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ABSTRACT 

 Zoonotic diseases are spread from animals to humans, or vice versa. Current zoonotic 

diseases for which there is no reliable or effective treatment include Ebola virus disease (EVD), 

rabies, and Zika virus disease (ZVD). To identify possible lead compounds for these diseases, 

the computational drug docking software SeeSAR was used to simulate interactions between 

proteins specific to each disease—VP35 and VP40 for the Ebola virus (EBOV), the rabies virus 

(RABV) glycoprotein, and the Zika virus (ZIKV) envelope protein—and ligands from a list of 

3,035 FDA-approved drugs. Drugs from this list were initially screened against each protein 

using 20 poses. Drugs with at least one pose that had an estimated lower bound dissociation 

constant (KD) below 100 nM, indicating favorable binding affinity, were screened again using 

200 poses. Furthermore, chemical modifications were performed on DOTAP chloride, a drug 

possibly effective against EBOV, which led to sizable improvements in the binding affinity. 

Some possible therapeutic drug candidates are as follows: modified DOTAP chloride for EBOV 

VP35; gefarnate, salmeterol, and deferoxamine mesylate for EBOV VP40; olivetol, aleuritic 

acid, and bimatoprost for the RABV glycoprotein; and deferoxamine mesylate, tirofiban 

hydrochloride, and travoprost for the ZIKV envelope protein. The criteria for recommendation 

include possible side effects, number of poses under 100 nM, and KD values. This study’s results 

display the candidate drugs’ potential to be investigated further as novel lead compounds in 

clinical trials for EVD, rabies virus, and ZVD.  

 

INTRODUCTION 

 The goal of this project is to study potential drug candidates for treating currently 

incurable diseases. This specific study focuses on three zoonotic viruses: EBOV, RABV, and 

ZIKV. Proteins vital to the function of each of these diseases are explored using molecular drug 

docking, a computational method that predicts the probability of ligands binding to proteins. 

When a ligand successfully binds to a viral protein, it may alter the protein’s conformation, 

which could inhibit its function and subsequently weaken the virus. 

EVD is a severe and frequently lethal disease caused by the EBOV. Prominent in human 

and nonhuman primates, disease outbreaks occur via zoonotic transmission, followed by human-

to-human transmission through direct contact or contact with infected bodily fluids or 

contaminated fomites (1). An individual suffering from EVD can experience fever, organ 

dysfunction, systemic pains, and bleeding or hemorrhaging throughout the body (2). Ebola 

epidemics usually occur in under-resourced settings, with mortality rates reaching up to 90% (2). 

Existing treatments for the disease focus on utilizing monoclonal antibodies (mAbs) to target the 

glycoprotein of EBOV, which is the only surface protein of the virus and is critical for the 

attachment of the virus to host cells (3). The two treatments approved by the US Food and Drug 
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Administration (FDA) for EVD are Inmazeb—a combination of three mAbs—and Ebanga—a 

single mAb (4). 

 The genome of the EBOV encodes for seven main proteins: nucleoprotein, glycoprotein 

(GP1, 2), L-polymerase protein, viral protein (VP) 24, VP30, VP35, and VP40 (5) (Appendix 

Figure B1). Matrix protein VP40 is the most abundantly expressed protein of EBOV and drives 

viral assembly and budding, which occurs when a virus exits an infected cell (6, 7). VP40 can 

bud from cells independent of other viral proteins but requires interactions with host proteins for 

the release of virus-like particles (VLPs) (8, 9). More recent studies have revealed the role of 

VP40 in immune evasion, specifically RNA interference (RNAi) suppression and bystander T-

lymphocyte apoptosis by secreting exosomes (9). This effectively inhibits innate antiviral 

responses, making VP40 an attractive target for inhibition.  

After determining EBOV VP40 as the main protein of interest, a secondary protein of 

interest was selected, VP35, whose primary function is to suppress immune response. Inhibiting 

this protein could potentially hinder the viral effect on the immune response. While discovering a 

drug that could inactivate this protein would prove to be beneficial in fighting EBOV, it was 

determined that VP35 would be more effective to target, as it counters interferon production—an 

integral part of the human immune system that stops viruses from proliferating (10).  

RABV is a widespread viral disease in the genus Lyssavirus that kills approximately 

59,000 people per year (11, 12). It is transmitted by other rabid animals through saliva and thus 

is commonly spread via bites and scratches (12). Rabies can affect any mammal, but it is most 

commonly spread by dogs (12). Vaccine access and other preventative healthcare resources are 

scarcely available, and this, accompanied by the 100% fatality rate once symptoms appear, 

results in a deadly outcome (13). There is a rabies vaccine that is typically given to dogs, and 

with good implementation, canine-transmitted rabies will subsequently diminish (12, 13). This, 

however, does not cover transmissions from bats and other animals, though widespread human 

vaccination is frequently ruled out as being too costly (14). 

 The rabies glycoprotein (GP) plays a crucial role in mediating the virus’ entry and 

infection of its host (15). This protein induces endocytosis by attaching to the host cell’s 

receptor. A change in the protein’s environment through the lowering of pH from basic to acidic 

results in a re-orientation of its structure. Subsequently, fusion takes place between RABV and 

the cell membrane (16, 17). Targeting this protein before its processes initiate would potentially 

decrease the ability of RABV to interact with its host’s cells, thus neutralizing it. Additionally, it 

is important to note that GP is the only RABV protein present on the virus’ surface. Due to this, 

GP is also responsible for the neutralization of antibodies around the virus (15). 

 The Zika virus is a single-stranded RNA flavivirus (18). The virus was first detected in 

Africa in 1947 but did not become a Public Health Emergency of International Concern until 

2016 (19). This virus is transmitted by infected Aedes aegypti mosquitoes or infected humans 

through sexual intercourse or from a mother to her fetus (20). Some of the most common 

symptoms include rashes, conjunctivitis, headaches, fevers, joint stiffness, and muscle pain. 

Although 60% to 80% of people who have acute Zika are asymptomatic, Zika has become a 

great concern for pregnant women because the virus can cause congenital issues including 

microcephaly and other brain malformations (21). 

The Zika virus contains ten fundamental proteins, three of which are structural and seven 

of which are non-structural. The structural proteins, as their name implies, form the virus 

particle. The non-structural proteins function in replication and packaging of the genome and in 

subverting the host pathways in favor of the virus (22). A functionally important protein in the 
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Zika virus is the envelope (E) protein (23). Located on the surface of the virus, the E protein is 

recognized by host cell receptors to gain entry to the cell, where it also assists in viral assembly 

(24). Targeting this protein is appropriate for treatment of Zika because the virus will be unable 

to enter cells without its functionality, and it is easy for ligands to access it due to its peripheral 

location on the virus particle (25). 

 Each of the proteins for these diseases can be potentially targeted with a ligand. The 

traditional understanding of protein-ligand bonding was the lock and key model. In this model, 

the lock is rigid and can only be fitted by a specific key. However, the multitude of potential 

poses of these molecules warranted the more nuanced hand and glove model. This model, in 

contrast, asserts that protein-ligand bonding is more dynamic, where many options may find 

success to some extent, and there is not always one perfect fit. Through the use of SeeSAR, a 3D 

molecule modeling platform, the binding affinities of the catalog of Federal Drug Administration 

(FDA) certified drugs were simulated to determine their efficiency in inhibiting the selected 

proteins. SeeSAR works by generating a list of possible poses for a ligand to attach to a protein 

without direct knowledge of the optimal binding site, called blind docking. Afterward, each pose 

can be scored and have the estimated binding affinity range, expressed by KD in molar units, 

calculated and ranked. Changes in the molecules were also made using SeeSAR to optimize 

binding affinities, which were done by researching possible alterations that could be performed 

in a laboratory setting that could increase the number of favorable ligand-protein interactions. 

Considering all of the above criteria, this study identifies drug candidates for further research 

involving treatments of these diseases. 

 

METHODS 

Protein Identification 

All protein structures were retrieved from the RCSB Protein Data Bank (PDB): Ebola 

viral protein VP40 (PDB ID: 1ES6) and VP35 (PDB ID: 3FKE), rabies glycoprotein (PBD ID: 

6LGX), and Zika envelope protein (PDB ID: 5JHM). 

 

Ligand Identification 

A list of 3,035 FDA-approved drugs was downloaded from selleckchem.com to be used 

for virtual screening. 

 

Establishing protocol 

To establish a protocol for screening and filtering drugs, the EBOV glycoprotein (PDB 

ID: 5JQ3) was tested in SeeSAR. The glycoprotein was chosen for preliminary testing as it is the 

target of two treatments for EVD, Inmazeb and Ebanga, and would likely produce many positive 

results that could be evaluated to establish a consistent protocol. The first 100 drugs of the list 

(alphabetically sorted) were used. The 100 drugs were run against the glycoprotein using 5 

poses, 10 poses, 20 poses, and 30 poses, and the results were compared to decide on the number 

of poses that would produce accurate results of the most strongly interacting ligands. 20 poses 

was chosen for the first round of filtering because 20 poses and 30 poses produced the same 

drugs in the top ten affinity results, whereas 20 poses, 10 poses, and 5 poses did not produce the 

same top drugs. 
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Docking 

Docking was performed using SeeSAR version 12.1.0 from BioSolveIT. The protein 

structures for EBOV, VP35 and VP40, had no defined binding sites. Therefore, SeeSAR's 

Binding Site function was used to determine three binding pockets for VP35 and one binding 

pocket for VP40. Similarly, for the rabies glycoprotein there weren’t any defined binding 

pockets. SeeSAR’s Binding Site function was used again to identify 18 potential binding pockets 

and selected all of them for preliminary screening. SeeSAR identified 10 binding pockets for the 

Zika envelope protein, and all were selected for the same reason. 

For the initial screening of all 3,035 drugs and for all viral proteins, 20 poses and 

standard clash tolerance were used when docking, and only chair ring conformations were 

allowed. An estimated range–approximately 100x difference between the lower and upper 

bounds–was calculated for each pose for all ligands. All drugs with at least one pose resulting in 

an estimated lower bound KD below 100 nM were chosen to run a second screening with 200 

poses. Binding affinity is indicated by the equilibrium dissociation constant, KD, measured in 

molar units, which can compare the strengths of molecular interactions. Specifically, KD is the 

concentration of the ligand at which half the ligand sites of the protein are occupied in 

equilibrium. Therefore, the smaller the KD, the more negative the change in free energy 

according to the equation ΔGo = RTln(KD). The most stable orientation for ligands occurs at the 

lowest free energy, so smaller dissociation constants indicate better, higher binding affinities. 

 

Drug Evaluation Criteria 

The results from the first screening of drugs using SeeSAR were analyzed, and their 

side effects and potential ability to be used as treatments for each respective disease were 

evaluated. A second round of SeeSAR results (200 poses) was analyzed to determine how 

many poses under 100 nM each drug had. Multiple criteria such as affinity, side effects, 

number of viable poses (under 100 nM), and populations who cannot use them—such as 

pregnant women—were considered in determining top drug candidates.  

 

RESULTS 

 

Ebola 

Out of the list of 3,035 FDA-approved drugs, at least one pose resulted in an estimated 

lower bound KD below 100 nM for DOTAP chloride for the Ebola VP40 (Table I.a.). For VP35, 

gefarate, naftopidil, salmeterol, carboprost, batyl alcohol, bazedoxifene acetate, orlistat, 

ipratropium bromide, fulvestrant, travoprost, methyl benactyzine bromide, tikosyn, deferoxamine 

mesylate, ipratropium bromide hydrate, clorgyline hydrochloride, and demecarium bromide had 

at least one pose with a KD below 100 nM (Table I.b.). They were analyzed based on SeeSAR’s 

results and outside research to determine their viability in being used against the EBOV. 
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VP40 

Table I.a. Modifications of DOTAP Chloride for EBOV VP40 

Modification Structure Lowest 

KD  

(nM) 

# of 

Poses 

<100

nM 

(Max 

20) 

Modification Structure Lowest 

KD 

(nM) 

# of 

Poses 

<100

nM 

(Max 

20) 

 

Original DOTAP 

Chloride 

 

0.022 2 4.  

 

Cleoutave one 

carbon chain 
 

1.00 9 

1.  

 

Cleave both entire 

carbon chains 

 

9200 0 5.  

 

Cleave one carbon 

chain; ozonate 
other C=C  

 

270 0 

2.  

 

Cleave both carbon 

chains at C=C 
 

250 0 6.  

 

Cleave one carbon 

chain, brominate 
and hydrolyze 

C=C bond 

 

0.073 10 

3.  

 

Cleave one carbon 
chain at C=C  

33 0 7. 

 

Cleave one carbon 
chain; brominate 

both carbons at 

C=C and 

hydrolyze both 

 

 

0.14 4 

Final Drug: Modification 6 

Name Binding Affinity nM (Range Under 100 nM) # of Poses 

<100nM (Max 

200) 

(S)-2-acetoxy-3-(trimethyl-I4-azaneyl)propyl R-9-
hydroxyoctadecnoate 

0.073 - 98 35 

 

DOTAP chloride (C42H80ClNO4) was the top drug choice to inhibit EBOV VP40, as its 

top pose has lower bound KD of 0.022 nM (Table I.a). It is a cationic lipid that is often used as a 

liposomal transfection reagent and is a strong activator of the innate immune system in animal 

cells (26). Because it is the most widely used cationic lipid and is relatively cheap, it may be a 

favorable candidate for further research as a treatment (27). 

However, the other generated poses were unfavorable, as only 2 poses out of 20 

generated had a lower bound KD of under 100 nM. Based on these observations, DOTAP 

chloride was a good candidate for drug modification. Using SeeSAR, this drug was subjected to 

a series of seven modifications to increase the number of poses with lower bound KD of less than 

100 nM. Initially, it was assumed that cleaving both nonpolar carbon chains on either side of the 

drug molecule would allow the highly polar center to displace a greater amount of water in the 
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VP40 binding site, increasing the number of favorable binding interactions between the drug and 

the protein. However, this rendered unfavorable results, with zero poses having lower bound KD 

under 100 nM. Therefore, it is to be inferred that the carbon chains play an integral role in the 

binding of this drug. For the second, third, and fourth modifications, different segments of the 

carbon chains were cleaved off of the molecule. The fourth modification garnered the best 

results, having nine poses of twenty with lower bound KD under 100 nM. To further improve 

this, it was assumed that ozonating the carbon-carbon double bond in the remaining carbon chain 

would increase hydrogen bonding between the drug and surrounding amino acids, but this 

resulted in an increased KD. In modifications six and seven, instead, it was decided to hydrolyze 

the carbon-carbon double bond, adding one hydroxyl group in modification six and two groups 

in modification seven. Modification six showed the most improvement of all, with 35 of 200 

poses with lower bound KD under 100 nM (Table I.a). In a laboratory, this drug would be created 

by cleaving one entire carbon chain from the drug molecule, brominating the remaining double 

bond, and then hydrolyzing it, removing the bromine and leaving a hydroxyl group attached. 
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VP35 

Table I.b. VP35 ligand binding interactions. 

Drug Structure Range 

of 

Lower 

Bound 

KD 

(nM) 

# of 

Poses 

<100 

nM 

Drug Structure Range 

of 

Lower 

Bound 

KD 

(nM) 

# of 

Poses 

<100 

nM 

Gefarnate 

 

0.78 - 96 42 Demecarium 

Bromide 

 

4.7 - 76 14 

Salmeterol 

 

2.5 - 1.0 31 Travoprost 

 

17 -77 8 

Deferoxamine 

Mesylate 

 

1.6 - 90. 30 Carboprost 

 

7.3 - 99 7 

Alli (Orlistat) 

 

0.93 - 56 28 Ipratropium 

Bromide 

Monohydrate 

 

48 - 65 4 

Bazedoxifene 

Acetate 

 

13 - 84 25 Atrovent HFA 

(Ipratropium 

Bromide) 

 

57 - 64 4 

Batyl Alcohol 

 

12 - 98 21 Clorgyline 

Hydrochloride 

 

34 - 58 3 

Naftopidil 

 

1.3 - 68 17 Tikosyn 

 

34 1 

Fulvestrant 

 

19 - 99 15 Methyl 

Benactyzine 

Bromide 

 

91 1 
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 Gefarnate (C27H44O2 ) is a water insoluble terpine fatty acid. It is used for the prevention 

and treatment of gastric ulcers, duodenal ulcers, and cardio-cerebrovascular disease (28). It is 

considered a safe and effective treatment for chronic gastric ulcers (29). Gefarnate saw a total of 

42 poses with a lower bound KD under 100 nM, with the lowest being 0.78 nM (Table I.b). Due 

to gefarnate’s high number of viable poses, high binding affinity, and low side effects, it is 

recommended that this drug be investigated further as a treatment for EVD. 

 

 Salmeterol (C25H37NO4 ) is a long-acting beta-2 adrenergic receptor that serves as a 

bronchodilator. (30). It is currently prescribed for the treatment of asthma and chronic 

obstructive pulmonary disease (COPD). Possible side effects of salmeterol include swelling of 

the face, hoarseness, and difficulty swallowing (30). Salmeterol demonstrated a pose with a 

binding affinity of 2.5 nM, and a total of 31 poses under 100 nM out of 200 poses, making it one 

of the better performing drugs for VP35.  

 

Deferoxamine mesylate (C26H52N6O11S) binds free iron in a stable complex (31). It is 

used to remove excess iron in anemic patients and as a treatment for acute iron intoxication (32, 

33). It is generally administered in the forms of injection and powder (31, 34). Some common 

side effects of this drug include seizures, difficulty breathing, fast heartbeat, diarrhea, fever, 

nausea, and muscle cramps (32, 34). Deferoxamine mesylate showed strong and likely binding 

with a high number of poses to EBOV VP35 and may be a target of further investigation for the 

treatment of EVD. 

 

 Orlistat (C29H53NO5), also known as Alli, is a weight loss agent and can be taken orally 

(35, 36). It reversibly inhibits the active sites of gastrointestinal lipases and forms a covalent 

bond with the active sites in gastric and pancreatic lipases, preventing dietary fat from being 

hydrolyzed and absorbed (37). Side effects include changes in bowel movement, oily spotting, 

and loose stools. However, a study on normal weight and obese subjects showed that single 

doses and multiple doses of orlistat in moderate amounts resulted in no significant adverse 

effects (38). Patients with chronic malabsorption syndrome, cholestasis, hyperoxaluria, or 

calcium oxalate nephrolithiasis should not take orlistat (37). Orlistat is recommended for further 

investigation for the treatment of EBOV due to its common use as an effective medication and 

strong, frequent binding with EBOV VP35; however, weight loss may be detrimental to EVD 

patients. 

 

Bazedoxifene acetate (C32H38N2O5) is a selective estrogen receptor modulator that is 

clinically used as a medication for bone problems and possibly cancer (39, 40). Possible side 

effects include nausea, stomach pain, diarrhea, neck pain, sore throat, and dizziness (41). 

Bazedoxifene acetate has 25 out of 200 poses with a lower bound KD under 100 nM, with the 

lowest being 13.3 nM. Due to bazedoxifene acetate’s relatively high number of viable poses and 

relatively high binding affinity, it is recommended for further research. 

 

 Batyl alcohol (C21H44O3) is an alkylglycerol made from shark liver oil and is used in 

cosmetics for stability and skin-conditioning (42). It is also employed as a surface agent and 

texturizer for agricultural projects since it is edible and creates a barrier against moisture loss and 

oxidation. Side effects include irritation and inflammation but the drug is recognized as safe by 
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the FDA (43). Batyl alcohol is not recommended for future study for EVD, as it did not pass 

binding pose criteria. 

 

 Naftopidil (C24H28N2 O3 ) is a drug used in benign prostatic hypertrophy and has also 

been proposed to be used for the treatment of Disorder of Urinary Stent (44). Naftopidil is an 

alpha-blocker that has shown promising results in the treatment of lower urinary tract symptoms 

45). Possible side effects include orthostatic hypotension, dizziness, and palpitation (46). 

Naftopidil saw a total of 17 poses with a lower bound KD under 100 nM, with the lowest figure 

being 1.3 nM. Due to naftopidil’s low number of viable poses, low binding affinity, and severe 

side effects, it is not recommended that this drug be investigated further as a treatment for EVD.   

 
Fulvestrant (C32H47F5O3 S) is a medication used to treat hormone receptor (HR)-positive 

metastatic breast cancer in postmenopausal women with disease progression (47, 48). Upon 

intramuscular injection, side effects include bloody stools, bloating or swelling of body parts, 

chest pain or tightness, cloudy urine, difficulty breathing, and irregular heartbeat (49). 

Fulvestrant had a result of 15 poses with a lower bound KD under 100 nM, with the lowest being 

19 nM. Because of its low binding affinity, low number of poses, and unfavorable side effects, 

Fulvestrant is not recommended for EVD.  

 

 Demecarium bromide (C32H52Br2N4O4) is a cholinesterase inhibitor with a long duration 

of action, indirectly prolonging the effect of acetylcholine by preventing its breakdown (50). It is 

used to treat chronic open-angle glaucoma, contracting the iris sphincter muscle and ciliary 

muscle to reduce intraocular pressure (51). When used for the eye, side effects include increased 

permeability of the blood-aqueous barrier and vasodilation. Although it is an FDA-approved 

drug, it has been discontinued (52, 53). This drug has low chances of effective binding and is not 

recommended. 

 

Travoprost (C26H35F3O6 ) is an eye drop medication used to treat high pressure inside the 

eye, including glaucoma (54). Some side effects are blurred vision, eye reddening/discomfort, 

itching, dry eyes, and eyelid changes (55). In the 200-pose run, Travoprost saw a result of 8 

poses with a lower bound KD under 100 nM, with the lowest being 17 nM. Due to the low 

likelihood of binding to EBOV VP35, it is not recommended that travoprost be further 

researched as a treatment for EVD.  

 

 Carboprost (C21H36O5 ) is an abortifacient that is deemed effective during pregnancy 

until the third trimester (56). An abortion is caused with carboprost when it is given by injection. 

Being an oxytocic, it causes the uterus to contract in a way similar to labor and also aids in 

cervical dilation. Certain medical conditions could also cause negative interactions, including 

anemia, asthma, or adrenal gland disease. Common side effects of carboprost include diarrhea, 

nausea, and vomiting (57). It is not recommended for further research due to a low number of 

strong binding poses. 

 

Ipratropium bromide hydrate (C20H32BrNO4) is the monohydrate form of ipratropium 

bromide and is used as an anticholinergic drug to treat various bronchial disorders, rhinitis, and 

as an antiarrhythmic. It is a muscarinic antagonist and bronchodilator agent, opening the bronchi 

for relief in pulmonary disease and acute asthma. Ipratropium bromide hydrate is considered safe 

https://en.wikipedia.org/wiki/Medication
https://en.wikipedia.org/wiki/High_pressure_inside_the_eye
https://en.wikipedia.org/wiki/High_pressure_inside_the_eye
https://en.wikipedia.org/wiki/Glaucoma
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and effective for inhalation use (58, 59). It is not recommended for the treatment of EVD due to 

the low chance it will bind with VP35 and low binding affinity. 

 

 Ipratropium bromide (C20H30BrNO3), or Atrovent HFA, an anticholinergic 

bronchodilator commonly found in the form of an inhalation aerosol (60). By blocking 

muscarinic cholinergic receptors, the bronchi in the lungs are opened, providing relief in chronic 

obstructive pulmonary disease (COPD) and acute asthma (61). Atrovent HFA cannot slow the 

progression of or cure COPD but may help the patient breathe better (62). It is not recommended 

for further research as a treatment of EVD due to its low number of acceptable poses. 

 

 Clorgyline hydrochloride (C13H16Cl3NO) is a monoamine oxidase (MAO) inhibitor. It 

was investigated for use as an antidepressant and anti-anxiety medication but was not marketed. 

However, it is still used in biomedical research for neurological disease and cancer (63, 64). 

Chlorgyline hydrochloride is toxic when swallowed and harmful with skin contact and 

inhalation, making it a dangerous drug (65). It is not recommended for further study as a possible 

treatment due to dangerous side effects, low binding affinity, and low likelihood of interactions. 

 

Tikosyn (C19H27N3O5 S2) is a class 3 antiarrhythmic agent primarily used to correct 

irregular heartbeats of patients with atrial fibrillation or flutter to a normal heart rhythm (66). 

Possible side effects include irregular heartbeat, chest pain, dizziness, unusual sweat, thirstiness, 

and vomiting with loss of appetite (67). Due to the low binding affinity and low number of 

poses, tikosyn is not recommended as a treatment for EVD.  

 

 Methyl benactyzine bromide (C21H28BrNO3 ) is an anticholinergic drug that acts as a 

muscarinic antagonist. It is primarily prescribed clinically as an antidepressant. Upon clinical 

testing, methyl benactyzine was found to have minimal side effects. Benactyzine, however, is no 

longer used in medicine (68). In the 200-pose run, methyl benactyzine bromide saw a result of 1 

pose with a lower bound KD under 100 nM, with the lowest being 91 nM. Due to the 

unencouraging results and its nonexistence in medicine, methyl benactyzine bromide is not 

recommended for EVD.  

 

Rabies 

 Out of the list of 3,035 FDA-approved drugs, at least one pose resulted in an estimated 

lower bound KD below 100 nM for the rabies protein for fourteen of the drugs: octenidine 

dihydrochloride, aleuritic acid, montelukast, axitinib, delapril hydrochloride, fosinopril sodium, 

squalane, bimatoprost, olivetol, tafluprost, mozavaptan, dibutyl sebacate, and apatinib (Table II). 

They were analyzed based on SeeSAR’s results but also outside research to determine their 

viability and reasonability in being used against the rabies virus. 
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Table II. Rabies Glycoprotein ligand binding interactions. 

Drug Structure Range 

of 

Lower 

Bound 

KD 

(nM) 

# of 

Poses 

<100 

nM 

Drug Structure Range 

of 

Lower 

Bound 

KD 

(nM) 

# of 

Poses 

<100 

nM 

Olivetol 

 

7.4-99 41 Apatinib 

 

88-98 3 

Aleuritic Acid 

 

0.70- 92 31 Montelukast 

 

51-54 2 

Squalane 

 

18-99  20 Axitinib 

 

85  2 

Bimatoprost 

 

1.7-99 19 Dibutyl Sebacate 

 

51 1 

Oxethazaine 

 

12-96  8 Tafluprost 

 

52  1 

Fosinopril 

Sodium 

 

46-64  4 Mozavaptan 

 

65  1 

Octenidine 

Dihydrochloride 

 

0.66- 2.1  4 Delapril 

Hydrochloride 

 

71  1 

 

Olivetol (C11H16O2) is a resorcinol and is often found in lichen and Cannabis sativa (69). 

Olivetol, combined with an edible oil, can be consumed after using tetrahydrocannabinol (THC)–

an active ingredient in cannabis–to reduce the psychotropic and other effects of THC, leading to 

a clearer mind and increased ability to focus (70). Olivetol may cause inflammation of the skin 

and respiratory irritation. It should not be applied to open wounds, and entry into the 

bloodstream may produce systemic injury (71). Olivetol has 41 out of 200 poses with a lower 
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bound KD under 100 nM, with the lowest being 7.4 nM. Due to olivetol’s many viable poses and 

high binding affinity, it is recommended that this drug be researched further (Table II.). 

 

 Aleuritic acid (C16H32O5) is a component acid. It naturally occurs in shellac as a mixture 

of the theo-isomers, and subsequently, it is often used as a starting material in fragrance, 

medicinal, and bioactive compounds for skin care as a cream (72). Its use medicinally against 

viruses and other microbes seems limited at this point, but tests on SeeSAR were successful. In 

the 200-pose run, aleuritic acid saw a result of 31 poses with a lower bound KD under 100 nM, 

with the lowest being 0.70 nM. Hence, there is a possibility that aleuritic acid could be effective 

against rabies, making it recommended for future study, though further testing on its medicinal 

use, capability, and strength is needed. 

 

Squalane (C30H62 ) is an alkane already in use as a moisturizer (73). In addition, squalane 

is odorless, antibacterial, and safe for sensitive skin (74). Squalane has 20 out of 200 poses with 

a lower bound KD under 100 nM, with the lowest being 18 nM. Due to squalane’s relatively high 

number of viable poses and relatively high binding affinity, it is recommended for further 

research, though there are better options available. 

 

Bimatoprost (C25H37NO4) is a monocarboxylic acid amine (75). Bimatoprost is used in 

eye drops to treat conditions such as open-angle glaucoma (76). It also helps users keep their 

eyesight by relieving the pressure in the eyes (76). Common side effects of bimatoprost when 

used in eyedrops include but are not limited to body aches, trouble breathing, and headaches 

(76). Bimatoprost has 19 out of 200 poses with a lower bound KD under 100 nM, with the lowest 

being 1.7 nM. Due to bimatoprost’s favorable KD, it is recommended that this drug be studied 

further. 

   

 Oxethazaine (C28H41N3O3), taken as a tablet, is an analgesic used to relieve dysphagia 

and pain due to reflux, chronic gastritis, and duodenal ulcers. Side effects consist of dry mouth, 

diarrhea, constipation, drowsiness, dizziness, or headaches. For rabies, 8 poses were found under 

100 nM. Further research can be done, but because of the low pose count and lack of relation to 

the disease, oxethazaine is not recommended at this point (77, 78). 

  

 Fosinopril sodium (C30H45NNaO7P) is an ACE inhibitor used to treat hypertension (79, 

80). Side effects of fosinopril include but are not limited to sweating, cold sweats, and aches, 

though the most common side effect is coughing (81). In addition, there were four poses with KD 

values below 100 nM. The lowest had a KD value of 45 nM. As such, fosinopril is a drug 

possibly worthy of further research, although there are only four poses below 100 nM, so while it 

may be better than some aforementioned candidates, it is not ideal. 

 

 Octenidine dihydrochloride (OCT) (C36H64Cl2N4) is a commonly used antiseptic. This 

drug is often utilized to care for the skin, wounds, and mucous membranes (82). OCT 

additionally has a broad antimicrobial spectrum with the ability to provide activity against 

enveloped viruses (83). Possible side effects include a variety of skin irritations such as itching, 

redness, and burning sensations (84). When run on SeeSAR at 200 poses for the rabies 

glycoprotein, only 4 poses were found with a lower bound KD under 100 nM, with the lowest 

being 0.66 nM. Though the number of poses was low, OCT has shown potential to be a possible 
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drug candidate and should be studied further, especially because it is already used topically on 

wounds, which is how rabies is commonly spread.  

 

Apatinib (C24H23N5O), also known as Rivoceranib, is a tyrosine kinase inhibitor (85). The 

drug works by preventing angiogenesis, so nutrients no longer go to the tumor. Apatinib has 

been known to have potentially severe side effects, such as hand-foot syndrome, hypertension, 

proteinuria, and neutropenia (86). Due to its side effects, along with the fact that only 3 poses 

had a lower bound KD less than 100 nM out of 200 that were generated, this drug is not 

recommended for future study. 

 

 Montelukast (C35H36CINO3S) is a selective cysteinyl leukotriene receptor antagonist (87). 

As an oral tablet, it has the ability to reduce inflammation and prevent asthma attacks. Possible 

side effects of montelukast include stomach trouble, fever symptoms, and headaches, with more 

serious reactions possibly resulting in mental problems such as agitation, depression, and anxiety 

(88). When run on SeeSAR, a mere two poses had a lower bound KD value below 100 nM. 

Therefore, this drug is not recommended for future study as a rabies treatment. 

 

 Axitinib (C22H18N4OS) is a drug commonly used to combat cancer and has found some 

success acting as an anti-tumor agent (89). However, the drug comes with a plethora of side 

effects such as muscle cramps, vomiting, weakness, and vision impairment (90). In addition, 

many medical conditions can affect the viability of this drug, including bleeding problems, 

diabetes, and high blood pressure (91). When bound with the rabies GP, only two poses had a 

lower bound KD below 100 nM. The unfavorable side effects, interactions, unrelated purpose, 

and suboptimal affinity leave axitinib a drug not worthy of further study. 

 

Dibutyl sebacate (C18H34O4) is a plasticizer in the production of various types of plastics 

(92). In the pharmaceutical industry, it is primarily used for the film coatings of food packages 

(93). Since the compound is only an inactive ingredient used in the production of other drugs and 

only one pose of the compound out of 200 generated a lower bound KD below 100 nM, it is not 

recommended to study this drug further.  

 

Tafluprost (C25H34F2O5) is a prostaglandin Falpha (94). Similar to bimatoprost, tafluprost 

is used in eye drops to treat glaucoma and ocular hypertension. Side effects of tafluprost mirror 

those of bimatoprost (95). Due to tafluprost having no poses with a lower bound KD under 100 

nM during the second round, it is not recommended for further study. 

 

 Mozavaptan (C27H29N3O2) is a vasopressin receptor antagonist (96). Vasopressin is a 

complex hormone that signals the body to add more water to the bloodstream in response to 

extracellular fluid hypertonicity. However, since some of the key symptoms of rabies are 

dehydration and hydrophobia, a drug that prevents water from being added to the bloodstream 

would not be desirable (97). Due to this, along with the fact that only one pose with a lower 

bound KD below 100 nM was generated, this drug is not recommended for future study. 

 

 Delapril hydrochloride (C26H33ClN2O5) is an angiotensin converting enzyme (ACE) 

inhibitor, which means that it assists in relaxing blood vessels, having an hypotensive purpose 

(98). Some side effects include hypotension, fatigue, headaches, and rashes, though there seems 
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to be a lack of research on the specific interactions of this drug (99). Despite the relatively 

minimal side effects, delapril hydrochloride is not recommended for rabies application, as only a 

single pose had a KD value below 100 nM, at 71 nM. 

 

Zika 

Out of the catalog of 3,035 FDA-approved drugs, at least one pose resulted in an 

estimated lower bound KD below 100 nM for the Zika envelope protein for thirteen of the drugs: 

gefitinib hydrochloride, cinepazide maleate, maprotiline hydrochloride, tirofiban hydrochloride, 

oxethazaine, amiodarone hydrochloride, propafenone and propafenone hydrochloride, 

lubiprostone, suplatast tosylate, bithionol, deferoxamine mesylate, and travoprost (Table III). 

They were analyzed based on SeeSAR’s results, and subsequent research to determine their 

effectiveness in binding to the envelope protein and combating the Zika virus was performed. 
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Table III. Envelope Protein ligand binding interactions. 

Drug Structure Range 

of 

Lower 

BoundK

D  

(nM) 

# of 

Poses 

<100 

nM 

Drug Structure Range 

of 

Lower 

Bound 

KD 

(nM) 

# of 

Poses 

<100 

nM 

Travoprost 

 

5.5- 94 40 Amiodarone 

Hydrochloride 

 

43- 51 3 

Deferoxamine 

Mesylate 

 

0.039- 

65 

28 Gefitinib 

Hydrochloride 

 

69-77 3 

Tirofiban 

Hydrochloride 

 

3.4-86 13 Cinepazide 

Maleate 

 

38 1 

Propafenone 

HCl 

 

7.0- 68 9 Suplatast 

Tosylate 

 

70 1 

Oxethazaine 

 

8.9- 88 9 Lubiprostone 

 

95 1 

Maprotiline 

Hydrochloride 

 

28-88 8 Bithionol 

 

100 1 

Propafenone 

 

7.3-60 5     

 

Travoprost (C26H35F3O6) (Ebola section) is highly recommended for further research as a 

drug treatment for Zika since it had the highest number of poses that were lower than 100 nM, it 

does not cause severe side effects, and it has no demonstrated harm on the fetus.  

 



 

18-16 

 Deferoxamine mesylate (C26H52N6O11S) (Ebola section) is shown to have no harmful 

effects on the fetuses of healthy pregnant women (100). Therefore, this drug may be successful 

in Zika virus patients who are pregnant, pending further research. 

 

Tirofiban hydrochloride (C22H39ClN2O6S) is an antiplatelet, blood thinner drug utilized to 

prevent clots from forming after cardiovascular conditions, such as heart attacks, cardiac arrest, 

and chest pain. Some side effects include abdominal pain, blood in the eyes and urine, chest pain 

and tightness, irregular heartbeat, and nausea (101). More research has to be done to see if there 

are potential effects on fetuses, but this drug could be a viable option for those affected by Zika 

virus who are not pregnant.  

 

Propafenone (C21H27NO3) and propafenone HCl (C21H28ClNO3), which are the same 

medicine, treat arrhythmia. Users of the drug may experience difficulty breathing, an irregular 

heartbeat, swelling, and other side effects, but more research is needed to determine the drug’s 

effects on fetuses (102, 103). Both propafenone and propafenone hydrochloride have between 

five and ten poses with binding affinities that are under 100 nM, so it can be potentially 

successful in binding to the envelope protein. However, other drugs had more poses, and further 

research is needed to figure out whether the drug can be used on pregnant women. 

 

Oxethazaine (C28H41N3O3) (Rabies section). Although there are nine poses below 100 

nM, this medicine is not recommended for use in pregnant women unless necessary, so it is not a 

promising drug candidate for Zika. 

 

Maprotiline hydrochloride (C20H24ClN) is an antidepressant taken orally and blocks the 

reuptake of norepinephrine. Negative side effects are seizures, hallucinations, and fainting (104).  

In human studies, pregnant women were given this medication and their babies did not have any 

problems related to this medication (105). Considering its side effects and relatively low amount 

of poses, maprotiline hydrochloride is not favorable for infected individuals. 

 

Amiodarone hydrochloride (C25H30ClI2NO3) treats ventricular arrhythmias, which are 

potentially deadly abnormal heart rhythms. Common side effects include numb or trembling 

hands, trouble walking, and more. The drug harms fetuses, so it should not be used on pregnant 

women with ZVD (106). Although this drug can potentially bind to the Zika envelope protein, 

there are few poses with high binding affinities. The lack of promising poses and amiodarone 

hydrochloride’s negative side effects make it a poor candidate for future investigation.  

 

Gefitinib hydrochloride (C22H25Cl2FN4O3) is a drug used for stage four lung cancer, and 

there are many side effects, including vomiting, fever, and severe diarrhea. The drug would not 

be appropriate for pregnant women because it causes harm to fetuses, and its side effects can 

cause it to be more harmful than most of the symptoms of the ZVD (107). Although it binds to 

the envelope protein better than most of the other drugs tested, it is not the best drug to use 

against ZIKV due to the aforementioned reasons. 

 

Cinepazide maleate (C26H35N3O9) acts as a weak calcium channel blocker that reduces 

disability in stroke patients. However, there has been limited research on this particular drug. 

Therefore, it is unknown what effects it has on pregnant women and their fetuses (108). Due to 
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these factors and the fact that there is only one pose under 100 nM, this drug is not recommended 

for further study.  

 

Suplatast tosylate (C23H33NO7S2) is effective in the treatment of asthma in children, being 

an anti-allergy cytokine modulator. It downregulates the expression of histamine receptor gene 

and inhibits the release of histamines (109). No significant side effects have been associated with 

this drug (110). However, it only had one pose that had a lower bound KD under 100 nM. Thus, 

although this drug is a desirable treatment due to the lack of negative side effects, its binding is 

not strong enough to warrant its recommendation.  

 

Lubiprostone (C20H32F2O5) is utilized to treat constipation as a result of opioids or to treat 

long-lasting pain in cancer patients. This drug, orally administered through a capsule, increases 

bowel activity and fluid secretion to ease constipation (111). Some side effects include diarrhea, 

bloating, nausea, stomach pain and swelling, and blood in stool (111). There have been no 

studies with controlled data with this drug and pregnant women, so this drug comes 

unrecommended (112). 

 

Bithionol (C12H6Cl4O2S) is the treatment of choice for human fascioliasis (113). It is 

given orally in dosages. Diarrhea and abdominal cramps are common side effects although they 

are not major. Unfortunately, little is known about bithionol’s effects on fetuses. Additionally, 

bithionol would not likely be very effective at binding to the Zika envelope protein because it 

only had one pose where the lower bound KD was under 100 nM (114). 

 

DISCUSSION 

 Drugs that can potentially bind to a vital protein in the Ebola virus, the rabies virus, and 

the Zika virus were found using the docking software SeeSAR. If these drugs bind to the protein, 

the protein may lose the ability to perform its function, so the disease’s potency will be hindered. 

The makeup of the viruses was researched to find the essential proteins, and 3,035 FDA-

approved drugs were run with SeeSAR to determine their ability to bind with the proteins in 20 

poses. The most promising drugs, which had poses with a lower bound KD less than 100 nM, 

were run on SeeSAR again to gain a better understanding of their binding affinity with 200 

poses. The drugs that had the highest number of poses with a lower bound KD under 100 nM 

were researched to determine which drugs could reasonably treat the diseases with minimal side 

effects and limitations. 

 The EBOV VP40 is the most abundantly expressed protein in this virus, playing vital 

roles in both viral assembly and budding. EBOV VP40 showed strongest binding with FDA-

approved DOTAP chloride, and an even stronger binding to the modified version, (S)-2-acetoxy-

3-(trimethyl-I4-azaneyl)propyl R-9-hydroxyoctadecnoate. Additionally, the VP35 protein was 

investigated because of its role in inhibiting the signaling pathway that leads to interferon 

production and the weakening of the immune system. This protein showed the strongest binds 

with gefarnate, salmeterol, orlistat, and bazedoxifene acetate. 

 The rabies glycoprotein plays a vital role in the virus' initial interaction with host cells, so 

hindering this could prove instrumental in rendering the virus harmless. The most promising 

options were olivetol, aleuritic acid, bimatoprost, and octenidine dihydrochloride. When 

evaluated, olivetol had 41 poses under 100 nM. This drug is recommended for further use and 

evaluation due to the high number of poses, but also the minimal side effects. Aleuritic acid had 
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31 poses under 100 nM, so this drug is also recommended for further research. Bimatoprost had 

19 poses under 100 nM. It comes commonly in the form of an eye drop and has multiple harmful 

side effects when used as such, so this candidate is slightly less viable, however, it still warrants 

further research. Octenidine has fewer favorable poses, but a favorable form in terms of an 

antiseptic cream. 

 Zika is a prominent virus, which has a deleterious effect on pregnant women and their 

children. The envelope protein was selected as a target to attack the ZIKV because it is pivotal in 

virus function and assembly. The drugs that bind best to the Zika envelope protein are travoprost, 

which has 40 poses under 100 nM, and deferoxamine mesylate, which has 28 poses under 100 

nM. Travoprost binds to the Zika envelope protein better than any other drug run on SeeSAR, 

and it has minimal side effects. More research is needed to determine its effects on fetuses and 

how to convert it from an eye drop, but as an eye drop, it may be therapeutic with the 

conjunctivitis symptom of ZVD. Thus, travoprost is the most appropriate out of the tested drugs. 

Deferoxamine mesylate is the second recommended drug choice for Zika. Although it has 

several negative side effects that have been reported and may not be suitable for pregnant 

women, it is a suitable candidate because of its high affinity values. 

 

Limitations 

While the results from this research are promising as a baseline for future research, the 

following limitations should be considered because they hinder the accuracy of the results. 

SeeSAR, the computational program used in this study’s research, has certain limitations. A 

difference in the poses and thus calculated binding affinities was observed when attempting to 

replicate results despite the same commands. Furthermore, only 3,035 FDA-approved drugs were 

utilized in this study; however, there are thousands of drugs still in developmental stages that 

could be viable candidates for treating the selected diseases, pending further research. 

Additionally, if the targeted protein is partially inside the viral membrane, the ligand may not be 

able to cross the membrane and bind to it. The ligands SeeSAR found might not be able to bind 

to certain parts of the tested proteins because the ligands may be unable to access the proteins 

when they are within the virus particle. 

 

Future Research: EquiBind 

These results could be replicated in other programs to verify their efficacy and credibility. 

Machine learning models have been used to perform docking far faster and efficiently than 

traditional drug docking software like SeeSAR. One such model is EquiBind, developed by 

Hannes Stärk et al. in 2022, which uses a SE(3)-equivariant geometric deep learning model in 

order to perform both blind docking and pose prediction (115). By comparing the rankings 

between the drugs that SeeSAR has calculated and the drugs that EquiBind has predicted to be 

the most optimal for binding, the overall performance and accuracy of machine learning models 

in detecting lead compounds for drug docking can be ascertained. 

After determining the best three drugs for each disease from SeeSAR, taking into account 

both the number of poses under 100 nM and the lower bound of the KD, the three drugs were 

then put into EquiBind. The same proteins are used for each disease, and the original drug 

molecules are used, without considering any poses SeeSAR calculated. EquiBind then returned 

its predictions for the most preferable binding site and docking pose for the drug and its 

associated protein. After downloading, GNINA was used to calculate the estimated binding 

affinities, and these values were then used to determine EquiBind’s preferred ranking for the 
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three drugs for each disease. EquiBind provided more results for the binding affinities to help 

strengthen SeeSAR’s results and indicates a future using machine learning in computational drug 

docking. 
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APPENDIX 

 

Appendix A: Binding Sites 

 

Table AI. Ebola VP35 binding sites 

Site # Amino Acid Residues 

1 Subunit 1 (See Figure B2) 

Chain-A:  GLN241, GLN244, VAL245, LYS248, LEU249, ASP252, ALA291, PRO292, PRO293, 

VAL294, ILE295, HIS296, ILE297, VAL314, SER317, PRO318, LYS319, VAL327, GLN329, LEU330, 

GLN331, ASP332, GLY333, THR335 

2 Subunit 2 (See Figure B2) 

Chain-A: GLN241, GLN244, VAL245, LYS248, LEU249, ASP252, ALA291, PRO292, PRO293, 

VAL294, ILE295, HIS296, ILE297, ASP302, ILE303, PRO304, VAL314, SER317, PRO318, LYS319, 

VAL327, PHE328, GLN329, LEU330, GLN331 

 

Table AII. Ebola VP40 binding sites 

Site # Amino Acid Residues 

1 Subunit 1 (See Figure B3) 

Chain-A:  VAL100, ALA101, ASP102, LYS104, THR105, ASP144, HIS145, PRO146, ARG148, 

ARG151, TRP191, THR192, ASP194, ARG204, ARG214, PRO215, ILE216, LEU217, LEU218, 

PRO219, ILE285, CYS311, ASP312, THR313, CYS314, HIS315, SER316, PRO317, SER319, PRO321 

2 Subunit 1 (See Figure B3) 

Chain-A: ALA55, ILE59, HIS61, HIS64, PHE73, PHE108, THR112, MET116, LEU181, THR183 

3 Subunit 1 (See Figure B3) 

Chain-A: PHE125, LYS127, LEU132, ARG134, ARG148, ILE152, ASN154, GLN155, ALA156, 

SER319, LEU320, PRO321 

 

Table AIII. Rabies binding sites 

Site # Amino Acid Residues 

1 Subunit 1 (See Figure B4) 

Chain-A: PRO13, TRP14, SER15, PRO16  

Chain-B: GLY49, TYR50, ILE51, SER52, ALA53, ILE54, LYS55, VAL56, ASN57, PRO91, ASP92, 

ARG95 

Chain-C: VAL139 

Chain-D: LEU142 

Chain-E: LYS147, LEU149 

Chain-F: SER160, GLY161, ILE162, THR163, VAL164, SER166, THR167, TRP178, MET179, 

PRO180, GLU181, ASN182, PRO183, ARG184, PRO185, ARG186, THR187, PRO188 

Chain-G: LYS313 

Chain-H: GLU324, ALA325, ASP326 

2 Subunit 2 (See Figure B4) 

Chain-A: LYS55, VAL56, ASN57, PRO91, ASP92 

Chain-B: ARG95 

Chain-C: LEU142 
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Chain-D: LYS147, LEU149 

Chain-E: GLY161, ILE162, THR163, VAL164, THR167, TRP178, MET179, PRO180, GLU181, 

ASN182, PRO183, ARG184, PRO185, ARG186, THR187, PRO188 

3 Subunit 1 (See Figure B4) 

Chain-A: LYS1, PHE2 

Chain-B: ASN26, ASN27, LEU28, VAL29, VAL30, GLU31, ASP32 

Chain-C: LEU215, TYR216, LYS217, SER218, LEU219, LYS220, GLY221, ALA222 

Chain-D: LEU235, MET236, ASP237 

Chain-E: LEU271, VAL272, VAL273, LEU276 

Chain-F: LYS306 

Chain-G: VAl308, PRO309, GLY310, PHE311 

4 Subunit 2 (See Figure B4) 

Chain-A: PHE2, PRO3, ILE4, TYR5, THR6 

Chain-B: CYS24, PRO25 

Chain-C: ASN27 

Chain-D: VAL29 

Chain-E: VAL277, LYS278, LYS279, ARG280, GLU282, CYS283 

Chain-F: ARG299, SER302, HIS303 

Chain-G: ARG305 

Chain-H: LEU307, VAL308 

Chain-I: GLU375 

5 Subunit 2 (See Figure B4) 

Chain-A: LEU46, TYR50, ILE51, SER52, ALA53, ILE54 

Chain-B: ASP141, LEU142, ASP143, PRO144, TYR145, ASP146, LYS147 

Chain-C: HIS150 

Chain-D: THR187, PRO188, ILE191, PHE192 

Chain-E: LEU225, LYS226, LEU227, CYS228, ARG234 

Chain-F: GLY238 

Chain-G: CYS252, PRO253, PRO254, ASP255 

6 Subunit 1 (See Figure B4) 

Chain-A: LEU146 

Chain-B: TYR50, ILE51, SER52, ALA53, ILE54 

Chain-C: ASP141, LEU142, ASP143, PRO144, TYR145 

Chain-D: HIS150 

Chain-E: ILE191 

Chain-F: ARG224, LEU225, LYS226, LEU227, ARG234 

Chain-G: TRP251, CYS252, PRO253, PRO254, ASP255 

7 Subunit 1 (See Figure B4) 

Chain-A: PHE2, PRO3, ILE4, TYR5 

Chain-B: CYS24, PRO25, ASN26, ASN27, LEU28 

Chain-C: VAL272 

Chain-D: LEU276, VAL277, LYS279, ARG280, GLU282, CYS283 

Chain-E: ARG299, SER302, HIS303, LEU304, ARG305, LYS306, LEU307 

Chain-F: PRO374, GLU375 

Chain-G: SER378 

8 Subunit 2 (See Figure B4) 

Chain-A: ASN26, ASN27, LEU28, VAL29, VAL30, GLU31 

Chain-B: ASP211, ARG213, GLY214, LEU215, TYR216, LYS217, SER281, LYS220 

Chain-C: LEU235, MET236, ASP237 
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Chain-D: LYS306 

Chain-E: VAL308, PRO309, GLY310, PHE311 

Chain-F: HIS328, TYR329, LYS330, SER331 

9 Subunit 2 (See Figure B4) 

Chain-A: ALA93 

Chain-B: ALA97, LYS101, ARG107, TYR108, GLU130, SER131, LEU132, ILE133, ILE134 

10 Subunit 1 (See Figure B4) 

Chain-A: ALA97, TRP100, LYS101, PRO106, ARG107, TYR108, GLU130, SER131, LEU132, 

ILE133 

11 Subunit 2 (See Figure B4) 

Chain-A: ILE19 

Chain-B: LYS294, SER295, VAL296 

Chain-C: ILE317, LYS320, THR321, LEU322 

12 Subunit 2 (See Figure B4) 

Chain-A: SER15, PRO16, ILE17, ASP18 

Chain-B: HIS21, SER23, CYS24, PRO25, ASN26 

Chain-C: SER52 

Chain-D: LYS55 

Chain-E: PRO137, SER138, VAL139, THR140, ASP141 

Chain-F: SER151, ARG152, VAL153 

Chain-G: ASP237 

Chain-H: LEU304, ARG305, LYS306 

Chain-I: PHE311, GLY312, LYS313, TYR315 

Chain-J: THR321 

Chain-K: GLU324 

Chain-L: TYR329 

13 Subunit 2 (See Figure B4) 

Chain-A: ILE7, PRO8, ASP9 

Chain-B: LYS330, SER331, VAL332, GLu337, ILE338, LYS346, VAL347, GLY348, GLY349 

14 Subunit 1 (See Figure B4) 

Chain-A: PHE298, ARG299 

Chain-B: GLY362, ILE364, LEU372, ILE373, PRO374 

Chain-C: GLN377 

15 Subunit 1 (See Figure B4) 

Chain-A: GLU10, LEU11, GLY12, PRO13, TRP14 

Chain-B: PHE318 

Chain-C: VAL347, GLY348 

Chain-D: ARG350, HIS352, PRO353, HIS354, VAL355, VAL358, PHE359, PHE360 

16 Subunit 1 (See Figure B4) 

Chain-A: ILE7, PRO8, ASP9 

Chain-B: LYS330, SER331, VAL332, GLU337, ILE338, LYS346, VAL347, GLY348, GLY349 

17 Subunit 2 (See Figure B4) 

Chain-A: TYR43, GLU45, LEU46 

Chain-B: ILE51 

Chain-C: PHE209, ASP211, ARG213 

Chain-D: LEU215 
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Chain-E: LYS217 

Chain-F: LEU235 

Chain-G: THR239, TRP240, VAL241 

Chain-H: HIS328 

18 Subunit 1 (See Figure B4) 

Chain-A: PRO398, THR404, VAL405, PHE406, GLU413, ASP414, PHE415 

 

Table AIV. Zika binding sites 

Site # Amino Acid Residues 

1 Subunit 1 (See Figure B5) 

Chain-A: TYR61, GLU62, ALA63, LYS123  

Chain-B: MET206, ASN207, LYS209, HIS210, TRP211 

Chain-C: GLU244, LYS246, VAL256, VAL257, LEU258, GLY259, SER260 

Chain-D: GLU262 

Chain-E: HIS266 

Chain-F: LEU269, ALA270, GLY271, ALA272 

Chain-G: GLU274, ALA275 

 

Subunit 2 (See Figure B5) 

Chain-A: GLU62, ALA63, LYS123 

Chain-B: ASN207, ASN208, LYS209, HIS210, TRP211 

Chain-C: GLU244, LYS246, VAL256, VAL257, LEU258, GLYS259, SER260 

Chain-D: GLU262 

Chain-E: VAL265, HIS266, THR267,  

Chain-F: LEU269, ALA270, GLY271, ALA272 

Chain-G: GLU274, ALA275, GLU276, MET277 

2 Subunit 1 (See Figure B5) 

Chain-A: ILE1  

Chain-B: LYS38, PRO39, THR40, 

Chain-C: VAL143, HIS144, GLY145, SER146, ASN163 

Chain-D: PHE183 

Chain-E: LEU300, LYS301, VAL303, SER304, TYR305 

Chain-F: LYS340 

Chain-G: THR360, ALA361, ASN362, PRO363, VAL364, ILE365, THR366, GLU367, SER372, 

LYS373, MET374, 

Chain-H: MET375 

3 Subunit 2 (See Figure B5) 

Chain-A: LYS38, PRO39, THR40 

Chain-B: VAL143, HIS144, GLY145, SER146, ASN163, PHE183 

Chain-C: LEU300, LYS301, VAL303, SER304, TYR305, LYS340 

Chain-D: ILE359, THR360, ALA361, ASN362, PRO363, VAL364, ILE365, THR366, GLU367, 

SER372, LYS273, MET374, MET375 

4 Subunit 1 (See Figure B5) 

Chain-A: THR267  

 

Subunit 2 (See Figure B5) 

Chain-A: TRP217, ASP220, ILE221, PRO222, LEU223, GLN261, ALA264, VAL265, ALA268 
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5 Subunit 1 (See Figure B5) 

Chain-A: MET125, TRP217, ILE221, PRO222, LEU223, GLN261, ALA264, VAL265, ALA268 

 

Subunit 2 (See Figure B5) 

Chain-A: THR267 

6 Subunit 1 (See Figure B5) 

Chain-A: LEU307, LYS340, VAL341, PRO342 ALA343 GLN344, MET345, LEU352, PRO354, 

VAL355, GLY356, ARG357, LEU358 

 Chain-B: ASN362, PRO363 

Chain-C: VAL388, GLY390, VAL391, GLY392, LYS395 

7 Subunit 1 (See Figure B5) 

Chain-A: HIS27, LEU45, THR48, PRO132, LEU135, TYR137, PRO171, PRO192, ARG193, GLY195, 

LEU196, ASP197, PHE198, LEU212, LEU273, GLU274, LEU284, SER285, SER286, GLY287, 

HIS288 

8 Subunit 2 (See Figure B5) 

Chain-A: LEU196, LEU201, LEU212, VAL213, HIS214, TRP217, ALA268, LEU269, GLY271, 

ALA272, LEU273 

9 Subunit 2 (See Figure B5) 

Chain-A: LYS340, VAL341, PRO342, ALA343, GLN344, MET345, LEU352, PRO354, VAL355, 

GLY356, ARG357, LEU358, ASN362, PRO363, VAL388, GLY390, VAL391, GLY3928 

10 Subunit 2 (See Figure B5) 

Chain-A: LEU212, VAL213, HIS214, TRP217, ALA268, LEU269, ALA272, LEU273 
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Appendix B: Figures 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure B2: Ebola viral protein 35 

visualization (obtained from SeeSAR) of 

Subunit 1 (blue). 

Figure B3: Ebola viral protein 40 

visualization (obtained from SeeSAR) of 

Subunit 1 (left, blue) and Subunit 2 (right, 

green) 
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Figure B4: rabies glycoprotein visualization 

(obtained from SeeSAR) of Subunit 1 (top, 

blue) and Subunit 2 (bottom, green) 

Figure B5: Zika Envelope Protein 

Visualization (obtained from SeeSAR) of 

Subunit 1 (top, blue) and Subunit 2 (bottom, 

green) 


