S358, R359, H362, R363, R414, D415, R422, T424, T440, S444, H465, R578 of Epap-

1 (Fig 3.5(C)) with binding energy of -23.0 kJ/mol [33]. 

 

Fig 3.1 A: 3D Structure of Wuhan Spike-protein and Epap-1 complex Blue represents Epap-1, 

and red represents Wuhan Spike-protein; B: 2D representation of Wuhan Spike-protein and 

Epap-1 complex 

 

Fig 3.2A: Structure of Delta Spike-protein and Epap-1 complex Blue represents Epap-1, and 

red represents Delta Spike-protein; B: Structure of Omicron Spike-protein and Epap-1 complex 

Blue represents Epap-1, and red represents Omicron Spike-protein 
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Figure 3.3: (A) Interaction of S-protein having mutation ARG453 with Epap-1. Blue 

represents S-protein, and red represents Epap-1. (B) Interaction of S-protein having mutation 

LYS449 with Epap-1. Blue represents S-protein, and red represents Epap-1. (C) The interaction 

of S-protein has a mutation PRO548 with Epap-1. Blue represents S-protein, and red represents 

Epap-1. 
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Figure 3.4: (A) Interaction of Delta S-protein having mutation ASN345 with Epap-1. Blue 

represents S-protein, and red represents Epap-1. (B) Interaction of Delta S-protein having 

mutation ARG440 with Epap-1. Blue represents S-protein, and red represents Epap-1. (C) 

Interaction of Delta S-protein having mutation GLN549 with Epap-1. Blue represents S-

protein, and red represents Epap-1. 
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Figure 3.5: (A) Interaction of Omicron S-protein having mutation ARG328 with Epap-1. Blue 

represents S-protein, and red represents Epap-1. (B) Interaction of Omicron S-protein having 

mutation SER340 with Epap-1. Blue represents S-protein, and red represents Epap-1. (C) 

Interaction of Omicron S-protein having mutation GLU452 with Epap-1 Blue represents S-

protein, and red represents Epap-1. 

 

 

 

 

 

 

 

 

 

 



36 
 

3.2.2 Interaction of S protein-Epap-1 complex with ACE2 

Spike protein and Epap-1 complex, as formed in Fig 1B, was studied for its interaction with 

ACE2; the results in Fig 4 show that the Spike-protein and Epap-1 complex interaction with 

ACE2 at position THR9 of Spike-protein and ARG4, ARG5, ARG363, SER511, TRP548, 

TYR555, ARG559, VAL565, ARG568, LYS683, SER684, CYS687, LYS695 of Epap-1 

hydrogen bonded with ASN134, ASP136, ASN137, ASP157, TYR158, ASN159, GLU160, 

TYR255, SER257, LYS600, ASP609, ASP615 of ACE2 (Fig 3.6), these interactions weaken 

Spike-protein binding to ACE2 with a binding score of -5.9 suggesting that Epap-1 is 

weakening interaction Spike protein with ACE2.  While Spike-protein interact with ACE2 at 

the position Y449, Y453, N487, Y489, G496, T500, G502, Y505, L455, F456, F486, Q493, 

Q498, and N501 in the absence of Epap-1, it interacts at the position ASP553, ILE554, 

ARG631, MET682, GLU687, TYR692, ASN694, GLN747, GLU745, ARG1004, GLU1016, 

ARG1024 in the presence of Epap-1 which indicates that the Spike-protein Epap-1 interaction 

may interfere the interaction of ACE2 with Spike-protein [33].  

 

Fig 3.6: Wuhan Spike-protein and Epap-1 complex with ACE2 interaction Red: Spike-

protein Blue: Epap-1 Pink: ACE2 
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3.2.3 Purification of Epap-1 from first trimester placental tissue: 

 

Fig 3.7. Purification of Epap-1 from first-trimester placental tissue using SNA affinity 

chromatography.  
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3.2.4 Cloning and Expression of Spike proteins in pEGFP-C1 vector: 

 

 

Fig 3.8 Above results show cloning and expression of Spike protein in pEGFP-C1. Fig 3.8A. 

Shows PCR amplification of a fragment of Spike protein (3822bp) using iProof Highfidelity 

master mix. Fig 3.8B. Shows double digestion of pEGFP-Spike clone using Xho1 and Kpn1 

restriction digestion enzymes. Fig 3.8C. Shows transfection of pEGFP-Spike clone in 

HEK293T cells. Fig 3.8D. The Western blot analysis of Spike protein was confirmed using a 

mouse anti-spike 180kDa antibody, and GAPDH was used as the standard control. 
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3.2.5 Cloning and Mammalian Expression of RBD protein in pEGFP-C1 vector: 

                        

 

Fig 3.9 The results above show the cloning and expression of RBD protein in pEGFP-C1. Fig 

3.9A. Shows PCR amplification of a fragment of RBD protein (669bp) using Thermo Fisher 

2X Green Taq master mix. Fig 3.9B. It shows double digestion of the pEGFP-RBD clone using 

Xho1 and Kpn1 restriction digestion enzymes. Fig 3.9C. Shows transfection of pEGFP-RBD 

clone in HEK293T cells. Fig 3.9D. The Western blot analysis of the RBD protein was 

confirmed using a rabbit anti-RBD 37kDa antibody, and GAPDH was used as the standard 

control. 
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3.2.6 Cloning and Bacterial Expression of RBD protein in pET23d+ vector: 

         

 

Fig 3.10 The Above results show cloning and bacterial expression of RBD protein in pET23d+. 

Fig 3.10A. Shows double digestion of pET23d+-RBD clone using Sac1 and Not1 restriction 

digestion enzymes (L- ladder, 1- Ligated pET23d-RBD clone, 2-Double digested products of 

pET23d+ and RBD). Fig 3.10B. pET23d+RBD clone was transformed into BL21 (DE) cells 

for purification of RBD protein. Purified protein was loaded onto 10% SDS gel analyzed by 

Coomassie Brilliant Blue stain. Results confirmed by RBD protein bands at 37kDa (FT- Flow 

through, P- pellet, W- wash, E- elutions). Fig 3.10C. Shows a Western blot analysis of RBD 

protein confirmed by using rabbit anti-RBD 37kDa antibody and as a control primary antibody 

against His-tag antibody was used. 
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3.2.7 Purification of IgG from Covid-19 Positive Blood sample using Proteinase A column 

affinity chromatography: 

 

Fig 3.11. It shows the purified human anti-sera from positive COVID-19 patient samples. 

Western blot analysis of human anti-sera, RBD protein, and spike protein was confirmed by 

using human IgG (Gamma chain) cross-adsorbed secondary antibody (62-8420). 
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3.2.8 Analysis of the effect of Epap-1 interaction with S-protein/ RBD protein and ACE2 

interaction using ELISA: 

HEK cells were incubated with only RBD protein and RBD - Epap1 protein complexes and 

were assessed by Rabbit Anti- ACE2 antibody. When compared to the control HEK cells, the 

absorbance of the ACE2 antibody decreased due to the strong interaction of only RBD protein 

(100µg) when RBD-Epap-1 complexes are formed in the presence of increasing concentrations 

of Epap1 protein (50µg, 100µg) complex, the ACE2 exposed thus increasing recognition of 

ACE2 antibody. Thus suggesting a strong interaction between RBD and Epap-1 (Fig-3.12A). 

A similar experiment was carried out using S protein; the results of these experiments are 

shown in (Fig 3.12B), confirming that Epap-1 interferes with S protein-ACE interaction.  

HEK293T cells were incubated with only RBD protein, RBD protein- Epap1 complex, and 

were assessed by Rabbit Anti-RBD antibody. HEK cells incubated with only RBD protein 

(100µg) showed more intensity to RBD antibody when compared to the RBD- Epap1 complex 

(50µg, 100µg) complex (Fig 3.12C). These results suggest that the binding of RBD is inhibited 

in the presence of Epap-1. HEK293T cells were incubated with only S protein, S protein- Epap1 

complex, and bound S protein was probed with Mouse Anti-Spike antibody. HEK cells 

incubated with only S protein (100µg) showed higher intensity to Mouse Anti-Spike antibody 

when compared to Spike- Epap1 complex (50µg, 100µg) complex, suggesting that the binding 

of S protein to ACE2 was inhibited by Epap-1 (Fig 3.12D) [33]. 
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Fig 3.12A. RBD protein- Epap1 (50, 100 µg) complexes interaction with ACE2 expressing 

HEK293T cells; cells were seeded and fixed on 96 wells and incubated with RBD-Epap-1 

complexes, probed with Rabbit Anti-ACE2 antibody and quantified.  3.12B. Spike-Epap1 

protein (50, 100 µg) complexes interaction with ACE2 expressing HEK293T cells; cells were 

fixed on 96 wells, incubated with Spike-Epap-1 protein complexes, probed with anti-ACE2 

antibody, and quantified. 3.12C. RBD protein- Epap1 (50, 100 µg) complexes interaction with 

ACE2 expressing HEK293T cells; cells were fixed on 96 wells, incubated with RBD –Epap-1 

complexes, and probed with Rabbit Anti- RBD antibody and quantified. 3.12D. Spike protein- 

Epap1 (50, 100 µg) complexes interaction with ACE2 expressing HEK293T cells; cells were 

fixed on 96 wells and incubated with Spike-Epap-1 complexes and probed with anti-Mouse 

Anti- Spike antibody and quantified.   
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3.2.9 Analysis of the effect of Epap-1 interaction with RBD protein and ACE2 interaction 

using immunofluorescence: 

ACE2-expressing cells were measured using the fluorescent dye Alexa Flora 594. This result 

shows a significant decrease in the intensity of Alexa flora 594 in the presence of Epap-1 when 

probed with Rabbit Anti-RBD antibody, suggesting the ACE2 receptor does not recognize 

Epap-1 bound RBD (Fig 3.13A). When ACE2 and RBD protein interaction was analyzed using 

Rabbit Anti-ACE2 antibody in the presence of increasing concentrations of Epap-1, the results 

showed that at higher Epap-1 concentrations, ACE2 is accessible to Rabbit Anti-ACE2 

antibody (Fig 3.14A). In positive control, cells were incubated with RBD protein (100µg) in 

the presence of Cov-2 IgG (100µg); the results of these experiments showed that Cov-2 IgG 

significantly inhibits RBD protein binding to ACE2 receptors of HEK 293T cells [33]. 

 

3.13A. Negative control cells, the experiments were conducted in PBS. In positive control, 

cells were treated with RBD protein (100µg) with Human anti-sera from COVID-19 positive 
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patient (100µg), RBD protein (100µg) and Epap-1 (0, 50, 100 µg) complexes were formed and 

incubated with ACE2 expressing HEK293T cells.HEK293T cells were measured for RBD 

protein and were probed with Rabbit Anti-RBD antibody. The results show that RBD-protein 

binding to ACE2 is significantly inhibited by Epap-1.  63x image is presented; Red: RBD 

antibody coupled with alexfluor-594, Blue: Hoechst. 3.13B. Using Image J software, 

Fluorescent intensity was quantified and represented as a bar diagram. Two-tailed unpaired 

student’s t-test was used to calculate P-values; * indicates P < 0.05, ***P< 0.001. 

 

 

3.14A. HEK293T cells were measured using the fluorescent dye Alexa Flora 594. This result 

shows a significant increase in the intensity of Alexa flora 594 when probed with Rabbit Anti- 

ACE2 antibody, suggesting that ACE2 is exposed when Epap-1 inhibits RBD protein and 

ACE2 interaction. 63x image is presented; Red: Anti-ACE antibody coupled with alexfluor-

594, Blue: Hoechst. 3.14B. Using Image J software, Fluorescent intensity was quantified and 

represented as a bar diagram. Two-tailed unpaired student’s t-test was used to calculate P-

values; * indicates P < 0.05, ***P< 0.001. 
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3.2.10 Analysis of the effect of Epap-1 interaction with Spike protein and ACE2 interaction 

using immunofluorescence: 

ACE2 expressing cells were incubated with Spike protein and Spike-Epap-1 protein complex, 

the Spike protein was probed with Mouse Anti-Spike antibody, and the Spike protein antibody 

was detected with secondary antibody conjugated with Alexa flora 594. This result shows a 

significant decrease in the intensity of Alexa flora 594 when Spike protein (100µg) was 

incubated with 50 and 100µg Epap1, suggesting Epap-1 inhibits Spike protein and ACE2 

interaction (Fig 3.15A). In the same experiments when ACE2 and Spike protein interaction 

was analyzed using Rabbit Anti-ACE2 antibody in the presence of increasing concentrations 

of Epap-1, the results showed that at higher Epap-1 concentrations, ACE2 is accessible to 

Rabbit Anti-ACE2 antibody (Fig 3.16A). The results showed that Spike protein binding to 

ACE2 receptors on HEK 293T cells was inhibited in the presence of Cov-2 IgG (positive 

control) [33]. 
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3.15A. HEK293T cells were measured for Spike protein and were probed with Mouse Anti-

Spike antibody. The results show that Spike protein binding to ACE2 is significantly inhibited 

by Human serum and Epap-1.  63x image is presented; Red: Mouse Anti- Spike antibody 

coupled with alexfluor-594, Blue: Hoechst. 3.15B. Using Image J software, Fluorescent 

intensity was quantified and represented as a bar diagram. Two-tailed unpaired student’s t-test 

was used to calculate P-values; * indicates P < 0.05, ***P< 0.001. 
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3.16A. HEK293T cells were measured using the fluorescent dye Alexa Flora 594. This result 

shows a significant increase in the intensity of Alexa flora 594 when probed with Rabbit Anti-

ACE2 antibody to detect exposed ACE2 receptors in the presence of S-protein-Epap-1 

complexes. The results show that the Spike protein blocks ACE2 antibody detection; when 

Spike and Epap-1 protein complexes are used, the ACE2 is exposed, as evidenced by the 

binding of the Rabbit Anti-ACE2 antibody. 3.16B. Using Image J software, Fluorescent 

intensity was quantified and represented as a bar diagram. Two-tailed unpaired student’s t-test 

was used to calculate P-values; * indicates P < 0.05, ***P< 0.001. 
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3.2.11 Antiviral assay and analysis of Proviral DNA with SK38 and SK39 Primers: 

     

Fig 3.17. Schematic representation to understand if virus surface conformation of RBD and 

Spike protein has a potential interaction with Epap-1, neutralizing entry of RBD/Spike 

anchored HIV-1 pseudovirus, entered virus in HEK293T cells was analyzed by GFP-

expression of RBD and Spike and further confirmed by gag DNA synthesis using PCR. 
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HEK293T cells were incubated with pseudovirus expressing RBD protein, pseudovirus of 

RBD- Epap1 (50µg, 100µg) complex and the pseudovirus entry was monitored using a 

fluorescence microscope using a GFP tag of RBD protein; the results in Fig 3.18A show that 

Epap-1 inhibited the pseudovirus. In another experiment, HEK293T cells were incubated with 

pseudovirus anchored with Spike protein in the presence of increasing concentrations of the 

Epap1 (50µg, 100µg); the pseudo viral entry was monitored by the expression of GFP-tag of 

Spike protein, the results in Fig 3.18B show that Epap-1 significantly inhibits Spike protein 

anchored pseudovirus. These results confirm that Epap-1 interferes with RBD and Spike 

protein-mediated virus entry. In positive control, cells were incubated with RBD/Spike 

pseudovirus (100µg) in the presence of Cov-2 IgG (100µg); the results of these experiments 

showed that Cov-2 IgG significantly inhibits RBD/ Spike Pseudovirus binding to ACE2 

receptors of HEK 293T cells [33]. 

 

3.18A. HEK293T cells were measured using GFP expression. In negative control cells, the 

experiments were conducted in PBS, while in positive control, 100µg Cov-2 IgG was used with 

pseudovirus of RBD in the experiments. The results of these experiments showed that Cov-2 

IgG significantly inhibits RBD Pseudovirus binding to ACE2 receptors of HEK 293T cells. In 
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Pseudovirus RBD, HEK293T cells were infected with pseudovirus without Epap-1. In the 

presence of Epap-1 (50, 100 µg), Epap-1 inhibits the pseudovirus of RBD infection in ACE2-

expressing HEK293T cells compared to cells infected with the pseudovirus of RBD alone.  

 

 

 

3.18B. HEK293T cells were measured using GFP expression. In negative control cells, the 

experiments were conducted in PBS, while in positive control, 100µg Cov-2 IgG was used with 

pseudovirus of Spike in the experiments. The results of these experiments showed that Cov-2 

IgG significantly inhibits Spike Pseudovirus binding to ACE2 receptors of HEK 293T cells. In 

Pseudovirus Spike, HEK293T cells were infected with pseudovirus without Epap-1. In the 

presence of Epap-1, Epap-1 inhibits the pseudovirus of Spike infection in ACE2-expressing 

cells compared to cells infected with the pseudovirus of Spike alone.  
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Further confirmation of Epap-1 effect on viral entry, infected cells in the presence of Epap-1 

were analyzed for gag DNA synthesis using SK38/SK39 primers; the results presented in Fig 

3.19 show that the gag synthesis significantly inhibited in Epap-1 treated infected HEK cells. 

These results confirm that Epap-1 inhibits RBD and Spike protein-mediated pseudovirus 

infection in HEK cells [33]. 

 

 

 

Fig 3.19. The cells were collected after 6 hpi, and DNAs were extracted using 

phenol/chloroform. PCR was carried out according to the Thermo Fischer 2X Green Taq 

manufacturers’ instructions, and amplified products of the gag region (115 bp), and GAPDH 

(168 bp, control) were visualized in 2% agarose gel stained with ethidium bromide. The gag 

synthesis was significantly reduced in Epap-1 treated with infected HEK293T cells. These 

results confirm that Epap-1 inhibits RBD and Spike protein-mediated pseudovirus infection in 

HEK293T cells. 
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3.2.12 Discussion: 

Infection through vertical transmission includes intrauterine transmission, transmission during 

the delivery process (cesarean or vaginal delivery), during breastfeeding, and coming in contact 

with a child after birth. However, intrauterine vertical transmission can be a major route for 

maternal-fetal transmission. Although the reports of SARS-COV-2 infection in neonates it is 

still unclear. There is no direct evidence of infection occurring during delivery or after birth, 

as there are no positive reports of RT-PCR of the amniotic fluid, placenta, cord blood, vaginal 

secretions, or breast milk [57]. In a review of 22 studies, 9 out of 83 neonates showed positive 

RT-PCR results for SARS-COV-2 infection, and Virus-specific antibodies such as IgG and 

IgM were elevated in serum samples. In contrast, inflammatory cytokines were elevated in the 

fetus [57, 58]. Viral load among pregnant women was higher in sputum, followed by oral, 

saliva, and nasal swabs.  

ACE2 is abundantly expressed in the ovaries and the oocytes. Therefore, it could be possible 

that SARS-CoV-2 may target the ovaries and oocytes [59]. Also, in some previous reports, 

ACE2 mRNA was detected in the uterus and vagina [60]. Further, an increase in ACE2 receptor 

expression closer to the end of gestation was correlated with enhanced infectivity of 

coronaviruses in a study [61] and also reported variability of ACE2 expression in the placenta 

in women could be one of the reasons for transmission variability [62]. In the first trimester, 

ACE2 is preferentially expressed in STB and TMPRES2 in EVT and CTB, while during the 

second and third trimesters, ACE2 is also expressed in EVT, whereas TMPRES2 is equally 

expressed in all cells of trophoblast lineage [63]. In addition, Spike and Nucleocapsid protein 

expression was reported in STB [49]. In spite of the abundance of receptors in placental tissue, 

it was observed that the case of 2nd-semester miscarriage showed no evidence of virus infection 

in the fetus [49]. Thus, a repertoire of the anti-viral environment in the placenta may play a 

role in reducing the transmission rate. Epap-1 could be one such recruit from the women in 
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reducing Spike protein and ACE2 interaction for virus entry. The results of the present study 

show that Epap-1 interaction with S proteins and RBD region inhibits Spike protein interaction 

with ACE2, thus protecting the fetus from Spike protein-mediated virus innovation. The results 

using pseudovirus anchored with RBD and Spike protein clearly demonstrate the virus-

neutralization activity of Epap-1. Further, silico studies indicate the enhanced affinity of Epap-

1 to delta and omicron variants, suggesting Epap-1 possesses multiple epitopes for RBD 

interactions [33]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



55 
 

3.2.13 Conclusion: 

 Epap-1 shows a strong interaction with the ACE2 region of the Cov-2 spike protein; 

the region reported being involved in Cov-2 interaction with the host cells. 

 Spike protein and Epap-1 complex interaction with ACE2 at position THR9 of Spike-

protein and ARG4, ARG5, ARG363, SER511, TRP548, TYR555, ARG559, VAL565, 

ARG568, LYS683, SER684, CYS687, LYS695 of Epap-1 hydrogen bonded with 

ASN134, ASP136, ASN137, ASP157, TYR158, ASN159, GLU160, TYR255, 

SER257, LYS600, ASP609, ASP615 of ACE2 receptor. 

 Spike-protein interact with ACE2 at the position Y449, Y453, N487, Y489, G496, 

T500, G502, Y505, L455, F456, F486, Q493, Q498, and N501 in the absence of Epap-

1, it interacts at the position ASP553, ILE554, ARG631, MET682, GLU687, TYR692, 

ASN694, GLN747, GLU745, ARG1004, GLU1016, ARG1024 in the presence of 

Epap-1 which indicates that the Spike-protein Epap-1 interaction may interfere the 

interaction of ACE2 with Spike-protein 

 The results of ELISA and IF show that the RBD/Spike protein blocks ACE2 antibody 

detection; when RBD/Spike and Epap-1 protein complexes are used, the ACE2 receptor 

is exposed, as evidenced by the binding of the Anti-ACE2 antibody. 

 The results of ELISA and IF show that RBD/Spike protein binding to ACE2 is 

significantly inhibited by Epap-1. 

 The results of the anti-viral analysis confirm that Epap-1 interferes with RBD and Spike 

protein-mediated virus entry. 
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Chapter IV 

Evaluation of efficacy of small 

molecule mimics of Epap-1 on SARS 

Cov-2 RBD protein and ACE2 

interaction and virus entry 
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Fig 4.1. Hypothetical model for understanding the interaction of small molecules to the 

Receptor binding domain (RBD) of Spike protein. As a result, RBD of spike protein is 

inhibited from binding to ACE2 receptor on the cell surface. 
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4.1 Introduction: 

A 90 kDa protein, Epap-1, showed interaction with the RBD region of Spike protein by 

inhibiting the RBD binding to the ACE2 receptor.  Our research group designed various small 

molecular mimics of Epap-1 [64]. These Epap-1 mimics small molecules were docked against 

the RBD region of Spike protein. Molecular docking of these Epap-1 mimics with RBD protein 

showed that Epap-1 mimics small molecules inhibit interaction with the RBD region of Spike 

protein to ACE2 receptor. Various Epap-1 small molecule mimics were synthesized [64]. 

Fig 4.2: Structures of small molecule mimics of Epap-1 

 



59 
 

  



60 
 

 

    



61 
 

 

 

UHLMT-301, UHLMT-254a to UHLMT-254g Molecules were synthesized as per 

Jagdeesh et al. (2021), and further molecular action and biological characterization for 

antiviral were carried out. 
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4.2 Results and Discussion:  

4.2.1 Analysis of Novel Small Molecules Interaction with RBD using Spectrofluorometer: 

Small molecule and RBD interaction were studied using spectrofluorimetric analysis. In 

spectrofluorometric analysis, results showed that RBD protein was quenched at different 

concentrations of Epap-1 small molecule mimics (Fig 4.3.1), and binding constants were 

analyzed using the Stern-Volmer equation [38]. The results showed compound #254e (4-

hydroxy and 3-methoxy phenyl substitution on pyridine) possesses higher affinity, followed by 

the other molecules (Table 4.2.1). 
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Fig 4.3. Spectrofluorimetric analysis was performed with different concentrations of small 

molecule mimics of Epap-1 (10µM to 100µM) with RBD protein (100 µg) in HEK293T cells. 

Results showed that the RBD protein (100 µg) was inhibited with increasing concentrations of 
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small molecule mimics of Epap-1. Fluorescence emission wavelength for RBD protein was 

monitored at 295 nm in 1xPBS, pH 7.4 at 20°C and 310–450 nm, respectively. (F0- 

fluorescence intensities in the absence of ligand, F- Fluorescence intensities in the presence of 

ligand, L- Concentration of Ligand, 27.777µM is the concentration of RBD protein, AU-

Arbitrary Unit).  

 

Small molecular 

mimics of Epap-1 

Ka (µM) Kd (µM) 

UHLMT-301 3.769±0.028 0.265 

UHLMT-254a 9.333±0.029 0.107 

UHLMT-254b 24.201±0.037 0.041 

UHLMT-254d 18.4708±0.059 0.054 

UHLMT-254e 7.153±0.031 0.139 

UHLMT-254f 9.181±0.025 0.108 

UHLMT-254g 9.824±0.012 0.101 

 

Table 4.2.1. Indicates the Ka and Kd values of small molecule mimics of Epap-1. 

 

4.2.2 Analysis of small molecule mimics of Epap-1 interaction with RBD using ELISA: 

Since Epap-1 small molecule mimics show significant binding to RBD, we have analyzed the 

activity of these molecules on the RBD protein and ACE2 interaction. In the analysis using 

ELISA, HEK293T incubated with RBD (100 µg) and RBD-Small molecules complexes at 

different concentrations of small molecules (1 µM, 10 µM, and 100 µM). When cells were 

probed using an Anti-RBD antibody, the RBD protein was inhibited with increasing 

concentration of small molecules (Fig 4.4). The results of the ELISA assay show that Epap-1 

small molecule mimics significantly inhibits RBD protein binding to ACE2. IC50 values are 

presented in Table 4.2.2; the results show that 254e is the highest inhibitory activity. 
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Fig 4.4. ELISA was performed with different concentrations of small molecule mimics of 

Epap-1 (1µM, 10µM, and 100µM) with RBD protein (100 µg) in HEk293T cells. Results 

showed that the RBD protein (100 µg) was inhibited with increasing concentrations of small 

molecule mimics of Epap-1.  

 

 

 

 

 

 

 

Table 4.2.2 Indicates the IC50 values. 254e showed higher activity, followed by the rest of the 

molecules. 

 

 

 

 

 

Small molecular 

mimics of Epap-1 

IC50  (µM) 

 

301 3.466±0.132 

254a 2.513±0.099 

254b 2.996±0.124 

254d 2.327±0.080 

254e 1.929±0.073 

254f 2.43±0.073 

254g 2.45±0.109 
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4.2.3 Antiviral assay: 

Since Epap-1 small molecule mimics showed significant interaction with RBD protein and also 

shown to inhibit RBD and ACE-2 binding, we have evaluated their effect on infection 

conducted using pseudo-virus. In an antiviral assay, HEK293T cells were incubated with 

pseudo-virus RBD-GFP, pseudo-virus Spike-GFP, and pseudo-virus RBD/Spike-GFP in the 

presence of 100 µM concentration of Epap-1 small molecule mimics, and results were analyzed 

in terms of GFP expression in host ACE2 cells (HEK cells) when the virus enters the cells. 

Cells incubated with Pseudovirus RBD (Fig 4.5) / Spike (Fig 4.6) alone showed high GFP 

expression in the infection conducted in the presence of 100 µM concentrations of Epap-1 small 

molecules mimics; virus entry was inhibited, leading to decreased GFP expression with 100 

µM concentrations of Epap-1 small molecules mimics. Thus, Epap-1 small molecule mimics 

affect RBD and Spike protein-mediated virus entry.  
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Fig 4.5. HEK293T cells were measured using GFP expression. The experiments were 

conducted in PBS in negative control cells. In Pseudovirus RBD, HEK293T cells were infected 

with pseudovirus without small molecule mimics of Epap-1. The presence of small molecule 

mimics of Epap-1 (100µM) inhibits the pseudovirus of RBD infection in ACE2-expressing 

cells compared to cells infected with the pseudovirus of RBD alone.  
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Fig 4.6. HEK293T cells were measured using GFP expression. The experiments were 

conducted in PBS in negative control cells. In Pseudovirus Spike, HEK293T cells were infected 

with pseudovirus without small molecule mimics of Epap-1. The presence of small molecule 

mimics of Epap-1 (100µM) inhibits the pseudovirus of Spike infection in ACE2-expressing 

cells compared to cells infected with the pseudovirus of Spike alone.  
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4.3 Conclusion:  

 Spectrofluorimetric analysis of small molecule mimics of Epap-1 shows significant 

interaction of these molecules with RBD protein. 

 An analysis of the action of small molecule mimics of Epap-1 on RBD and ACE2 

interaction shows that these molecules inhibit in a dose-dependent manner. The 

compounds exhibit activity in the order of 254e>254d>254f>254g>254a>254b>301; 

4-hydroxyl and 3-methoxy may be involved in interaction. 

 The confirmatory analysis of the action of small molecule mimics of Epap-1 on RBD / 

S protein-expressed pseudovirus infection to ACE2 expressing HEK293T cells shows 

that these molecules inhibit both RBD as well as S protein-mediated infection in 

HEK293T cells. 

 

Future Perspective: 

This study demonstrates that Epap-1 mimic small molecules can be a potential pharmacophore 

that can target RBD protein of Spike. These Epap-1 mimic small molecules results shown 

compounds have shown high potential RBD protein inhibition and anti-SARS-CoV 2 activity. 

In this objective, we have observed that 4-hydroxyl and 3-methoxy have shown the highest 

RBD protein inhibition and anti-SARS-CoV-2 activity. 
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Chapter V 

Development of novel dicoumarol 

inhibitors of viral entry through RBD 

interaction. 
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5.1 Introduction: 

 

Various anti-viral compounds are designed and synthesized to block the activity of the viral 

protein entry. SARS-CoV-2 Spike protein RBD region plays an important role in viral entry. 

Spike protein has S1 and S2 sub-units; the S1 sub-unit plays an important role in binding to the 

viral expressing receptor, i.e., the ACE2 receptor, and the S2 sub-unit has fusion peptide, which 

is involved in fusion machinery. The Receptor Binding Domain (RBD) region of the surface 

exposed S1 sub-unit is involved in binding to the ACE2 receptors.  

Since Epap-1 small molecular mimics, which possess an interaction with HIV-1 gp120 

(Jagadeesh et al. 2021), have shown significant interaction with RBD protein (Chapter 4), we 

have analyzed the affinity of novel (dicoumarol) small molecules having significant affinity to 

HIV-1 gp120, we have chosen four molecules with significant affinity to RBD as per Fig 5.1 

for further analysis in this chapter.  

Fig 5.1: Structures of Novel (dicoumarol) Small Molecules. Molecules were synthesized as per 

Kurumurthy K and Anand K Kondapi (Indian Patent No. 385140 (2021)), and further 

molecular action and biological characterization for antiviral were carried out. 

 



73 
 

 



74 
 

5.2. Results and discussion: 

 

5.2.1 Analysis of Novel (dicoumarol) Small Molecules Interaction with RBD using 

Spectrofluorometer: 

The molecules selected as per Table 5.1 were analyzed for their affinity to RBD protein using 

spectrofluorimetric analysis. The results of spectrofluorimetric analysis showed that RBD 

protein was quenched at different concentrations of dicoumarol derivatives (Fig 5.2.1), and 

binding constants were analyzed using the Stern-Volmer equation [38]. The results showed 

compound #96: Trimethoxybenzene substitution of dicoumarol shows higher affinity to RBD 

compared to other substitutions, followed by the other dicumarol derivatives studied (Table 

5.2.1). 
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Fig 5.2.1. Spectrofluorimetric analysis was performed with different concentrations of Novel 

(dicoumarol) small molecule (10µM to 100µM) with RBD protein (100 µg) in HEk293T cells. 

Results showed that the RBD protein (100 µg) was inhibited with increasing concentrations of 

small molecule mimics of Epap-1. Fluorescence emission wavelength for RBD protein was 

monitored at 295 nm in 1xPBS, pH 7.4 at 20°C and 310–450 nm, respectively. (F0- 

fluorescence intensities in the absence of ligand, F- Fluorescence intensities in the presence of 

ligand, L- Concentration of Ligand, 27.777µM is the concentration of RBD protein, AU-

Arbitrary Unit).  

Novel Molecules Ka (µM) Kd (µM) 

UHLMT-249 8.951±0.071 0.111 

UHLMT-250 121.139±0.251 0.008 

UHLMT-251 17.144±0.14 0.058 

UHLMT-96 7.78±0.098 0.128 

 

Table 5.2.1. Indicates the Ka and Kd values of Novel (dicoumarol) small molecule. 
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5.2.2 Analysis of Novel (dicoumarol) Small Molecules interaction with RBD using ELISA: 

Since dicumarol derivatives showed significant affinity to RBD protein (Table 5.2.1), the 

action of these compounds on RBD and ACE-2 was studied. In the analysis using ELISA, 

HEK29T was incubated with RBD (100 µg) and RBD- dicumarol complexes with different 

concentrations of dicumarol derivatives (1 µM, 10 µM, and 100 µM). When cells were probed 

using an anti-RBD antibody, the RBD protein was inhibited with increasing concentration of 

dicumarol derivatives. The results showed that dicumarol derivatives showed a dose-dependent 

decrease in RBD protein and ACE2 interaction (Fig 5.2.2). Compound #96 showed the highest 

activity among the compounds, followed by 250, 251, and 249 (Table 5.2.2).  In summary, 

dicumarol derivatives significantly inhibit the binding of RBD protein to ACE2. 

 

Fig 5.2.2. ELISA was performed with different concentrations of Novel (dicoumarol) small 

molecules (1µM, 10µM, and 100µM) with RBD protein (100 µg) in HEk293T cells. Results 
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showed that the RBD protein (100 µg) was inhibited with increasing concentrations of small 

molecule mimics of Epap-1.   

 

Novel molecules IC50 (µM) 

249 3.285±0.136 

250 2.663±0.103 

251 2.716±0.179 

96 1.993±0.068 

 

Table 5.2.2. Indicates the IC50 values. 96 showed higher activity, followed by the rest of the 

molecules. 

 

5.2.3 Antiviral assay: 

The results of Fig. 5.2.1 and 5.2.2 showed that the dicumarol derivatives possess significant 

affinity and inhibit RBD and ACE2 binding; this section confirmed the antiviral activity of 

compounds using pseudo-virus. 

In an antiviral assay, HEK293T cells were incubated with pseudovirus RBD-GFP and 

Pseudovirus Spike-GFP in the presence of 100 µM concentration of dicumarol derivatives, and 

results were analyzed in terms of GFP expression when the virus enters the cells. Cells 

incubated with Pseudovirus RBD/ Spike alone showed high GFP expression. While in the 

infection conducted in the presence of 100 µM concentrations of dicumarol derivatives, GFP 

expression is observed neither in Pseudovirus RBD (Fig 5.2.3)  nor Pseudovirus Spike (Fig 

5.2.4), suggesting the compounds inhibit both RBD and Spike protein-mediated virus entry. 

In summary, dicumarol derivatives studied in this chapter significantly affect RBD and Spike 

protein-mediated virus entry in ACE2 cells.   
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Fig 5.2.3. HEK293T cells were measured using GFP expression. The experiments were 

conducted in PBS in negative control cells. In Pseudovirus RBD, HEK293T cells were infected 

with pseudovirus without a Novel (dicoumarol) small molecule. The presence of a Novel 

(dicoumarol) small molecule (100µM) inhibits the pseudovirus of RBD infection in ACE2-

expressing cells compared to cells infected with the pseudovirus of RBD alone.  
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Fig 5.2.4. HEK293T cells were measured using GFP expression. The experiments were 

conducted in PBS in negative control cells. In Pseudovirus Spike, HEK293T cells were infected 

with pseudovirus without a Novel (dicoumarol) small molecule. The presence of a Novel 

(dicoumarol) small molecule (100µM) inhibits the pseudovirus of Spike infection in ACE2-

expressing cells compared to cells infected with the pseudovirus of Spike alone.  
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5.2.4 Analysis of Proviral DNA with SK38 and SK39 Primers for Small Molecule Mimics of 

Epap-1 and Novel (dicoumarol) small molecules: 

Antiviral analysis results are further confirmed by decreased proviral DNA Synthesis in the 

infection conducted in the presence of 100 µM dicumarol derivatives (249, 250, 251, 96) and 

Epap-1 small molecule mimics (301, 254a, 254b, 254d, 254e, 254f, 254g).   

 

 

Fig 5.2.5 The HEK293T cells were collected after 6 hpi, and DNAs were extracted using 

phenol/chloroform. PCR was carried out according to the Thermo Fischer 2X Green Taq 

manufacturers’ instructions, and amplified products of the gag region (115 bp), and GAPDH 

(168 bp, control) were visualized in 2% agarose gel stained with ethidium bromide. Panel A. 

RBD protein-mediated pseudovirus and Panel B. Spike protein-mediated pseudovirus. The gag 

synthesis was significantly reduced in small molecule Mimics of Epap-1 and Novel 

(dicoumarol) small molecules treated with infected HEK293T cells. These results confirm that 

small molecule Mimics of Epap-1 and Novel (dicoumarol) small molecule inhibit RBD and 

Spike protein-mediated pseudovirus infection in HEK293T cells. 
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5.3 Conclusion: 

 Spectrofluorimetric analysis of novel small molecules of dicoumarol derivatives 

showed that RBD protein is completely quenched with increasing concentrations of 

small molecules suggesting the stronger affinity of these molecules to RBD. 

 The analysis results using dicoumarol derivatives on RBD and ACE2 interaction 

suggest that RBD protein and ACE2 interaction are inhibited by increasing the 

concentration of dicoumarol derivatives. The order of activity of compounds is 

96>250>251>249; methoxy substitutions at 3 and 5 may be important for the activity. 

 Immunofluorescence analysis of the action of novel small molecules on viral entry 

suggests that both RBD and Spike protein anchored pseudovirus entry into HEK293T 

cells was significantly inhibited. 

 The results of the analysis of proviral DNA syntheses in infected cells confirm that 

small molecule mimics of Epap-1, as well as dicoumarol derivatives, completely inhibit 

both RBD and Spike protein anchored pseudovirus entry into ACE-2 expressing 

HEK293T cells. 

Future Perspective: 

This study demonstrates that dicoumarol molecules can be a potential pharmacophore that can 

target Spike's RBD protein. These novel (dicoumarol) methoxy-substituted resulting 

compounds have shown high potential RBD protein inhibition and anti-SARS-CoV 2 activity. 

In this objective, we have observed that methoxy substitutions at 3 and 5 have shown the 

highest RBD protein inhibition and anti-SARS-CoV-2 activity. 
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Overall Summary: 

 

The main aim of the thesis is to study the molecular interaction of Epap-1, small molecular 

mimics of Epap-1, and novel small molecules with the S-protein of SARS-CoV-2 and develop 

an entry inhibitor against SARS-CoV-2. The S-protein of SARS-CoV-2, a 180-200 KDa, is 

known to play a critical role in viral entry by binding to the PD of the ACE2 receptor on the 

host.  Epap-1 showed inhibition against RBD and Spike protein of SARS-CoV-2 and has been 

evaluated for its antiviral activity. Further, various Epap-1 small molecular mimics having 

pyridine and dicoumarol as pharmacophores exhibited significant inhibition of the interaction 

between the ACE2 receptor with RBD and S-protein.  

Objective 1: 

An analysis of effect of Epap-1 on the SARS-Cov-2 Spike protein and ACE2 interaction 

and virus entry.  

 Epap-1 shows a strong interaction with the ACE2 region of the Cov-2 spike protein; 

the region reported being involved in Cov-2 interaction with the host cells. 

 Spike protein and Epap-1 complex interaction with ACE2 at position THR9 of Spike-

protein and ARG4, ARG5, ARG363, SER511, TRP548, TYR555, ARG559, VAL565, 

ARG568, LYS683, SER684, CYS687, LYS695 of Epap-1 hydrogen bonded with 

ASN134, ASP136, ASN137, ASP157, TYR158, ASN159, GLU160, TYR255, 

SER257, LYS600, ASP609, ASP615 of ACE2 receptor. 

 Spike-protein interact with ACE2 at the position Y449, Y453, N487, Y489, G496, 

T500, G502, Y505, L455, F456, F486, Q493, Q498, and N501 in the absence of Epap-

1, it interacts at the position ASP553, ILE554, ARG631, MET682, GLU687, TYR692, 
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ASN694, GLN747, GLU745, ARG1004, GLU1016, ARG1024 in the presence of 

Epap-1 which indicates that the Spike-protein Epap-1 interaction may interfere the 

interaction of ACE2 with Spike-protein 

 The results of ELISA and IF show that the RBD/Spike protein blocks ACE2 antibody 

detection; when RBD/Spike and Epap-1 protein complexes are used, the ACE2 receptor 

is exposed, as evidenced by the binding of the Anti-ACE2 antibody. 

 The results of ELISA and IF show that RBD/Spike protein binding to ACE2 is 

significantly inhibited by Epap-1. 

 The results of the anti-viral analysis confirm that Epap-1 interferes with RBD and Spike 

protein-mediated virus entry. 

 In summary, Epap-1 binds to the RBD region of the S protein, leading to the inhibition 

of SARS-COV-2 entry in host cells.  

 Thus, Epap-1 may be one of the host factors in regulating virus infection to highly 

ACE2-abundant cells in placental tissue in women during early pregnancy.  

Objective 2: 

Evaluation of efficacy of small molecule mimics of Epap-1 on SARS Cov-2 RBD protein 

and ACE2 interaction and virus entry 

 RBD protein was cloned into pET23d+ and purified using NTA-Ni2+ column. 

 Spectrofluorometric analysis of small molecule mimics of Epap-1 shows significant 

interaction of these molecules with RBD protein. 

 An analysis of the action of small molecule mimics of Epap-1 on RBD and ACE2 

interaction shows that these molecules inhibit in a dose-dependent manner. The 

compounds exhibit activity in the order of 254e>254d>254f>254g>254a>254b>301; 

4-hydroxyl and 3-methoxy may be involved in interaction. 
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 The confirmatory analysis of the action of small molecule mimics of Epap-1 on RBD / 

S protein-expressed pseudovirus infection to ACE2 expressing HEK293T cells shows 

that these molecules inhibit both RBD as well as S protein-mediated infection in 

HEK293T cells. 

Objective 3: 

Development of novel dicumarol inhibitors of viral entry through RBD interaction. 

 Spectrofluorometric analysis of novel small molecules of dicoumarol derivatives 

showed that RBD protein is completely quenched with increasing concentrations of 

small molecules suggesting the stronger affinity of these molecules to RBD. 

 The analysis results using dicoumarol derivatives on RBD and ACE2 interaction 

suggest RBD protein and ACE2 interaction is inhibited with increasing concentration 

of dicoumarol derivatives. The order of activity of compounds is 96>250>251>249; 

methoxy substitutions at 3 and 5 may be important for the activity. 

 Immunofluorescence analysis of the action of novel small molecules on viral entry 

suggests that both RBD and Spike protein anchored pseudovirus entry into HEK293T 

cells was significantly inhibited. 

 The results of the analysis of proviral DNA syntheses in infected cells confirm that 

small molecule mimics of Epap-1, as well as dicoumarol derivatives, completely inhibit 

both RBD and Spike protein anchored pseudovirus entry into ACE-2 expressing 

HEK293T cells. 
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