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ABSTRACT 

HIV-1 infection is mediated by the interaction between the host cellular CD4 receptor and co-

receptors with HIV Envelope protein (Env). Inhibition of HIV entry into host cell presents a 

biological target for therapeutic intervention. Broadly neutralizing antibody (bNabs) are potent in 

neutralizing a broad range of HIV strains by binding to the Env and preventing entry into the host 

cell. VRC01 is a CD4 binding-site class bNabs that binds to the conserved CD4 binding region of 

Env. However, using antibodies as therapeutic agents pose challenges of low availability and high 

cost of production. Natural products that can mimic VRC01 bNabs by interacting with the 

conserved CD4-binding regions may serve as new generation of HIV-1 entry inhibitors, which are 

broadly reactive and potently neutralizing. This study aimed to identify natural products that mimic 

VRC01 broadly neutralizing antibody, by interacting with the CD4-bs of HIV-1 gp120 and inhibit 

viral entry into a target cell. A library of purchasable compounds derived from natural products 

was virtually screened against the HIV-1 gp120 of clade A/E recombinant 93TH057 (PDB: 3ngb) 

using AutoDock Vina, and LIGPLOT was used to elucidate the interactions between the 

compounds and the HIV-1 gp120 complexes. The compounds with the lowest binding energies 

were selected and further screened against gp120 of a reference HIV strain (HXB2). 

Pharmacological profiling of the compounds was undertaken using SwissADME. Ten selected 

compounds were purchased and used for cell-based antiviral infectivity inhibition assay using 

HXB2-env pseudotype virus. Three compounds, NP-005114, NP-008297 and NP-007382 

inhibited entry of HIV HXB2 pseudotype virus into target cells, while the rest of the compounds 

showed no inhibitory activity against HIV entry into target cells. NP-005114, extracted from the 

seed of T. chebula, had IC50 of 10µg/ml. Protein-ligand interaction showed that NP-005114 had 

inter-molecular hydrogen bond interactions with eight and eleven amino acid residues on the CD4-
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binding site of recombinant clades A/E and B HIV -1 gp120, respectively. NP-005114 had 

intermolecular hydrogen and hydrophobic interactions with Asp457, a critical amino acid residue 

in the Phe43 cavity of the HIV gp120 for recombinant clades A/E and B, respectively. Derived 

from the leaf of Ginkgo biloba, NP-008297 formed ten and four hydrogen bond interactions with 

amino acid residues of the CD4-binding site on HIV-1 gp120 of recombinant clades A/E and B, 

respectively. NP-008297 inhibited viral entry at IC50 of 15.5µg/ml. NP-007382 was derived from 

bacteria and interacted with five amino acid residues in the CD4-binding site of HIV-1 gp120 of 

recombinant clades A/E and B, via intermolecular hydrogen bond. The 50% inhibitory 

concentration of NP-007382 against viral entry into the target cell was 13.1µg/ml. These 

compounds inhibited the entry of HIV clade B pseudotype (HXB2) with an IC50 which was 

comparable to that of VRC01 (0.1-50 µg/ml) against HIV clade B pseudotypes and primary isolate. 

The interaction of the compounds with critical residues of the CD4-binding site of more than one 

clade of HIV-gp120 demonstrates the possibility of broad entry inhibition of other HIV clades. 

This is the first report of the characterization of NP-008297, NP-00738, and NP-005114 as HIV-1 

entry inhibitors. 

 

 

 

 

 

University of Ghana http://ugspace.ug.edu.gh



 
 

3 
 

CHAPTER ONE 

1.0. INTRODUCTION 

Acquired Immune Deficiency Syndrome (AIDS) is a range of symptoms and diseases related to 

a compromised immune system that manifest in persons with the Human Immune Deficiency 

Virus (HIV) infection. According to UNAIDS 2016 factsheet, HIV has infected about seventy-

six million people and has caused the death of 36 million individuals since the discovery of the 

disease (Pustil, 2016). About 1.8 million people became infected in 2016 alone (Pustil, 2016), 

making HIV epidemic control a global priority,  as stated in the Millennium Development Goals 

(MDGs) (WHO, 2016). There is currently no therapeutic cure; however, early and chronic stages 

of HIV infection are managed with antiretrovirals (ARVs). Antiretroviral therapy (ART) is a 

lifelong therapy, that suppresses viral replication to undetectable levels in the plasma, allowing 

the CD4 cells to rebound. Highly Active Antiretroviral Therapy (HAART) has been successfully 

used in treating HIV infection and reduction of viremia to an undetectable level in HIV infections, 

thereby improving the immune system (Kaufmann & Rosenberg, 2003). HAART is a mixture of 

two or more classes of Anti-Retroviral (ARV) drugs that inhibit several points in the HIV-1 life 

cycle (Chesney, Morin, & Sherr, 2000). Currently, four classes of ARVs; Reverse Transcriptase 

Inhibitors (RTIs), Protease Inhibitors (PIs), Entry Inhibitors, and Integrase Inhibitors have been 

approved for use in the treatment of HIV-1 infection (Stolk & Lüers, 2004). While these ARVs 

are very useful in treating and managing the viral infection, the drugs do not entirely get rid of 

the HIV infection, and continuous use poses risks of toxicity, adverse side effects, and 

development of resistant virus strains (Broder, 2010). 

HIV infection of host cells begins with entry into the host cell, followed by deposition of viral 

genetic material into the host cell. Once inside the host cell, the RNA genome is reverse transcribed 
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to cDNA and integrated into the host genome, by the viral enzymes, reverse transcriptase and 

integrase respectively to make the provirus. The provirus undergoes either lytic (actively 

replicative) or latent (dormant) cycle. In the lytic cycle, the provirus is transcribed and translated 

into viral RNA and proteins, respectively, which are cleaved and processed by the viral enzyme 

protease and packaged into new viral particles. The new viral particles bud off the host cell, taking 

the host cell’s outer membrane as the envelope. HIV-1 entry is a complex interaction of host cell 

CD4 receptor and chemokine co-receptors (CXCR4 and CCR5) with the HIV env protein (trimer 

of gp120 non-covalently bound to gp41) in a process that comprises attachment to the host cell, 

binding of CD4 receptor , co-receptor binding, cell fusion, and deposition of  viral genetic material 

(Wilen, Tilton, & Doms, 2012). Targeting HIV-1 entry into the host cell presents opportunities for 

therapeutic intervention as treatment and prevention strategy of the HIV infection (Haqqani & 

Tilton, 2013; Henrich & Kuritzkes, 2013). The current ART targets various steps in the viral life 

cycle, however, only Enfuvirtide (fusion inhibitor) and Maraviroc (CCR5 antagonist) have been 

approved for use clinically in the HIV treatment, by the US Food and Drug Administration (FDA) 

as targets of the viral entry (entry inhibitors) (Henrich & Kuritzkes, 2013). Some limitations are 

associated with the clinical use of these entry inhibitor drugs for the treatment of HIV infections. 

Treatment with maraviroc is associated with the emergence of CXCR4 tropic viruses (Fätkenheuer 

et al., 2008; Gulick et al., 2008), enfuvirtide is a large polypeptide administered subcutaneously 

which is associated with painful injection sites and therefore has limited the clinical use of the drug 

(Lazzarin et al., 2003). There is the need for research focused on development HIV-1 entry 

inhibitors to target various steps of the HIV-1 entry into the host cell. 

HIV-1 Broadly Neutralizing antibodies (bNAbs) are monoclonal antibodies that solely target the 

HIV-1 Env protein; they possess exceptional potency and breadth against variant strains of HIV-1. 
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bNAbs have been isolated from about 20-30% of individuals who are chronically infected with the 

virus (Binley et al., 2004) out of which 1% of the infected persons are termed the “elite neutralizers” 

(Simek et al., 2009). These bNabs have been shown to completely prevent Simian-Human 

Immunodeficiency Virus infections in other primates (Hessell et al., 2009), suppress viremia in 

HIV-1 infected individuals (Caskey et al., 2016), and effectively control HIV-1 infection and 

suppress viremia in humanized mice even after discontinuing therapy for about sixty days owed to 

the longer half-life of the antibodies compared to ARVs (Halper-Stromberg et al., 2014; Horwitz et 

al., 2013; F Klein et al., 2012; Florian Klein et al., 2012).  The remarkable breadth and potency of 

the bNabs are attributed to their ability to interact to conserved regions on the HIV Env protein 

(Wibmer, Moore, & Morris, 2015; Wu et al., 2010). Based on their epitopes of interaction on the 

HIV-1 Env protein, bNAbs is grouped into five classes: CD4 binding site(CD4bs),  gp120 and gp41 

interface, high mannose patch, the membrane proximal region (MPER), and trimer apex of HIV 

Env (McCoy, 2018). CD4 binding site (CD4bs) class bNAbs exhibit high potency and breadth to 

variant HIV strains, this is mainly because CD4bs is one the most functionally conserved sites of 

the HIV-1 Env protein. The CD4bs is required for initial CD4 binding and successful infection of 

host cell by HIV (Scheid et al., 2011). VRC01 is an example of CD4bs bNAbs with neutralization 

breadth of about 80-90% HIV strains and high potency of IC50 of 0.33µg/ml using HIV group M 

envelope pseudotype virus (Wu et al., 2011). VRC01 shares 98% similarity with CD4 with respect 

to their binding site on HIV-1 gp120 (T. Zhou et al., 2010), however, they differ in CD4 preference 

for gp120 in an unbound state, while VRC01 has an affinity for gp120 in both CD4 bound and 

unbound state. Other similarities of CD4 and VRC01 include the hydrogen bonding interaction 

between Arg59CD4 and Gly54VRC01 with Asp368gp120. Additionally, there is a significant correlation 

between VRC01 and CD4 amino acids residues of interaction in gp120 (T. Zhou et al., 2010). 
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VRC01 bNAbs have demonstrated efficacy in the prevention of HIV in humanized mice, prolonged 

the time of HIV rebound during treatment interruption (K. J. Bar et al., 2016) and it is currently in 

clinical trials for prevention of HIV transmissions in human (Mayer et al. , 2017a) (; ).  

The use of antibodies as therapeutic agents has been FDA approved for cancer treatment, 

prevention and treatment of some viral infections, they also possess the advantages of safety and 

specificity over chemical therapeutics (Salazar, Zhang, Fu, & An, 2017; Scott, Wolchok, & Old, 

2012). There is currently no HIV antibody approved for clinical use; despite promising results as 

a potential therapeutic agent, this is due to various challenges associated with the development of 

antibodies as therapeutics. These challenges include; laborious and time-consuming antibody 

production techniques, high cost of production, the stability of the antibody,  and risk of treatment 

failure due to host to host variation (Awi & Teow, 2018). In order to overcome these challenges, 

small molecule mimetics of large biological molecules can be developed as therapeutic agents 

against HIV infection. Peptidomimetics are compounds that functionally and structurally mimic 

biological molecules like proteins and peptides, but with improved properties in terms of 

selectivity, potency, oral bioavailability, and reduced side effect (Vagner, Qu, & Hruby, 2008). 

These compounds are designed to mimic protein-protein interaction between a biological receptor 

and its ligand. The concept of peptidomimetics is not new in drug discovery and development, 

and have been used successfully in the development of FDA approved peptide inhibitors such as 

ACE inhibitors, Thrombin inhibitors, and HIV-1 protease inhibitors (Kikelj, 2003; Ripka & Rich, 

1998). Various strategies have been employed in developing peptidomimetics, and in current 

times computational approaches like molecular modelling, molecular docking, molecular 

dynamics, virtual high throughput screening, quantitative structural activity relation (QSAR) etc., 

have gained popularity in peptidomimetics drug design (O. N. Akram et al., 2014; Doro et al., 
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2015; Duprez et al., 2015; Frecer, Berti, Benedetti, & Miertus, 2008).  The shift in dynamics 

towards computational drug design is due to the advantages it offers over the traditional high 

throughput screening (HTS) and combinatory medicinal chemistry. Computational drug 

discovery increases the rate of identifying novel drug-like compound at a lowered cost than 

conventional HTS, elucidate the molecular mechanism for therapeutic activity of drug compound, 

guide lead compound optimization by predicting the most biologically active and 

pharmacologically effective derivative, and overall lessen the time and cost of early drug 

discovery (Sliwoski, Kothiwale, Meiler, & Lowe, 2014a). Current improved technologies in HIV 

pseudotype production and computational drug discovery have led to the development of small 

compound mimetics of CD4 receptor, chemokine co-receptors inhibitors as HIV entry inhibitors 

(A M Andrianov, Kashyn, & Tuzikov, 2013; Alexander M. Andrianov, Kashyn, & Tuzikov, 

2014; Courter et al., 2014). 

This study seeks to use a computational approach to identify compounds derived from natural 

products that mimic broadly neutralizing antibody VRC01 in interaction with the conserved 

amino acid residues of CD4-bs and assess the inhibitory activity of these peptidomimetics 

compound on HIV-1 infection of host cell using pseudotype technology. 
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1.1. RATIONALE 

Due to the high incidence of HIV infection and the unavailability of a therapeutic intervention 

that will completely eliminate the infection, there is the need to exploit potential compounds for 

treatment and as prophylaxis. BNAbs have proven to be very potent for use as a therapeutic 

intervention for HIV infection, but the isolation of the antibodies is associated with high cost, and 

the large size of the macromolecule poses challenges of oral delivery as therapeutics. Therefore, 

identifying compounds that will mimic bNAbs may offer a cost-effective and efficient therapeutic 

agent that can be utilized as pharmacophores in bNAbs-based HIV-1 entry inhibitor drug 

development. 

1.2. HYPOTHESIS 

Compounds derived from natural products that mimics HIV-1 broadly neutralizing antibody, by 

interacting with the conserved amino acid residues of HIV-1 gp120 will inhibit the HIV infection 

of target cells. 

1.3. AIM 

To identify mimetics of HIV-1 broadly neutralizing antibody VRC01 from a natural product-

derived compound library that can inhibit HIV infection of target cells 

1.4. SPECIFIC OBJECTIVES  

The specific objectives are: 

i. Identify compounds derived from natural products that mimic VRC01 via high-

throughput virtual screening (vHTS). 

ii. Cell-based neutralization assay to quantify the infectivity inhibition concentration of the 

selected compounds obtained from vHTS. 
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CHAPTER TWO 

2.0. LITERATURE REVIEW 

2.1. HUMAN IMMUNODEFICIENCY VIRUS (HIV) 

2.1.1. Virology 

Human Immunodeficiency Virus (HIV) belongs to the genus Lentivirus and family Retroviridae. 

HIV is a single-stranded, enveloped, +sense RNA virus. The viral genome contains two identical 

single-stranded RNA, each sized approximately 9.8kb. The genome is encased in a cone-like capsid 

to form the nucleocapsid. The viral genome has nine ORFs, the major ones: pol, gag, and env that 

encodes for essential enzymes; structural proteins Tat and glycoprotein Rev which encode for 

regulatory proteins; and Vpu, Vpr, Vif, and Nef which codes for the accessory proteins necessary 

for viral replication. Long terminal repeats (LTRs), required for viral integration and replication, 

surrounds the viral genome (Sundquist & Kräusslich, 2012; B. G. Turner & Summers, 1999). 

 

Figure 1. The structure and genome organization of the nine protein-coding genes of HIV (Altfeld, et al. 

2011. HIV 2011. https://www.hivbook.com/tag/structure-of-hiv-1/) 
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Based on the genetic makeup of HIV, two types of HIV are known:  HIV-1 and HIV-2. HIV-1 is 

characterized by high virulence, infectivity, and ease of transmission, and is responsible for global 

HIV pandemic. There are four major types (M, N, O and, P), Group M is the primary cause of 

global HIV infections and has been further classified into nine subtypes or clades (A-D, F-H, J, and 

K) and other circulating recombinant strains (CRFs). HIV-2, on the other hand, is less virulent 

compared to HIV-1 and its occurrence is mostly restricted to West Africa, HIV-2 has 5 major groups 

(A, B, C, D and, E), where group A and B are the significant and well-studied group (Taylor, 

Sobieszczyk, McCutchan, & Hammer, 2008). 

HIV can infect various host immune cells, such as CD4+ T-lymphocyte cells, microglial cells, and 

macrophages. HIV infection of host cells begins with cell entry, which is mediated by the 

interaction between the envelope protein of the virus with CD4 receptors and chemokine (CCR5 

and CXCR4) co-receptors from the host cell. The receptor and co-receptor interaction are followed 

by viral and target cell membrane fusion and deposition of viral genetic material into the host cell. 

Once inside the host cell, the viral RNA genome is converted to cDNA through reverse transcription 

by reverse transcriptase in the virus, and then the viral cDNA is integrated into the host genome by 

the viral enzyme called integrase. The host genome carrying the viral genome (provirus) can either 

go through the latent viral cycle, where it is dormant or the actively replicative phase (lytic cycle), 

where the host cell machinery is hijacked for viral replication. In the active replicative cycle, the 

provirus is transcribed into RNA and subsequently translated into viral proteins, which are cleaved 

and processed by the viral enzyme protease. The processed proteins are packaged with the addition 

of full-length untranslated viral RNA into new viral particles, which buds of the host cell, taking 

the outer membrane of the host cell as envelope (Campbell & Hope, 2008; U.S. Department of 

Health and Human Services, 2016). 
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Figure 2. The life cycle of HIV. Starting from attachment to the host cell, deposition of the viral genome, 

reverse transcription, integration, replication, packaging, assembly, and budding off as the new viral 

particles (Freed, 2015). 

 

2.1.2. Pathogenesis 

HIV causes HIV infection, and in advanced stage leads to acquired immunodeficiency 

syndrome (AIDS).  AIDS is characterized by a dilapidating host immune system that allows the 

thriving of life-threatening opportunistic infections. In the early stage of HIV infection, viral 

replication is very high, and may or may not present with clinical symptoms. Mild flu-like 

symptoms, rashes, muscle pain, and fever that usually last for a few weeks is typical of acute 

infection stage. HIV antibodies become detectable in the serum of infected person around 6–18 

weeks after infection (Stine., 2000). The incubation period of HIV infection is long and highly 

variable among individuals (5-11 years), and it is asymptomatic which correlates to low viral 
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replication combined with a periodic increase in viremia and a slight decrease in CD4 cells number. 

Without intervention, most infected persons progress to AIDS, which is the last stage characterized 

by highly deficient immunity and an influx of opportunistic infections and eventual death. However, 

treatment with antiretroviral therapy (ART) increases the survival chance of HIV infected 

individual allowing for long healthy life. Aside from the two extremities (with ART and without 

ART intervention), There are individuals with a characteristically long asymptomatic period, even 

without ART intervention. These individuals are grouped into three main classes: Long term non-

progressors (LTNP), Viraemic controllers, and ‘Elite controllers.’ LTNP are HIV infected ART 

naïve individuals with stable CD4 count about 500cells/ml, and minimal viral replication copy, the 

status of LTNP can be lost due to decline in the CD4 level and increase viremia, which may take 

longer time than other HIV infected individual but happens eventually (Madec et al., 2009). Elite 

controllers are ART-naive HIV infected patients with viremia (below 1000 copies/ml), quantified 

at least 3 times for 12 months, while Viraemic controllers are distinguished from the ‘Elite 

controllers’ by the level of the HIV RNA viral load which is in the range of 1000–2000 copies/ml 

(Okulicz & Lambotte, 2011). 
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Figure 3. The natural history of HIV infection before and after ART. Before ART, there is a decline in 

the CD4 levels with increased plasma viral load, however with ART, the viral is reduced to the minimal 

levels in the plasma, and the CD4 levels are increased (Vergis & Mellors, 2000). 

 

2.1.3. Transmission, Treatment, and Control 

HIV infection is through contact with body fluids containing HIV infected cells and/or infectious 

virion. HIV is present in virtually all the body fluids of an infected person; however, the 

transmission usually occurs through blood, breastmilk, vagina, semen, and rectal fluids (Maartens, 

Celum, & Lewin, 2014). The most common paths of HIV infection are penetrative sexual 

intercourse, blood transfusion, breastfeeding, injective drug use, vertical transmission from mother 

to child (Shaw & Hunter, 2012). There is currently no therapeutic cure; however, early and chronic 

stages of HIV infection are managed with antiretroviral drug (ARVs). Antiretroviral therapy (ART) 

is a lifelong therapy, which does not completely eradicate the virus from the infected individual but 

suppresses viral replication to undetectable levels in the plasma, allowing the CD4 cells to rebound. 

The main aim of the ART is to prolong a healthy life of the HIV infected person through the 
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suppression of viral replication, which slows down the disease progression and prevent 

opportunistic infections that lead to clinical diseases. Successful ART treatment is defined as 

maintaining a plasma viral load of <1000 copies/ml after six months on ART (World Health 

Organisation, 2016). Discontinuing ART can result in the rebound of plasma viral load and the 

decline of CD4 levels, it also increases the risk of acquiring drug resistance. ART is also used for 

pre and post-exposure prophylaxis (PrEP and PEP), as a prevention tool for most at risk population 

like couples in serodiscordant relationship, maternal to child transmission (MTCT) and victims of 

sexual assaults (Centers for Disease Control and Prevention, 2014; Maartens et al., 2014). 

Antiretrovirals suppress viral replication because they are designed to target different steps in the 

viral replication cycle. Since the introduction of Zidovudine (AZT) about 3 decades ago, there are 

currently more than 2 dozen FDA approved ARVs, each fallen under the six classes of ARVs 

[Chemokine receptor antagonist, Fusion inhibitors, Nucleoside/nucleotide analogue reverse 

transcriptase inhibitors (NRTIs), Nonnucleoside analogue reverse transcriptase inhibitors 

(NNRTIs), Protease inhibitors (PIs), and Integrase inhibitors] (Dickinson, Khoo, & Back, 2010). 

 

Figure 4. Classes of antiretrovirals, their targets on the HIV life cycle, and mechanism of action (Smith, 

de Boer, Brul, Budovskaya, & van der Spek, 2013). 
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Various intervention strategies have been employed for HIV epidemic control; the aim of this 

epidemic control is to prevent onward transmission of HIV while maintaining healthy living for 

people living with HIV. Among the various strategies includes:  

1) Eliminating mother to child vertical transmission through a comprehensive Prevention of Mother 

to Child Transmission (PMTCT) (WHO, 2010) 

2) Expanding HIV prevention through the combination of behavioural, medical, social, and 

structured HIV prevention intervention strategy tailored to reduce new infections like the use of pre 

and post-exposure prophylaxis (Baeten et al., 2012), use of male and female condoms, male 

circumcision, etc.   

3) Scaling up HIV testing and counselling to the whole population well-structured treatment 

strategy (Suthar et al., 2013),  

4) Prevention by treatment, i.e., using antiretroviral drugs to suppress viral replication in infected 

persons such that they cannot transmit HIV (Nichols, Boucher, & van de Vijver, 2011). All these 

strategies are not used in isolation but effective when used together (UNAIDS, 2014). 

 

2.1.4. Antiretroviral Drug Resistance 

The use of ARVs for treatment and prevention of HIV infections have had a remarkable impact on 

the epidemic control of HIV and increasing the life expectancy of individuals living with HIV. 

Despite the significant effort in scaling-up ART globally there are still gaps in quality ART delivery 

service, including poor treatment retention (Nachega, Mills, & Schechter, 2010), non-compliance 

to the ARVs, unavailability of ARVs, and suboptimal treatment monitoring (Obiako & Muktar, 

2010).  HIV Drug Resistance (HIVDR) has been described as the ability of HIV to replicate and 
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infect cells in the presence of ARVs (S Bertagnolio, Beanland, Jordan, Doherty, & Hirnschall, 

2017).  

HIVDR is due to mutations in the genetic material of the virus that diminishes the ability of a class 

of ARV or a combination of ARVs to inhibit viral replication; these mutations could be caused by 

the error-prone HIV reverse transcriptase, high replication rate, selective drug pressure, and 

suboptimal drug in the blood. HIVDR have grave consequences on the epidemic control of HIV 

like ART treatment failure and increased infection and re-infection with a drug-resistant virus, 

increasing the incidence of HIV infection, morbidity, and mortality (S Bertagnolio et al., 

2017). WHO has projected the percentage contribution of HIVDR on AIDS-related death, new 

infections and increased cost of ART in sub-Saharan Africa as 16%, 8.7%, and 7.7% respectively 

from the year 2016 – 2030 (Phillips et al., 2017). 

HIVDR is broadly categorized into three (Silvia Bertagnolio, Beanland, Jordan, Doherty, & 

Hirnschall, 2017):  

1. Acquired drug resistance (ADR), described as the resistance that develops in HIV infected person 

receiving ART, caused by spontaneous mutation arising from rapid viral replication 

2. Transmitted drug resistance (TDR), this is HIVDR found in HIV infected persons with no exposure 

to antiretroviral drugs (ARV naïve), the resistance virus is usually transmitted to a person and not 

developed like the ADR 

3. Pre-treatment drug resistance (PDR), this resistance is prevalent in individuals with previous 

exposure to ARVs either as prophylaxis or treatment interruptions. PDR can be acquired during 

exposure to ARVs or transmitted at the point of infection. 
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2.2. HIV BROADLY NEUTRALIZING ANTIBODIES 

HIV-1 neutralizing antibodies were first considered as a possible therapeutic agent people with HIV 

infections. Early approaches in the 1980s used serum from HIV infected patients with high titre of 

antibodies that recognize the HIV capsid (Jackson et al., 1988), by 1990 HIV-1 envelope protein 

was established as the sole target of the neutralizing antibodies and not the capsid (Karpas et al., 

1990). In the early 2000s, the first generation of monoclonal neutralizing antibodies (NAbs) that 

targets various epitopes on the HIV-1 envelope protein were isolated, characterized and pursued 

for immunotherapy (Jaworski, Vendrell, & Chiavenna, 2017). The first set of NAbs isolated that 

target the HIV envelope protein include 4E10 and 2F5 (binds to epitopes on the gp14 ectodomain) 

and 2G12 (binds to N-linked glycan of gp120). These antibodies were well tolerated and safe. 

However, they only show modest suppression of viremia and resistance were seen for the 2G12 

antibody (Jaworski et al., 2017). The significant challenges of the NAbs are the HIV envelope 

protein, which is heavily glycosylated and have variable loops; this variation causes problems with 

recognition of the epitopes and subsequent immune escape (Stephenson & Barouch, 2016). The 

emergence of resistance, few numbers, narrow spectrum HIV target, and low potency limited the 

practical use of these NAbs. In recent years, with cutting edge technology in HIV research, 

pseudotype virus production, B-cell technology, and high throughput neutralization assay, etc., 

there has been a dramatic change in the field of HIV-1 neutralizing antibodies. A subset of HIV-1 

infected people called “elite neutralizer*s” have been identified; the individuals can generate high 

titers of highly potent and broadly active neutralizing antibodies termed broadly neutralizing 

antibodies (bNAbs). This new generation bNAbs have shown high efficacy in reducing viremia in 

both human and animal model, and they are being explored for their use in HIV prevention, 

treatment and possibly eradication (Altfeld et al., 2015; McCoy & Burton, 2017). 
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2.2.1. Targets for HIV-1 Broadly Neutralizing Antibodies (bNAbs) 

HIV-1 envelope protein that mediates host cell entry is the only target of broadly neutralizing 

antibodies. The envelope protein (glycoprotein), collectively termed as gp160, consist of a trimer 

of extracellular receptor binding gp120 bound noncovalently to three transmembrane protein gp41. 

The HIV-1 gp120 is covered with a glycan shield and protected by regions: V1, V2, V3, V4, and 

V5 loops, and alpha helix, and β14 sheet which are hypervariable. The gp41 protein however, has 

less glycosylation, is conserved, and is shielded from solvent (Shen, Raska, Bimczok, Novak, & 

Smith, 2014; Wilen et al., 2012). The HIV-1 envelope protein shows the most genetic variation 

between subtypes due to pressure from the host immune system, these variations are due to 

mutations and glycan shifts that occur mostly in the variable region of the glycoprotein. Due to 

these genetic variabilities, the first isolated neutralizing antibodies (NAbs) are strain specific and 

have a narrow spectrum. Elite neutralizers, which are HIV infected individuals that have developed 

antibodies that are highly potent across a broad range of HIV strains called broadly neutralizing 

antibodies (bNAbs) (Hraber et al., 2014). B-cell technology advancements have led to the isolation 

of bNAbs and characterization of their epitopes of interaction on the HIV envelope protein (Walker, 

Huber, Doores, Falkowska, Pejchal, Julien, Wang, Ramos, Chan-Hui, Moyle, Mitcham, Hammond, 

Olsen, Phung, Fling, Wong, Phogat, Wrin, Simek, Koff, et al., 2011), five defined sites of 

interaction of bNAbs have been identified on the HIV Env: CD4 binding sites, V2 site, gp120-41 

interface, membrane proximal external region (MPER), and N332 supersite. 

2.2.2. The V2 site 

The V2 site is formed by the joining of amino acid sequence from the V1 domain, V2 domain, and 

V3 loop of HIV Env conserved region. It is found at the apex of the gp120 trimer, and it is shielded 

by tightly packed glycan at N160 and N156 position, and the V1 and V2 hypervariable loops (J. H. 
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Lee et al., 2016).  Antibodies that interact with the V2 site have a remarkably long loop three heavy 

chain Complementarity Determining Region (CDR-H3) that is anionic (Nicole A. Doria-Rose et 

al., 2014).  PG9 and CAP256-VRC26 are antibodies that target the V2 sites, PG9 interact with 

glycan N160 from two different promoters while CAP256-VRC26 is not glycan N160 dependent 

(Nicole A. Doria-Rose et al., 2014; J.-P. Julien et al., 2013; Loving, Sjoberg, Wu, Binley, & Garoff, 

2013). Despite the differences in their binding, both antibodies have a short stretch of seven cationic 

amino acids at the 165-171 position, as their primary peptide epitope. The breadth of these 

antibodies is most likely due to the conserved nature of the peptide epitope and the glycans (N. A. 

Doria-Rose et al., 2012).  

2.2.3. The N332 supersite 

The N332 supersite has several overlapping epitopes that are dependent on glycan, the most well 

characterized of these epitopes is the V3 epitope, which is structurally close to the V2 site (Kong et 

al., 2013).  V3 antibodies show similarity to V2 antibodies, as they interact with a short peptide 

epitope of eight amino residue between position 323 -330 using their long CDR-H3 (Pejchal et al., 

2011). Most V3 antibodies are glycan-dependent, PGT128 and PGT121 interact N332 and N301 

glycans, PGT121 somatic variants also interact with V1 (N137) and V2 (N156) glycans (J. P. Julien 

et al., 2013; Walker, Huber, Doores, Falkowska, Pejchal, Julien, Wang, Ramos, Chan-Hui, Moyle, 

Mitcham, Hammond, Olsen, Phung, Fling, Wong, Phogat, Wrin, Simek, Koff, et al., 2011). Somatic 

variation in the antibodies that leads to recognition of variant V3 sites immunotypes has been 

identified.  Antibodies PGT130 and PGT128 are V3 antibodies isolated from the same individual, 

while PGT128 interacts with N332 glycan, PGT130 prefers N334 glycan which is mutually 

exclusive to the N332 glycan. The co-evolution of these two antibodies in a single individual 
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indicates the effect of virus variation in the maturation of bNAbs (Doores et al., 2015; Moore, 

Williamson, & Morris, 2015). 

The second epitope of the supersite distinct from V3 site is defined by the antibody PGT135. 

PGT135 interacts with the basal V4 loop amino acids, and unlike PGT128 of the V3 site, it binds 

mainly to the non-polar side of N332 glycan, N295, N392, and N386 glycans (Kong et al., 2013) 

The third defined epitope of the supersite overlaps with the epitope of PGT135 without contact with 

the V4 peptide. An antibody that interacts with this epitope id 2G12, 2G12 uses a rare swap of the 

variable domain of its heavy chain to form a paratope that can bind to the terminal sugars of N295, 

N332, N339 and N392 glycans located at the gp120’s silent face. Although 2G12 interacts with 

similar glycan as PGT135, it does not penetrate the glycan shield (Calarese et al., 2003; Scanlan et 

al., 2002). 

2.2.4. The CD4 binding site 

CD4 binding site antibodies (CD4bs) makes little or no contact with glycans on the HIV Env. The 

most extensively characterized mode of interaction of the CD4bs antibodies is that VH1-46 or VH1-

2 derived antibody, e.g., 8ANC131 and VRC01. These bNAbs can mimic CD4 binding to gp120, 

e.g., Arg71 of the heavy antibody chain interact with highly conserved Asp368 of gp120 CD4 

binding loop, which is similar to the interaction of Arg59 of CD4 and Asp368 of gp120 (Scheid et 

al., 2011; T. Zhou et al., 2013). The VH1-2 derived antibodies possess an untypical short CDR-L3, 

which helps prevent interaction with the N276 glycan in the gp120 loop D (McGuire et al., 2013). 

The second subsite for CD4bs is defined by the VH3-30, typified by HJ16 bNAbs. HJ16, unlike 

VH1-2 antibodies, has no interaction with Asp36, but neutralization effect is entirely dependent on 

the N276 glycan (Balla-Jhagjhoorsingh et al., 2013). The VH3-30 derived antibodies possess long 
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CDR-H3 loops used for interaction with the g120. However, this interaction is hindered by the large 

glycan shield and the gp120  trimer quaternary nature (Corti et al., 2010). 

2.2.5. The gp120–gp41 Interface 

8ANC195 bNAb has been shown to bind to an epitope of the gp120–gp41 interface. 8ANC195 

interaction is N234 and N276 glycan-dependent and uses the insertion of four amino acid residues 

to push its heavy chain in-between the N234 and N276 glycan making contact with Arg456 at the 

tip of gp120. The CDR-H3 of 8ANC195 comprises of 22 amino acids. However, it is not used for 

the penetration of the glycan shield. The long CDR-H3 forms part of a wide paratope by folding 

towards the light chain, the paratope formed is then used to make contact with the gp41 interacting 

region (7-stranded β-sandwich) of gp120  (Scharf et al., 2014), making  8ANC195 the first bNAbs 

identified to target epitopes in the gp120–gp41 interface.  

Antibodies 35O22 and PGT151 also target the gp120–gp41 interface; however, they do not bind to 

the monomeric form of gp120. 35O22 uses its FWR3 eight amino acid insertion to interact with an 

epitope near N234 glycan and adjacent to the 8ANC195 epitope, this interaction has close contact 

with the seven-stranded β-sandwich (Pancera et al., 2014).  PGT151 epitope is close to the cavity 

between the protomers of gp160, sandwiched in-between the 35O22 and 8ANC195 epitopes. 

PGT151 requires a specifically cleaved trimer and a maximum of two antigen-binding fragments 

(Fabs) on each trimer. This binding mechanism suggests the alteration of a third binding site 

allosterically after the binding first two Fabs and allows the stabilization of natively cleaved Env 

trimer from the cell membrane by PGT151 (Blattner et al., 2014).  

Neutralization of both 35O22 and PGT151 are highly dependent on glycans in their respective 

epitopes, 35O22 requires N88, N230, and N241 glycans in the gp120, while PGT151 favors N611 

and N637 glycans at gp140 (Falkowska et al., 2014; J. Huang et al., 2014) 
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2.2.6. The Membrane Proximal External Region (MPER) 

The gp41 MPER epitopes are contained exclusively in an α-helical stretch of linear amino acids 

that connects the ectodomain and transmembrane of gp41. The MPER is divided into C-terminal, 

and N-terminal helix wound around the position 674 twists, and it is used in defining various 

epitopes of the MPER. Antibodies 10E8 and 4E10 interact with a C-terminal helix epitope, 2F5 

binds to an epitope of the N-terminal helix, and Z13e1 binds to an epitope in-between the N- and 

C- terminal helices. The MPER C-terminal is buried partially in the viral membrane, due to its 

hydrophobic nature. The MPER C-terminal is highly conserved due to their critical role in viral 

fusion with the host cell membrane, making the C-terminal antibodies (4E10 and 10E8) have the 

highest breadth of the MPER bNAbs (J. Huang et al., 2012). MPER bNAbs exhibit high levels of 

autoreactivity attributed to their interaction with the vital Env protein with their long CDR-H3 

loops. It is worthy to note that before viral membrane fusion, the exact conformation and location 

of the MPER have not been adequately characterized (Montero, van Houten, Wang, & Scott, 2008).  

 

University of Ghana http://ugspace.ug.edu.gh



 
 

23 
 

 

Figure 5. Characterized targets and epitopes of HIV-1 broadly neutralizing antibodies on the HIV Env 

protein (Burton et al., 2012). 
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2.3. PEPTIDOMIMETICS  

Peptidomimetic can be defined as a compound that mimics natural peptide with structural and 

functional similarity to the native peptide. They are designed to interact with receptors of a native 

peptide with equal or higher affinity than the peptide to produce an agonistic or antagonistic effect. 

In medicinal and organic chemistry, the concept of peptidomimetics in drug development is 

relatively new and has shown immense promises designing new drug candidate. Peptidomimetics 

are designed to be more selective, biologically active and orally bioavailable than the native peptide, 

resulting in an efficacious drug candidate with reduced side effects (Pelay-Gimeno, Glas, Koch, & 

Grossmann, 2015; Vagner et al., 2008). The basic knowledge of the compound conformation is 

space, electronic features and interactions between the native peptide its active site on the receptor 

are required for the development of peptidomimetics (Vagner et al., 2008). The development of 

biologically active peptidomimetics requires: i) Substitution of the native peptide backbone with a 

non-peptide structure that preserves or enhances the biological activity of the native peptide and 

conservation of the biologically active side chains that make up the pharmacophore. ii) Designing 

a compound with similar pharmacophore as the native peptide by using knowledge of the 3D- 

structure of the native peptide in their bioactive conformation or by using the structural activity 

relationship (SAR) of the native peptide. iii) Introduction of various modifications such as addition 

of constraint, modification of chain length, replacement of cyclopeptide bond with covalent bond, 

etc. to the primary mimetics to enhance their bioactivity (Farhadi & Hashemian, 2018; Marshall, 

1993; Vabenø, Haug, & Rosenkilde, 2015). 
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2.3.1. Classes of Peptidomimetics 

Peptidomimetics are classified into three groups based on their functional and structural properties 

(Ripka & Rich, 1998) 

2.3.1.1. Structural mimetics (Type I) – Type 1 mimetics are a structural analog of the native 

peptide; they show similarity to the topography of the native substrate while possessing all the 

pharmacophore fingerprint responsible for the functional interaction with a receptor of the native 

peptide in a correct spatial orientation (Avan, Dennis Hall, & Katritzky, 2014). 

2..3.1.2. Functional mimetics (Type II) - This type of mimetics has mainly functional similarity to 

the native peptide with little or no seeming structural similarity. The similarity is modeled based on 

the interaction of the native peptide and its receptor (Omar N. Akram et al., 2014).  

2.3.1.3. Functional-structural mimetics (Type III) - This class of mimetics consists of a scaffold 

without structural similarity to the native protein but possesses all the critical functional groups 

responsible for biological interactions arranged in a correct spatial orientation (Reese, Shanahan, 

Proulx, & Menegatti, 2020).  

2.3.2. Successful Examples of Peptidomimetic Drugs 

The application of peptidomimetics in drug discovery has yielded fruitful results, especially in the 

development of protease inhibitors. Proteases are a crucial therapeutic target in numerous physio-

pathologies; they play a crucial role in neuromodulators and peptide hormones through proteolytic 

regulation of peptide precursors. Common examples of peptidomimetic-based protease inhibitors 

Include thrombin inhibitors, human immunodeficiency virus (HIV) protease inhibitors, and 

angiotensin-converting enzyme (ACE) inhibitors.   
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2.3.3. HIV Protease Inhibitor (PI) 

The HIV protease is a member of the hydrolase’s superfamily and the aspartic family of protease 

that cleaves the peptide bond present in the protein. It is in charge for the processing of the gag-pol 

polyprotein precursor in the viral maturation stage. HIV protease is an essential biological target 

for therapeutic agents against HIV infection due to its essential role in viral replication and 

maturation. Protease inhibitors are active therapeutic agents against HIV infection as they act to 

hinder viral replication and maturation required for active viral infection.  As an aspartic protease, 

HIV protease contains two aspartic acid residues in their active catalytic site, that is responsible for 

coordinating water molecule by through hydrogen-bonds (Eder, Hommel, Cumin, Martoglio, & 

Gerhartz, 2007; Seelmeier, Schmidt, Turk, & von der Helm, 1988). The HIV protease is a dimer, 

with an identical monomeric unit consisting of 99 amino acids. Each monomer contributes a single 

aspartic acid to the active site during the process of dimerization. HIV protease is divided into the 

core, the ‘flap,’ and the terminal domain. The ‘core' domain also has a ß- sheet structure, it contains 

highly conserved Asp25-Thr26-Gly27 tripeptide motif found at the interface in both monomers, 

and it plays a vital role in the stability of the active catalytic site and the monomers. The ‘flap’ 

region is a flexible domain located above the active site formed by two ß-sheets in antiparallel 

orientation, which allows the peptide substrates/inhibitors to enter the catalytic site and the release 

of the peptide after cleavage. The terminal domain consisting of the C-and N- terminals are also 

responsible for stabilization of the two monomers and the formation of the homodimer (Dunn, 

Goodenow, Gustchina, & Wlodawer, 2002; Fairlie et al., 2000). 

Pepstatin is a natural peptide inhibitor of HIV protease but has limitation in therapeutic use due to 

the characteristic properties of quick excretion from the bile, lipodystrophy side effect, and low oral 

availability. Additionally, the emergence HIV resistant strain reinforces the need to develop new 
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generation protease inhibitors (Mahmoud, Hrapovic, & Luong, 2008; Seelmeier et al., 1988; 

Wensing, van Maarseveen, & Nijhuis, 2010). First generation protease inhibitors were developed 

by utilizing the knowledge of the enzyme’s 3-dimensional structure and their interaction with 

Pepstatin. Subsequent replacement of the features of pepstatin peptide improved the 

pharmacological properties and provided a platform to develop novel effective protease inhibitors. 

The cyclic scaffold was introduced in the new peptidomimetics design to increase rigidity and 

reduce flexibility noticed in the native peptide. A central cyclic scaffold that interacts with the active 

site of the enzyme was used to replace the dipeptide isosteres; this scaffold possesses a functional 

group that can interact with the flap region and the active site of the protease enzyme (Abdel-

Rahman, Al-karamany, El-Koussi, Youssef, & Kiso, 2002).  

There are two main classes of peptidomimetic HIV-protease inhibitors; i) First-generation 

inhibitors which include: Indinavir (IDV), Ritonavir (RTV), Nelfinavir (NFV), Amprenavir (APV), 

and Saquinavir (SQV). ii) Second-generation inhibitors example: Lopinavir (LPV), Atazanavir 

(ATV), Fosamprenavir (FPV), and Tipranavir (TPV) iii) Third generation inhibitors example: 

Darunavir (DRV).  

First-generation inhibitors show similarities to the substrates by mimicking the intermediate 

tetrahedral transition-state formed when the catalyzed peptide bond is cleaved. Saquinavir (SQV), 

a first-generation PI mimetic, was the first FDA approved HIV PI designed to mimic the 

hydroxyethyl amine isostere. SQV had an inhibition constant of 0.12nM. The SQV peptidomimetic 

consists of a central hydroxyethyl amino moiety that is flanked on both sides by Phe and Asn 

isosteres sidechain and decahydroisoquinoline that mimics Pro. The choice of the side chain 

mimetics is because of the specific recognition of Pro residue and Phe-Asn dipeptide by the 

protease. The first-generation PI peptidomimetics had several limitations that affected the clinical 
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use such as high toxicity, low pharmacokinetics that increases daily drug burden, and the emergence 

of a mutant viral strain that s resistant to the existing PIs. Efforts to develop PIs with better 

therapeutic features like increased potency, high resistant profile, and better pharmacokinetics 

profile led to the development of second-generation peptidomimetics PIs. 

Second-generation PIs, typified by Tipranavir (TPV), do not possess structural similarities to the 

native peptide substrate. TPV is a potent FDA approved HIV protease inhibitor, which, when 

compared to most other PIs, possesses a superior resistant profile. The resistant profile of TPV is 

attributed to its ability to interact with protease uniquely. TPV was discovered from a high-

throughput screening in which 4-hydroxy-5,6-dihydro-2-pyrones and 4-hydroxybenzopyran-2-ones 

with micromolar inhibition towards HIV-1 protease was selected and optimized in the hit to lead 

the process. Characteristically TPV possesses a central scaffold that interacts with a hydrogen-

bonds network of conserved residue found at the protease backbone, instead of the hydroxyethyl 

amino group used by other PIs to interact with the active site. This unique conserved interaction of 

TPV with protease is the reason for the superior resistant profile and increased inhibition towards 

mutant resistant virus (Ali et al., 2010; Drag & Salvesen, 2010; Weber & Agniswamy, 2009).   
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2.4. COMPUTER-AIDED DRUG DISCOVERY 

Drug discovery and development process are considered expensive, tedious, and time-consuming, 

with the high risk involved. The typical cost and time of discovery and development of a single 

drug compound is about 0.8-1 billion US dollar and 14 years, respectively  (Mullard, 2014). High 

throughput screening (HTS) and combinatorial chemistry technologies have enabled the reduction 

in time of drug discovery process by expediting the screening and synthesizing time for large 

chemical libraries (Paslay, Morin, & Harrison, 2010). There has been increased investment in the 

development of new drug due to increasing unmet clinical needs. However, the yield of marketable 

drugs does not correlate with the number of drug compounds discovered; this can be attributed to 

the high rate of failure and inefficiency of the drug discovery process (Mullard, 2014). Tremendous 

research efforts are put to develop drug discovery approaches with reduced cost and shortened time 

(Shekhar, 2008). Computer-aided drug design (CADD) has emerged as an effective and efficient 

approach to minimize cost and shorten drug discovery time. CADD is particularly useful in early 

drug discovery to screen large compound libraries and identify lead compounds with high efficiency 

and significantly reduced cost, workload, and time. In early drug discovery, CADD has several 

advantages over the traditional methods of drug discovery (combinatory chemistry and HTS). 

CADD increases the rate of identifying novel hit compounds due to its targeted approach, it also 

helps to elucidate the molecular mechanism of a drug compound and predict derivatives with higher 

therapeutic activity at a reduced cost and time (Jorgensen, 2004; Shekhar, 2008; Xiang, Cao, Fan, 

Chen, & Mo, 2012). In drug discovery and development, CADD is useful for the following 

purposes: Predict sets of the active drug compound to be validated experimentally from large 

compound libraries, Provide a guide for the optimization of the pharmacological properties of lead 

compounds, and In silico de novo design of novel drug compounds. CADD approaches can be 
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broadly categorized into ligand-based, structure-based drug design. The sequence-based approach 

or functional genomics which involves the use of some bioinformatic tools for de-novo 

identification of biological target and ligands are currently being employed in drug discovery 

(Acharya, Coop, E. Polli, & D. MacKerell, 2011; Chen et al., 2012; Wang et al., 2011). 

2.4.1. Structure-based  

The structure-based approach depends on the knowledge of the structure and the structural 

properties of the biological target to generate an active compound that can be developed into drugs. 

The structure-based virtual screening program uses the knowledge of the atomic structure of the 

target, the active/binding site and several conformations of the ligands and target to generate 

different target-ligand complexes and estimate the binding energies and binding affinities of the 

ligands to the target (Ferreira, Dos Santos, Oliva, & Andricopulo, 2015). Different docking 

programs utilize different approaches to evaluate ligand-target interaction. Most of these programs 

assume a rigid receptor (target), while the ligands assume several conformational poses (flexible 

ligands); this approach is known as semi-flexible docking. Other programs use induced fit docking 

(IFD), which assumes flexibility for both the target and ligands (Sherman, Beard, & Farid, 2006; 

Xu & Lill, 2013).  After docking ligands to the active site of the target, the scoring function of the 

docking program identifies the best binding conformation of the ligand and target and assign a score 

which is ranked in descending order and represent the free binding energy ΔG of the ligand-target 

interaction (equation 1). The binding affinities of the ligands are inversely related to the binding 

energies with the equation (S.-Y. Huang, Grinter, & Zou, 2010) 

∆𝑮 = 𝑹𝑻𝑰𝒏𝑲𝒊-------------(Equation 1) 
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ΔG is defined as the free binding energy, while R, T, and Ki are gas constant, temperature (Kelvin), 

and inhibition constant respectively. 

2.4.2. Ligand-Based 

The ligand-based approach is used when the structure of the target is unknown, therefore, it depends 

on the knowledge of a known ligand of the target to generate active compounds that are structurally 

similar to the known ligand (Leelananda & Lindert, 2016). The fundamental principle of the ligand-

based CADD is that ligands with similar structural and pharmacophore fingerprint may exhibit 

similar activity towards the target (Kapetanovic, 2008; Leelananda & Lindert, 2016). Structural 

similarity search, Quantitative structure-activity relationship (QSAR) and pharmacophore 

fingerprint are the methods used in ligand-based CADD. Structural similarity search uses several 

metrics, of which the Tanimoto score is the most common, to calculate the similarity between the 

chemical structure of the reference compound and other compounds in a compound database 

(Willett, 2006). Pharmacophore fingerprinting uses the knowledge of the ligand structure to identify 

the pattern of interaction between the reference ligand and the target, then uses this to generate 

active compounds with similar interaction pattern (Yang, 2010). QSAR method relates the chemical 

structure of a compound to its biological activity, i.e., compounds with similar structure will have 

similar biological activity (Cherkasov et al., 2014; Davis, 2017). These methods are not used 

independently; instead, they are used together to generate compounds that are similar to the 

reference ligands with optimal interaction with the target protein (Ekins, Mestres, & Testa, 2007; 

Kitchen, Decornez, Furr, & Bajorath, 2004).  
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2.4.3. Techniques used in Computer-Aided Drug Discovery (CADD) 

2.4.3.1. Virtual High Throughput Screening (vHTS) 

Virtual high throughput screening is a computational equivalent of the conventional HTS, where 

chemical compound libraries are screened against a biological target to identify lead compounds 

(Rester, 2008). Virtual screening uses computational tools to score, rank and filter large chemical 

libraries to accurately identify compound structures that can be validated downstream as lead 

compound; it is quicker, cheaper and more efficient than the conventional HTS (McGregor, Luo, 

& Jiang, 2006).  

2.4.3.2. Molecular Docking 

Molecular docking is used to analyse the interaction between a protein (target) and a ligand  

(small molecule), it analyses and identifies the best ligand conformation and orientation in a protein-

ligand interaction. It is also used to determine the active site of a protein and the type of interaction 

(bond type and residues involved) that exist between a protein and a ligand (Meng, Zhang, Mezei, 

& Cui, 2011).  

2.4.3.4. Molecular Dynamic (MD) Simulation 

MD Simulation is used to examine the structure and dynamic behaviour of biological molecules 

together with their complexes. MD simulation uses computational techniques to elucidate time-

dependent patterns, structure, and conformations of biological molecules in a molecular system; it 

can also provide information on the molecular level, the interactions of macromolecules at a cellular 

level in a living system (Durrant & McCammon, 2011). MD simulation has application in protein 

structural biology, molecular recognition of biological molecules, and ion transportation in a 

biological system (Liu et al., 2018).  
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2.5. In Vitro Validation of ‘hit’ Compounds from CADD 

CADD is a very useful ammunition in the ‘hit’ discovery process of drug discovery and 

development pipeline (Sliwoski et al., 2014b).  A ‘hit’ compound is referred to as a compound 

identified, which possesses the desired activity towards the biological target. In the ‘hit’ discovery 

process, virtual high throughput screening (vHTS) are employed to screen compound libraries in 

order to identify these ‘hit’ compounds  (McInnes, 2007). Compound libraries are generated using 

prior knowledge of the protein structure of the biological target and/or the chemotype of known 

active compounds against the target. CADD tools like molecular modelling, molecular docking, 

pharmacophore modelling etc are useful in the ‘hit’ discovery process  (Keseru & Makara, 2006). 

Following the identification of a ‘hit’ compound, series of experimental assays are carried out to 

validate the activity of the ‘hit’ compounds against the biological target (Hughes et al., 2011). 

Several assays are available for compound screening, these can be either biochemical or cell-based 

assay (Janzen, 2014). The choice of assay depends on the nature of the biological target, properties 

of the compounds, size of the screening library, cost, laboratory equipment, researcher’s 

experience (Hughes et al., 2011). Typically, cell-based assays are favoured for drug targets like 

ion channels, membrane receptors, and nuclear receptors (Michelini et al., 2010), conversely, 

biochemical assays can be used for both enzymes and receptors targets (Hughes et al., 2011). 

In the discovery of new antiviral compounds, several assays are available for quantifying the 

antiviral activity of a compound in vitro. The classic assays test the ability of the test antiviral 

compounds to decrease viral yield, inactivate cell-free or recombinant viral protein, reduce 

transcription of viral RNA (Postnikova et al., 2018a). High throughput antiviral screening methods 

have also been developed to measure endpoints such as viral protein or reporter gene expression, 

cytopathic effect, which serves as proxy for viral replication (Towner et al., 2005). Cell-based 
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assay for screening potential antiviral compounds has gained popularity in recent times, because 

of its ability to provide the means for intracellular screening of compounds with potent viral 

inhibition properties and desired pharmacological properties (Basu et al., 2011; Elshabrawy et al., 

2014; Panchal et al., 2012). In cell-based assays, live viruses are used in cell culture to determine 

the optimum inhibition concentration for antiviral activity of the compounds, however, highly 

infectious virus particles require biosafety level-4 laboratory (BSL-4) to perform assay 

(Postnikova et al., 2018b; Salata et al., 2019). Surrogate models such as pseudotype virus and 

virus-like particles are being developed for BSL-2 laboratories to facilitate the identification of 

promising antiviral compounds (Postnikova et al., 2018b; Salata et al., 2019). Pseudotype virus 

technology have been useful in the screening and identification of potential compounds with 

antiviral activities against several virus, especially in low-level bio containment (Barrientos et al., 

2004; Garcia et al., 2009; Talekar et al., 2012; Wolf et al., 2010). 

2.6. Production of Pseudotype Virus 

pseudotype virus is defined as a hybrid cell-free virus particle comprising of a ‘core’ nucleocapsid 

protein, which encases the viral genome, and a lipid envelope membrane, which encapsulate the 

‘core.’ The pseudotype virus ‘envelope’ is derived from the host cell as the ‘core’ exit the cell, and 

they can contain proteins from other viruses. Pseudotype virus can also be engineered to carry 

foreign genes, which is transferred into a susceptible host cell by an interaction between the virus 

envelope protein and host cell receptors, resulting into entry into the cell and ultimate expression 

of the foreign gene (Temperton, Wright, & Scott, 2015). 

Retroviruses are broadly used as pseudotype virus cores, due to their innate ability to reverse 

transcribe single-stranded RNA genome into a double-stranded deoxyribonucleic acid (dsDNA) 

and integrate the dsDNA into the host cell genome for replication and expression. In retrovirus 
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pseudotypes, an easily quantifiable reporter gene is usually expressed, and the expression of the 

reporter gene is directly correlated to the efficiency of the interaction between the viral envelope 

protein and the target cell receptor (Temperton & Wright, 2009). This interaction is utilized in 

determining the dose-dependent response of antibody or antiviral agents that can inhibit viral entry 

and replication. Current protocols for making pseudotype virus have been optimized to minimize 

the production of viral particles that can replicate. These protocols require transient transfection of 

the separate components of the virus elements into a packaging cell line in order to produce 

pseudotype particles incapable of replication (Pear, Nolan, Scott, & Baltimore, 1993). Despite this, 

titres of replication-competent viral particles were still detected, therefore a three plasmid system 

where the pseudotype elements (the ‘core’, which has the retrovirus gag/pol and accessory gene, 

the virus envelope protein ‘env’, and a reporter gene) were inserted in three different plasmids, and 

then transfected into a packaging cell line, was adopted (Soneoka et al., 1995). The expression of 

the genes simultaneous allows for the assembly and packaging of new viral particles that can 

‘transduce’ target cells and integrate a quantifiable reporter gene but are unable to replicate in the 

cell. 

2.6.1. Methods of Generating Pseudotype Virus 

Retrovirus pseudotypes are produced by co-transfection three plasmids comprising of ‘core’ 

retrovirus genes, cloned viral envelope protein of interest, and a reporter/transfer gene into stable 

transfectable cell line such as HEK (Human Embryo Kidney) 293T Cell. 

1. Gene of the envelope protein of the virus of interest is obtained through custom gene synthesis 

or PCR (polymerase chain reaction) amplification of the corresponding viral cDNA. The envelope 

gene is then cloned into an expression plasmid under a constitutive promoter using appropriate 

restriction enzymes.  
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2. The ‘core’ plasmid comprises of retroviral gag-pol genes. The gag/pol genes codes for structural 

proteins, reverse transcriptase, protease, and integrase. These proteins and enzymes are responsible 

for the reverse transcription of viral RNA to DNA and also the integration of the reporter/transfer 

gene into the genome of the host cell.  

3. The reporter/transfer plasmid. This plasmid contains a quantifiable gene that is integrated into 

the host cell genome with the help of the genes in the ‘core’ plasmid and is expressed using several 

cis- transcriptional elements. The upstream of the reporter gene contains a viral packaging signal, 

which ensures that the viral RNA is incorporated into the ‘core’ during the generation of the 

pseudotype particle. After transfection, the host cell machinery transcribes and translates the 

transfected genes, then incorporates an RNA dimer present in the region between the LTR (Long 

Terminal Repeats) on the reporter gene using the packaging signal. Other nucleic acids are 

prevented from being incorporated into the matured pseudotype particles because only the reporter 

gene is engineered to have the packaging signal. The viral nucleocapsid, containing the envelope 

protein, is inserted into the host cell plasma membrane via an N-terminus domain of the Gag gene. 

The pseudotype particles buds from the cell, encased in the viral envelope obtained from the host 

cell membrane. The pseudotype particles are then released by the host cell into the growth medium 

and collected as the supernatant. The concentration of the pseudotype particles is measured by 

titrating the supernatant onto a target cell, which the pseudotyped particles attach to via receptor-

envelope protein interaction. The genome of the pseudotype virus, bearing the quantifiable reporter 

gene, is integrated into the target cell genome where it is expressed.  The number of viable 

pseudotype particle correlates to the level of the reporter gene expressed. Propagation of the 

pseudotype in the target cells does not occur, because only the reporter gene is expressed in the 

target cells. This inability to propagate in target cells makes pseudotype virus safer to work within 
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low-level biosafety lab than wildtype virus particles. Common reporter gene used for pseudotyping 

include: GFP (Gren fluorescent protein) which quantified with flow cytometry or fluorescent 

microscopy, luciferase quantified using a luminometer, and Beta-galactosidase (β-gal) quantified 

using colorimetric methods. 

The pseudotype virus titres calculated depends highly on the type of target cell and the receptor 

density on the target cell. Other methods for quantifying pseudotype particles include measurement 

of the retroviral core Gag, core p24 or envelope protein using ELISA, determination of viral genome 

copy number using qRT-PCR to determine the number of genome copies, measurement of 

reverse transcription activity, etc. 
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Figure 6. Schematic of the production of pseudotype using the triple-plasmid co-transfection system and 

downstream neutralization using the pseudotype and use to measure antibody neutralization (Temperton et 

al., 2015). 
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2.6.2. Application of Pseudotype virus 

Pseudotypes have been used as essential research tools because they possess distinct advantages 

over wildtype viruses: Pseudotype particles are employed in gene therapy research, due to their 

ability to bind, enter, and integrate transfer gene into a target cell via a receptor-mediated 

mechanism. Pseudotype particles can be engineered to target a specific type of cell. Example, 

pseudotype particles having VSV (vesicular stomatitis virus)-glycoprotein can bind to a wide range 

of host (Burns, Friedmann, Driever, Burrascano, & Yee, 1993), while pseudotypes that have the 

hepatitis B virus envelope leads to hepatotropism (Sung & Lai, 2002).  

Pseudotypes are used in studying virus-cell interaction, elucidating the mechanism of virus entry 

into the host cell, and identification of virus receptors on the host cell. In studying the interaction 

between host cell receptors and virus envelope protein, pseudotypes offer the advantage of having 

only the envelope protein of interest on the surface without the interference of other proteins, unlike 

the wildtype virus (Funke et al., 2008; Khetawat & Broder, 2010; Saeed, Kolokoltsov, & Davey, 

2006).   

Pseudotypes can be used as tools in the assessment of novel antiviral agents and antibody 

neutralization assay (Kim, Lee, Han, & Cho, 2001; Y. Lu & Jiang, 2013; Temperton et al., 2005; 

Y. Zhou et al., 2011). 

Since pseudotypes cannot propagate in host cells and therefore not infectious, they are a safer 

substitute of highly pathogenic wildtype virus. They require lower biosafety level containment. 

They are also relatively stable, at 37∘C, they have a half-life of several days and several weeks at 

room temperature (Mather, Wright, Scott, & Temperton, 2014). 
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CHAPTER THREE 

3.0. MATERIALS AND METHODS 

3.1. MATERIALS 

3.1.1. Reagents 

Complete Cell culture medium was prepared using Dulbecco's Modified Eagle Medium (DMEM) 

supplemented with L-Glutamine, Streptomycin, Penicilli, and Heat Inactivated Fetal Bovine Serum 

(FBS), all from Thermo Fisher.  10X Trypsin-EDTA (0.5 %), Phosphate Buffered Saline (PBS), 

Dimethyl sulfoxide (DMSO) were purchased from Sigma Aldrich.  

3.1.2. Plasmid 

Plasmids: p8.91, pCSFLW, and pCAGGS-HXB2 were donated by Dr. Edward Wright from the 

University of Sussex. Plasmid p8.91, described in PNAS Naldidni et al., 1996, expressing HIV gag-

pol, tat, and rev. Plasmid pCSFLW is a lentiviral vector expressing firefly luciferase. Plasmid 

pCAGGS-HXB2—Env is a mammalian expression vector expressing HIV-1 envelope protein 

(gp160) Clade B clone 2. 

3.1.3. Cell lines 

TZM-bl cell lines are HeLa cells with HIV-1-tat directed luciferase reporter gene, engineered to 

express CD4 receptors and coreceptors. HEK 293T/17 is an adherent human kidney cells lines that 

are highly transfectable capable of producing retroviruses in high titre. Both TZM-bl and HEK 

293T/17 cell lines were donated by Dr. Edward Wright from the University of Sussex. 
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3.2. METHODS 

3.2.1. IN SILICO HIGH THROUGHPUT SCREENING OF NATURAL COMPOUND 

MIMETICS OF VRC01 

3.2.1.1. Protein structure Extraction 

The 3D structure of crystallized antigen-binding fragment (Fab) of broadly neutralizing antibody 

VRC01 in complex with core gp120 of HIV-1 clade A/E recombinant 93TH057 (PDB ID: 3NGB), 

with resolution of 2.68 Å was downloaded from Protein Data Bank (PDB). The core gp120 trimer 

consisting of outer and inner domain with truncated N- and C-termini as well as V1/V2 and V3 

variable loops, were extracted from the complex as protein chains G, A, and D using PYMOL 1.74 

(Yuan, Chan, & Hu, 2017).  

3.2.1.2. Determination of gp120 core residues of interaction with VRC01 

VRC01 is a CD4 binding site (CD4bs) broadly neutralizing antibody (bNAb) which makes contact 

with 98% of gp120 site of vulnerability (T. Zhou et al., 2010). The gp120 vulnerability site is the 

highly conserved CD4 receptor contact site on gp120 outer domain. The gp120 amino acid residues 

that interact VRC01 and CD4 were obtained elsewhere (T. Zhou et al., 2010).  

3.2.1.3. Molecular Dynamics (MD) Simulation 

MD simulations of the HIV-1 gp120 core (PDB ID: 3NGB) were carried out to determine the 

conformation, stability and dynamics of the structure. A 10 ns MD simulation was performed using 

GROMACS 5.1.4 (Abraham et al., 2015). Chemistry at HARvard Macromolecular Mechanics 

(CHARMM27) force field was adopted to prepare the topology input file for the protein. The 

protein was solvated by SPCE water molecules and immersed in a 1 nm thick cubic periodic water 

box.  Before the simulation, a short minimization of 500 steps using the steepest descent method 
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was carried out to remove possible distortion in the protein structure caused by the addition of water 

to the system. 8 Cl- ions were added to neutralize the system. The system was equilibrated at a 

temperature of 300 K and normal pressure for 50 ps to restrain the heavy atoms of the proteins to 

their starting position to allow water molecule to saturate the system. The final production 

simulation was performed for 10 ns under the similar conditions as the equilibration steps. The root-

mean-square displacement (RMSD) of the minimized protein heavy atom with respect to the 

resolved X-ray structure was calculated and plotted using GRACE 5.1.4 (P. Turner, 2005). The 

final minimized GROMACS protein file (gro file) was visualized with Visual Molecular Dynamics 

(VMD) 1.9.3 version and saved as frames in pdb format for further analysis (Humphrey, Dalke, & 

Schulten, 1996). 

3.2.1.4. Receptor Preparation 

The minimized HIV-1 gp120 was prepared for molecular docking using AutoDockTools version 

4.2.6 (Morris G.M. & Dallakyan S., 2013). Water molecules were removed from the structure. Polar 

hydrogen atoms were added, and non-polar hydrogens were merged with a parent carbon atom. 

Gasteiger partial charges of the atoms were calculated and added. The protein file was then 

converted to AutoDock compatible format (pdbqt). The energy grid box was set around the 

conserved residues of HIV-1 gp120 with a dimension of 42 Ǻ x 50 Ǻ x 56 Ǻ, and coordinates of 

X= 52.318 Ǻ, Y= 26.081 Ǻ, and Z=46.493 Ǻ for the receptor macromolecules. 

3.2.1.5. Ligand Compound Library Generation 

Libraries of natural compounds were obtained from three commercially available natural product-

derived compound databases consisting of AnalytiCon Discovery, specs and InterBioScreen (IBS). 

Structures of compounds retrieved from these databases were downloaded as a single structure-data 

file (SDF) format.  
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3.2.1.6. Ligands Preparation  

SDF format files of the ligand libraries were split into individual compounds using a split utility 

module in Open Babel 2.3.1 (O’Boyle et al., 2011) accessible via the PyRx 0.8 (Dallakyan & Olson, 

2015). The compounds were optimized and converted to AutoDock compatible (PDBQT) format. 

A total of 27,824 ligands were minimized for molecular docking. 

3.2.1.7. High-throughput Virtual Screening  

High-throughput virtual screening of the compound libraries was performed on a Linux Operating 

System High-Performance Computing System (Zuputo) hosted by West African Centre for Cell 

Biology of Infectious Pathogen (WACCBIP).  AutoDock Vina 1.1.1, a molecular docking tool was 

used for the virtual screening of compound libraries. AutoDock Vina utilizes rigid receptor and 

flexible ligand docking mode and empirical scoring function to rank protein-ligand complexes (S.-

Y. Huang, 2017). The previously prepared HIV-1 gp120 protein (receptor) PDBQT file with 

defined grid box dimensions (42 Ǻ x 50 Ǻ x 56 Ǻ, coordinates of: x= 52.318 Ǻ, y= 26.081 Ǻ, 

z=46.493 Ǻ) and exhaustiveness of 9 along with all optimized ligands were used for docking.  A 

custom bash script was prepared for the docking procedures. All virtual screening results were 

aggregated and written to a single log file. The log file contained binding energies for each of the 

docked complex. 

3.2.1.8. Virtual screening Result Analysis 

AutoDock Vina scores the binding affinities of the ligand to the receptor using empirical data 

obtained from the summation of energies contributed by the receptor and ligand interactions, which 

is calculated as the total atom pair distance-dependent interactions of the protein and ligand (Trott 

& Olson, 2010). The binding energy values are inversely related to the binding affinity, i.e., the 

lower the binding energy value, the higher the binding affinity. The single log file containing the 
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binding energies in (KJ/mol) of all processed ligands was extracted into comma-separated value 

(CSV) file format and was analyzed using Microsoft Excel 2016. The docked poses of each ligand 

were visualized using PYMOL. The poses with the best fit in the binding site with the lowest 

binding energies were selected for further analysis.  

3.2.1.9. Protein-Ligand Interaction Profiling   

The protein-ligand complex interaction profiles were determined using LIGPLOT version 1.4.5 

(Laskowski & Swindells, 2011). LIGPLOT analyses the molecular interaction between proteins 

and ligands and generate 2-D schematic representations of the interactions in terms of bond types. 

The bond types include hydrogen and hydrophobic interactions, as well as bond lengths and 

interacting residues.  Hydrogen bond interactions are represented by broken green lines of distinct 

length, while arcs with spikes pointing towards the ligands represent the hydrophobic interactions.  

3.2.1.10. HIV-1 HXB2 Envelope Protein 

Human Immunodeficiency Virus Clade B clone 2 (HIV HXB2) was used as a reference HIV strain.  

HXB2 envelope protein was used in the production of HIV-1 pseudotype virus utilized in the cell-

based viral infectivity inhibition assay. 

3.2.1.11. Determination of HIV-1 HXB2 Envelope Protein Structure 

The nucleic acid sequence of HXB2 envelope protein (gp160) that was cloned into PCAGGGS 

plasmid was retrieved from the HIV sequence database. The nucleic acid sequence was converted 

to an amino acid sequence using the ExPasy Translate tool, which translates nucleic acid sequences 

into an amino acid sequence. The HXB2 gp160 amino acid sequence was retrieved for the ExPasy 

Translate tool server as a FASTA file and used as a query for BLASTP via ExPasy platform. 

BLASTP is used to query protein sequence database to identify similar sequences. The protein 
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sequence with the highest similarity score to our query protein sequence was retrieved from UniProt 

Knowledgebase (UniProtKB). UniProtKB is a comprehensive protein database that contains 

annotations and functional information of the proteins. A structure similarity search was performed 

using the UniProt ID of the protein sequence to retrieve the 3D protein structure (PDB ID: 3J70) 

from Protein Data Bank. 

3.2.1.12. Protein Structure Extraction and Energy Minimization of HXB2 gp120 

The 3D structure of HXB2 gp160 with the entire variable regions in complex with CD4 and 

antibody 17b was retrieved from Protein Data Bank (PDB ID: 3J70) with a resolution of 2.0 Å 

(Rasheed, Bettadapura, & Bajaj, 2015).  The gp120 trimer was extracted from the protein complex 

using PYMOL 1.74 (Yuan, Chan, & Hu, 2017) as protein chains D, P and U. The energy of the 

extracted gp120 protein was then minimized using Swiss-Pdb Viewer 4.2 with default settings. 

Swiss-pdb Viewer (Kaplan & Littlejohn, 2001) utilizes Groningen Molecular Simulation computer 

program package (GROMOS 43B1) force field to minimize the energy of the protein and repair 

distorted geometries of the protein structure. The minimized protein was extracted and saved as a 

pdb file. 

3.2.1.13. Receptor Preparation 

In preparation for molecular docking, the minimized HIV-1 HXB2 gp120 was optimized using 

AutoDockTools version 4.2.6 (Morris G.M. & Dallakyan S., 2013). Water molecules were removed 

from the structure to prevent interference with the docking process. Polar hydrogens were added, 

and non-polar hydrogens were merged with a parent carbon atom. Gasteiger partial charges of the 

atoms were calculated and added. The protein file was then converted to AutoDock compatible 

format (pdbqt). The energy grid box was set around the conserved residues of HIV-1 gp120 at 

dimensions (54 Ǻ x 40 Ǻ x 44 Ǻ) with coordinates of X= 249.640 Ǻ, Y= 230.870 Ǻ, and Z=198.249 
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Ǻ. After optimization, the protein was used a receptor for molecular docking as described in 

(3.2.1.7). The resultant complex was analyzed as described in (3.2.1.8), and the protein-ligand 

interaction profiled as described in (3.2.1.9). 

3.2.1.14. Physicochemical and Pharmacokinetics and Drug-likeness Properties Prediction  

SwissADME (Daina, Michielin, & Zoete, 2017) was used to predict the relevant physicochemical, 

pharmacokinetics and drug-likeness properties of the shortlisted ligands (Daina et al., 2017). The 

Simplified Molecular Input Line Entry Specification (SMILES) formats of the query ligand files 

were used to generate parameters such as physicochemical properties, lipophilicity (trans-

membrane movement), absorption, distribution, metabolism and excretion (ADME) profiles. The 

others include gastrointestinal absorption, blood brain barrier permeability, P-glycoprotein 

substrate, cytochrome enzyme inhibition, water solubility and drug-likeness (Lipinski’s rule of 5). 

3.2.1.16. Toxicity Profile Prediction 

The toxicity profiles of selected compounds were predicted using ProTox-II (Drwal, Banerjee, 

Dunkel, Wettig, & Preissner, 2014). ProTox-II utilizes compound pharmacophore fingerprint, 

structural similarity and machine learning models designed from both in vitro and in vivo assay 

data to predict immunotoxicity, hepatotoxicity, cytotoxicity, mutagenicity and carcinogenicity. The 

toxicity profiles of the compounds have probability range of 0 - 1 (0 = not likely, 1 = very likely), 

predicted lethal dose (LD50), and toxicity class which ranges from 1 -6 (1 = highly toxic/fatal, 6 = 

least toxic). 
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3.2.2. CELL-BASED VIRAL INFECTIVITY INHIBITION ASSAY 

3.2.2.1. Transformation of Competent Bacteria Cells 

Three plasmids: p8.91 containing HIV gag, pol and tat structural proteins, pCSFLW containing 

firefly luciferase gene, and pCAGGS-HXB2 which contains HIV envelope protein were 

transformed in competent top10 bacteria cells. 50µl of competent bacteria cell was pipetted into a 

1.5ml prechilled Eppendorf tubes (one tube for each plasmid), then 5 µl oaf 10ng/µl of re-suspended 

plasmid DNA was added into the 1.5ml tube containing competent bacteria cells. The tube was 

gently flicked to mix and incubated on ice for 30mins after which it was transferred to a water bath 

at 42°C for 30 secs for heat shock. The tube mixture was then quickly placed back into ice after the 

heat shock. 120µl of SOC media was pipetted into the mix and incubated for 1 hour at 37°C with 

shaking at 180 rpm. 50µl of the transformation mix was transferred into a Petri dish containing 

25ml of solidified agar and 20µl of ampicillin antibiotics. The mixture was evenly distributed across 

the agar plate using a sterilized spreader and incubated at 37°C overnight. After overnight 

incubation, a single colony of the transformed bacteria was grown overnight at 37°C in 3ml of Luria 

Broth (LB) media containing 25µl of Ampicillin antibiotics.  Two control plates were set up; 

positive control plate contained competent bacteria cells grown on an agar plate with no antibiotics, 

while negative control plates contained competent bacteria cell +grown in agar plate with no 

antibiotics (test for contamination). 

3.2.2.2. Plasmid Extraction and Quantification 

Plasmids: p8.91, pCSFLW, and pCAGGS-HXB2, contained in transformed bacteria culture, grown 

overnight in LB media, were extracted as directed by the manufacturer, using Sigma Aldrich 

GenElute™ HP Five–Minute Plasmid Miniprep Kit. Plasmid DNA present in the eluate was 

quantified using ThermoFisher Scientific NanoDrop™ One/OneC Microvolume UV-Vis 
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Spectrophotometer, the concentration of the DNA was recorded in ng/µl, while the purity of the 

plasmid DNA was read as the absorbance at 260/280 nm. Plasmid DNA was stored at –20 °C. 

3.2.2.3. Plasmid Restriction Digestion 

Three plasmids: p8.91, pCSFLW, and pCAGGS-HXB2 were used for the experiments. In a 1.5ml 

tube placed on ice, the following reaction components were added sequentially to the tube: 10x 

buffer, distilled water, plasmid DNA, and restriction enzyme(s). The quantity of each of the reaction 

component added for each plasmid is listed in the table 1 below. The restriction digests mix were 

gently pipetted up and down to mix, after which they were transferred to a water bath for 1-hour 

incubation at 37°C. After the incubation, the restriction digest result was visualized on 1.5% agarose 

gel.  
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Table 1. List of the reaction components used for the restriction digest of respective plasmid 

Plasmids p8.91 pCSFLW Pcaggs 

Reaction Component    

10X Buffer 2µl 2µl 2µl 

Water x µl x µl x µl 

Plasmid DNA y µl (3µg/ µl) y µl (3µg/ µl) Y µl (3µg/ µl) 

BglIII 2µl N/A N/A 

BamH1 N/A 2 µl N/A 

Not1 N/A 2 µl N/A 

KpnI N/A N/A 2 µl 

XhoI N/A N/A 2 µl 

Total 20 µl 20 µl 20 µl 
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3.2.2.4. Agarose Gel Electrophoresis 

The 1.5% agarose gel was prepared by dissolving 1.5 grams of agarose powder in 100ml of TAE 

(Tris-Acetate-EDTA) buffer, and the mixture was heated to dissolve the powdered agarose. The 

heated agarose was left to cool down and then poured into a pre-set gel cast, where it is left to 

solidify and used for further analysis. 

3.2.2.5. Thawing cryopreserved cells.   

The cryovial containing the frozen HEK 293T/17 and TZM-bl cells were removed from liquid 

nitrogen storage and immediately place it into a 37°C water bath. The frozen cells were quickly 

thawed by gently swirling the vial in the 37°C water bath for <60 seconds until thawed. The thawed 

cells were resuspended in 1 ml of warm media (DMEM-10% FCS + 50unit/ml pen + 50ug/ml strep). 

The resuspended cell was then transferred into a sterile centrifuge tube containing 6ml of media 

and centrifuged for 5 min at 2,000 rpm at room temperature to remove DMSO. The supernatant 

was decanted, and the cells were re-suspended in 1 ml of media and transferred into a 10cm culture 

dish containing 10 ml of media and incubated in a sterile tissue culture C02 incubator at 37°C. 

3.2.2.6. Cell Passaging 

The media from the primary culture above was removed from the culture plate using sterile 

serological pipet. The adhering cell monolayer was washed with Phosphate-buffered saline (PBS) 

twice after which the PBS was discarded. 1.5 ml of 1X Trypsin/EDTA solution at 37°C was added 

to the culture plate to cover adhering cell layer and placed in the incubator for 2 minutes at 37°C to 

separate cell monolayer. The cells were dislodged from the bottom of the culture plate by gently 

tapping off the plate on the countertop and then viewed using an inverted microscope to determine 

if the cells are sufficiently detached from the surface of the cell culture plate. The detached cells 

University of Ghana http://ugspace.ug.edu.gh



 
 

51 
 

were resuspended in 8.5 ml of 37°C DMEM-10 media. 2 ml of the cell suspension was aliquoted 

into 10cm cell culture plates containing 8 ml of media plus serum to inhibit further trypsin activity 

and incubated in a sterile tissue culture CO2 incubator at 37°C.  

3.2.2.7. Cell Seeding  

The media from primary cell culture was discarded, and the cell monolayer was washed twice with 

PBS. The PBS was discarded, and 1.5ml of 1X Trypsin-EDTA was added directly onto cell 

monolayer and incubated for 5 minutes 37°C. The cells were monitored for detachment using an 

inverted microscope. Once detached, 8.5 ml of DMEM-10 media was added to resuspend cells. 2 

ml of the re-suspended cells were seeded into 10 ml of new culture plates for transfection assay. 

3.2.2.8. Transfection with Polyethyleneimine (PEI) 

DAY 1 

5x106 cells/per ml of HEK293T-17 cells were seeded overnight in 6-well plate dish containing 

complete media (DMEM-10% FCS + 50unit/ml pen + 50µg/ml strep) and incubated at 37°C and 

5% CO2 until 60-80% confluence is achieved. 

DAY 2 

The overnight media was replaced with 1.5ml complete media and in sterile 2ml Eppendorf tube 

placed in a laminar flow hood plasmid DNA mix was prepared by adding: 1µg of env plasmid 

(pCAGGSHXB2), 1µg of gag-pol plasmid (p8.91) and 1.5µg of the luciferase reporter plasmid 

(pCSFLW) to 100µl of OptiMEM serum-free media  In another separate Eppendorf tube 

transfection reagent was prepared by adding 20ul of 1mg/ml PEI to 100 µl of OptiMEM serum-free 

media.  Both tubes were left 5 minutes, then mixed by adding the transfection reagent mix to the 

plasmid. The tube containing transfection -plasmid DNA mix was gently flicked to thoroughly mix 

and then incubated for 20 minutes at room temperature. After incubation, the mixture was added in 
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a dropwise manner into a cell culture plate; the plate was gently swirled around to distribute. The 

plate was incubated overnight at 37oC and 5% CO2. 

DAY 3 

The culture media was changed and replaced with fresh 1.5ml of fresh complete media. 

DAY 4+5 

Culture supernatant was filtered using a 0.45µm Millipore filter, aliquoted into 1.5 ml Eppendorf 

tubes, and stored at -20°C to harvest pseudotype at 48- and 72-hours post transfection. 

3.2.2.9. Pseudotype Virus Titration Determination of Tissue Culture Infectivity Dose (TCID50) 

100ul of media was placed into all wells in a 96 well plate, 100 ul of harvested pseudotype virus 

was added to the first wells and thoroughly mixed by pipetting up and down. The mixture from the 

first well was serially diluted (dilution factor = 2) across the other well and incubated for 1-hour at 

37oC (5% CO2). Cells (TZM-bl) were prepared by discarding the media from the primary cell 

culture and was washed twice with PBS. The PBS was discarded, and 1.5ml of 1X Trypsin-EDTA 

was added directly onto cell monolayer and incubated for 5 minutes at 37°C. The cells were 

monitored for detachment using an inverted microscope. Once detached, 8.5 ml of DMEM-10 

media was added to resuspend cells. The resuspended are transferred into a 15ml falcon tube, and 

an aliquot of 10µl was used to for cell counting using a haemocytometer. The cells are diluted 

appropriately to give approximately 2*10^5 cells/ml. 100µl (approximately 2x10^4 cells) of 

prepared cells were added to each well and incubated for 48 hours at 37oC (5% CO2). The media 

was gently discarded from the wells, after 48 hours of incubation. 50µl of a 50:50 mix of media and 

Bright Glo substrate was added to the well and incubated for 5 minutes with occasional gentle 

tapping of the plate. The Luminescence of each well was quantified using the Glomax plate reader 

at a 0.3 shake rate. TCID50 was calculated with TCID50 MACRO. 
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3.2.2.10. Cell Viability Assay 

TZM-bl cells were prepared, as stated above (3.2.9). 100µl (approximately 2x10^4 cells) of 

prepared cells were seeded overnight in a 96-well plate and incubated for 48 hours at 37oC (5% 

CO2). The cells were treated with 10µl of the serially diluted test compound (starting concentration 

= 100µg/ml, dilution factor = 2), and incubated for 48 hours at 37oC (5% CO2). Control well 

include positive control (Cells treated with Ursolic acid, a known cytotoxic compound), negative 

control (Cells with no compound treatment), colour control (compounds and media only), and blank 

(media only). 10µl of Alamar blue was added to the plates and incubated overnight. The absorbance 

was read at 570nm – 595nm. The assay was set up in triplicates, and the mean value was calculated 

for analysis. 

 

 

Figure 7.  A typical 96-well plate layout for Alamar blue cell viability assay. 
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3.2.2.11. Viral Infectivity Inhibition Assay 

50µl of the growth media was added to all the wells in a 96-well plate with the exception of the 

control wells. 25µl of the 1000µg/ml of compound solution in 10% DMSO was added to the growth 

media in column 1 and was serially diluted (1, 1:2, 1:4, 1:8, 1:16) to column 6. Similarly, 

compounds were serially diluted from column 7 to 12. In the control wells, 100µl, 150µl, and 50µl 

of growth media were added. The control wells are included:  

• Row F7-12 1 – Cell only control 

• Row G7-12 – Pseudotype virus only 

• Row H7-12 – Cell and Pseudotype virus control 

100µl of diluted pseudotype virus was added to all wells except cell only control.  The plate was 

incubated for 1h at 37oC (5% CO2). After incubation, 100µl TZM-bl cells (2x104 cells) was added 

to each well except the virus only control wells, bringing the total volume in each well to 250µl. 

The plate was centrifuged at 500rpm for 5s and incubated for 48 hours at 37°C (5% CO2). After 48 

hours, the media was removed, 50µl of a 50:50 mix of new media and Promega Bright Glo substrate 

was added, and the plate luminescence was read using Glomax plate reader.  

 

Figure 8. Viral infectivity inhibition assay plate layout. 
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CHAPTER FOUR 

4.0. RESULTS  

4.1. IN SILICO HIGH THROUGHPUT SCREENING OF NATURAL COMPOUND 

MIMETICS OF VRC01 

4.1.1. Protein structure Extraction 

The crystal structure of the protein (PDB ID: 3NGB) with a resolution of 2.68 Å was obtained from 

the Protein Data Bank (PDB). 3NGB is a complex of the crystallized antigen-binding fragment (Fab) 

of broadly neutralizing antibody VRC01 and core gp120 of HIV-1 clade A/E recombinant 93TH057. 

The protein consist of twelve chains comprising G, A, D, I, H, B, E, J, L, C, F and K. Chains G, A, 

D and I are HIV-1 envelope glycoprotein, chains H, E, J, and B are the heavy chains of the VRC01 

Fab, while chains L, C, F and K are the light chains of VRC01 Fab. The core gp120 trimer (chains 

G, A and D), consisting of outer and inner domain with truncated N- and C-termini and V1/V2 and 

V3 variable loops (T. Zhou et al., 2010).  
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Figure 9. Protein structure with PDB ID: 3NGB. (A) 3-D structure of VRC01 broadly neutralizing 

antibody Fab in complex with HIV gp120 at 2.68 Å. The protein structure consists of 12 chains G, A, D, I, 

H, B, E, J, L, C, , and K. (B) and HIV-1 gp120 trimer chains G, D, and A. (C) Heavy chain of VRC01 Fab 

chains H, E, B, and J. (D) Light chain of VRC01 Fab (chains L, C, F, and K) (Bonsignori et al., 2018). 
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4.1.2. Determination of gp120 core residues of interaction with VRC01 

The site of vulnerability on the gp120 site is the highly conserved contact site for CD4 receptor on 

the gp120 outer domain. VRC01 makes contact gp120 with amino acid residues in the positions 275–

283, 364 – 371, 421-437 and 455-478, which represent 98% of CD4 binding site on the HIV-1 gp120.  

 

 

Figure 10. HIV-1 gp120 site of vulnerability for VRC01. (A) gp120 trimer with the site of vulnerability 

(red), (B) gp120 monomer (chain A) with the site of vulnerability (red), and (C) gp120 amino acid sequence 

(chain A) with residues of interaction with VRCO1 (red boxes). 

 

4.1.3. Molecular Dynamic (MD) Simulation  

The results obtained from the MD simulation of the receptor indicated that the Root Mean Square 

deviation (RMSD) of the protein backbone steadily increased from 0.075 nm at 0 ns to 0.175 nm at 

1 ns. There was constant fluctuation of the RMSD between 0.15 nm (lowest point) and slightly above 

0.225 nm (highest point) within the period of 1 ns and 9 ns. The system stabilized after 9 ns between 
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about 0.175 nm and 0.2 nm till the end of the simulations. The low root means square deviation after 

9 ns is indicative of less fluctuations and more stable protein structure (Kufareva & Abagyan, 2012).  

 

Figure 11. Root Mean Square Deviation (RMSD) of the MD simulation of HIV-1 gp120 monomer using 

GROMACS. A plot of RMSD in nanometres (nm) against time in nanoseconds (ns). The RMSD increased from 

0 ns to 1 ns and fluctuated till 9 ns after which it stabilized till the end of the simulation. 
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4.1.4. Ligand Generation and Preparations 

Six purchasable natural product-derived compounds libraries were downloaded from three natural 

compound companies. A total of 27,824 distinct ligands were generated from these compound 

libraries (Table 2). The ligands were minimized and optimized using the default setting in OpenBabel 

via PyRx.  

 

Table 2. Summary of natural product compound libraries used for virtual screening. 

S/N Company Library Number of distinctt 

compounds 

1 AnalytiCon 

Discovery 

Fragment from nature (FRGx) 247 

2 Macrocyclic semi-synthetic compounds 

(MACROx) 

2,040 

3 Purified Natural Product Screening 

Compounds (MEGx) 

3,781 

4 SPECS Pre-plated 20k diverse compound library 20,636 

5 Pre-plated Natural product library 373 

6 InterBioScreen (IBS) IBS 2017_sep_Natual compound Libraries 747 

Total 27,824 
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4.1.5. Molecular Docking 

A total of 27,824 ligands generated from six natural product libraries were used for molecular docking 

using AutoDock Vina (Table 2). The AutoDock molecular docking program assumes a rigid receptor 

and a conformationally flexible ligand. Different conformational poses of the ligands were docked 

into a rigid receptor (HIV gp120) and scored according to the binding energies of the receptor-ligand 

complexes. The best ligand poses with the lowest binding energies were selected and visualised in 

PyMOL. NP-005114, NP-007382 and NP-008927 were docked firmly in the receptor (Figure 12). 

Compounds NP-005114, NP-007382 and NP-008927 IUPAC name and structure is summarized in 

table 3. The molecular docking poses of the selected 10 hit compounds are shown in Appendix I. 
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Table 3. IUPAC name and Structure of Ligand NP-005114, NP-007382, and NP-008297 

Compound 

1D 

IUPAC Name Structure 

NP-005114 1,3,6-Tris-O-(3,4,5-trihydroxybenzoyl)-

β-D-glucopyranose 

 

NP-007382 ((3R)-4-{6-

[(1R,3R,5S,8S,10R,12R,14R)-5,14-

dimethyl-6-oxo-2,4,9,13-

tetraoxatricyclo[8.4.0.0³,⁸]tetradecan-12-

yl]-1,5-dihydroxy-9,10-dioxoanthracen-

2-yl}-3-hydroxy-3-methylbutanoate); 

 

NP-008927 (2R,3S,4S,5R,6S)-6-[(2S,3R,4R,5R,6S)-

2-[5,7-dihydroxy-2- (4-hydroxyphenyl)-

4-oxochromen-3-yl]oxy-4,5-dihydroxy- 

6-methyloxan-3-yl]oxy-3,4,5-

trihydroxyoxan-2-yl]methyl(E)- 3-(4-

hydroxyphenyl)prop-2-enoate) 
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Table 4. Summary of 10 selected hit compounds with binding energies and molecular 

formula 

Compound Names Formula Binding Energies 

(kcal/mol) 

NP-008297 C36H28O17 -10.3 

NP-004255 C27H22O18 -9.6 

NP-000088 C28H30O15 -9.7 

NP-007422 C40H62O15 -9.3 

NP-005114 C27H30O18 -9.1 

NP-007382 C31H32O12 -9.6 

NP-000954 C47H74O16 -9.5 

NP-005003 C36H38N8O9 -9.3 

NP-001800 C41H52N8O9 -9.2 

FRG-00075 C13H16F3N3O2 -7.4 
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Figure 12. Molecular docking of the receptor (HIV gp120) and Ligands (compounds derived from the 

natural product). A) Compound NP-005114 (coloured green) docked into CD4-bs (coloured pink) of HIV-

gp120 (coloured blue). B) Compound NP-008927 (coloured green) docked into CD4-bs (pink) of HIV-

gp120 (coloured blue). C) Compound NP-007382 (coloured green) docked into CD4-bs (coloured pink) of 

HIV-gp120 (blue). 

 

4.1.6. Protein-ligand Interaction Profiling  

LIGPLOT was used to elucidate the amino acid residues in the binding site of the receptor (HIV 

gp120) that interact with the ligands (Laskowski & Swindells, 2011), and 2-D schematic diagrams 

that shows the protein-ligand interactions were obtained. The green dotted lines represent hydrogen 

bonds while the red arcs with spikes represent hydrophobic interactions. Amino acid (aa) residues of 

the receptor are shown as orange lines with black and red dots, while the ligands are shown as purple 

lines with black and red dots. Ligand NP-005114 had hydrogen bond interactions with eight amino 

acid residues and hydrophobic interaction with eleven amino acids residues in the CD4-bs of HIV 

gp120. Ligand NP-008927 had ten hydrogen bond interactions with amino acids residues and 

hydrophobic interactions with eleven amino acid residues in the CD4-bs of HIV gp120.  Ligand NP-
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007382 formed hydrogen bond interactions with five and seven hydrophobic interactions with amino 

acid residues in the CD4-bs. The binding energies and interacting amino acid residues are 

summarized in (Table 4)  
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University of Ghana http://ugspace.ug.edu.gh



 
 

67 
 

 

 

Figure 13. Protein-ligand interaction profiles. The interactions of the selected ligands with the HIV gp120 

were determined with LIGPLOT. The green dotted lines represent hydrogen bond interactions, while red 

arcs with spikes represent hydrophobic interactions. Residues of the receptor are shown as orange lines 

with black and red dots, while the ligands are shown as purple lines with black and red dots. A) Ligand 

NP-005114 had 8 hydrogen bonds and 11 hydrophobic with residues in the CD4-bs of HIV gp120. B) 

Ligand NP-008927 had 10 hydrogen bond 10 hydrophobic interactions with residues in the CD4-bs of HIV 

gp120. C) Ligand NP-007382 had 5 hydrogen bonds and 7 hydrophobic interactions with residues in the 

CD4-bs of HIV gp120. 
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4.1.7. High Through-put Virtual Screening (vHTS) and Analysis. 

The top 100 ligands from each of the six libraries (total 600) ranked according to their binding 

energies were analysed for binding interactions with HIV-1 gp120. Out of a total of 470 ligands with 

high binding affinity analysed from the selected 600 ligands, 386 ligands had hydrogen bonds 

interactions with HIV-gp120, while 84 ligands had no hydrogen bond interactions with HIV gp120. 

Of the 386 ligands with hydrogen bond interactions with gp120, 263 ligands had hydrogen bond 

interactions with less than four conserved amino acid residues within the site of vulnerability, while 

41 had hydrogen bond interactions with 4 or more amino acid residues in the site of vulnerability on 

the HIV-1 gp120. The best 10 compounds selected for in vitro downstream evaluations was based on 

their binding energies and the number of interacting amino acid residues with the HIV-1 gp120 CD4 

binding site (Figure 14). The binding energies of the best 10 compounds ranged from -10.3 to -6.4 

kcal/mol (Table 4). The lower the value of the binding energy, the higher the binding affinity with 

HIV-1 gp120. 
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Figure 14. Summary of virtual high throughput screening. The best 600 ligands were selected 

from the ligand library based on binding energies and 470 ligands of the selected ligands were 

analysed.  A total of 304 ligands had hydrogen bond interactions with the CD4-Binding site (CD4-

bs) amino acid residues. 41 had hydrogen bond interactions with 4 or more amino acid residues 

in the CD4-bs. The best 10 compounds were selected from the 41 for in vitro analysis. 
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4.1.8. Determination of HIV HXB2 Envelope Protein Structure 

Human Immunodeficiency Virus Clade B clone 2 (HIV HXB2) is a reference HIV strain.  HXB2 

envelope protein was used in the production of HIV -1 pseudotype virus that was used in the cell-

based viral infectivity inhibition assay. The cDNA sequence of the HXB2 envelope protein (gp160) 

was retrieved from the HIV sequence database (Figure 15 A) and converted into an amino acid 

sequence using the ExPasy Translate tool (Artimo et al., 2012). The HXB2 gp160 amino acid 

sequence used to query the ExPasy server platform. The protein sequence (UniProtKB ID: P04578) 

with the highest similarity score to our query protein sequence was retrieved from UniProtKB 

(Figure 15 B). The 3D structure of the protein (PDB ID: 3J70), with 100% structural similarity to 

P04578 was retrieved from Protein Data Bank. The structure consists of HIV HXB2 gp160 chains 

D, P, U, E, Q and V) in complex with CD4 (chains C, O, and T) and 17b antibody chains A, M, R, 

B, N and S) (Figure 15 C). The HIV HXB2 gp120 trimer (chains D, P, and U) was extracted from 

3j70 using PyMOL (Figure 15 D) 
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Figure 15. Determination of the 3-D structure of HIV HXB2. A) The amino acid sequence of the 

HXB2 envelope protein retrieved from the HIV database. B) BlastP similarity search result of 

HXB2 Env amino acid sequence (sequence alignment). C) 3-D structure of 3J70, which consist of 

HXB2 gp160 in complex with CD4 and 17b antibody. D) HXB2 gp120 extracted from 3J70 using 

PyMOL. 

 

4.1.9. Virtual Screening and Analysis of HIV HXB2 Envelope Protein 

The ten selected compounds were used for virtual screening on HXB2 envelope protein. The 

compounds were docked against the HXB2 gp120 monomer. The compounds interacted with the 

conserved CD4-bs on HXB2 gp120 (Figure 16).  NP-005114 had hydrogen bond interactions with 

eleven amino acids and hydrophobic interactions with four amino acids on the CD4-bs. There were 

four and ten hydrogen and hydrophobic interactions, respectively, between NP-008297 and the amino 
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acids in the gp120 CD4-bs. Compound NP-007382 had five hydrogen bond interactions and twelve 

hydrophobic interactions with the amino acids of CD4-bs. 
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Figure 16. Virtual Screening and Protein-Ligand Interaction Profile of the Selected 

Compounds and HXB2 gp120. A) NP-005114 had hydrogen bond interactions with eleven amino 

acids and hydrophobic interactions with four amino acids on the CD4-bs. B) NP-008297 had four 

and ten hydrogen and hydrophobic interactions with the amino acids in the gp120 CD4-bs. C) NP-

007382 had five hydrogen bond interactions and twelve hydrophobic interactions with the amino 

acids of CD4-bs. 
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Table 5. Binding Energies and Interacting Amino Acid Residues of Recombinant Clades 

A/E and B 

 Recombinant clade A/E Clade B 

 

Compound

s 

Binding 

Energy 

(kcal/mol) 

Amino Acid Residues Binding 

Energy 

(kcal/mol) 

Amino Acid Residues 

NP-008297 

-10.3 

Glu370, Gln258, Pro470, 

Ile371, Pro363, Ser365, 

Glu362, Gly471, Thr455, 

Gly472, and Asn425 

-7.9 Asp368, Ser365, Ser364, 

Gly366, Asn425, and 

Met426 

NP-000088 

-9.7 

Glu370, His375, Gln258, 

Gly472, Gln363, and 

Ser365 

-7.1 Gly473, Thr283, Ser364, 

and Ser365 

NP-007382 

-9.6 

Pro470 , Gly366, Ile371, 

Gly473, and Ile475 

-7.2 Asp457, Arg469, Ser364, 

Ser365, and Gly472 

NP-000954 

-9.5 

Pro470 , Arg469, Ile371, 

Met373, Gln258, and 

Gly472 

-4.8 Arg456, Asp457, Pro470, 

Ser364, Ser365, Met426, 

and Trp427 

NP-005003 

-9.3 

Asp457, Asn280, Pro470, 

and Arg468 

-7.3 Thr283  Ala281 

NP-007422 

-9.3 

Gln258, Ile371, Thr257, 

Met373, Glu370, Asn425, 

Asp280, and Asp457 

-6.7 Asp474, Arg476, Trp427, 

Gly473, Asn425, Asp368, 

and Glu370 

NP-001800 

-9.2 

Glu370, Trp427, Gly429, 

Gln105, and Asn474 

-7.8 Ser365 and Gln363 

 

NP-005114 

-9.1 

Gln258, Ile371, Gln362, 

Pro363, Gly471, Asp457, 

Asn280, and Gly472 

-8.2 Arg476, Gly472, Pro470, 

Gly366, Ser364, Glu370, 

Asn425, Trp427, and 

Met426 

NP-004255 

-9 

Trp427 , Gly429, Ile371, 

Gln258, Pro470, and 

Gly472 

-7.3 Arg47, Asp474, Thr455, 

and Pro470 

FRG-00075 

-7.4 

Glu370, Ile371, Ser365, 

Arg469, and Gly472 

-6.8 Gly431 and Ser375 
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4.1.10. Origin and Sources of the Selected Compounds 

Out of the ten selected natural product-derived compounds, six were obtained from plants, three from 

microorganisms and one was a synthetic fragment of the natural compound (Table 6).  

 

Table 6. The Origin and Sources of the Selected Compounds 

 

 

Compound Structure Organism Name 

NP-000088 Plant Mentha piperita 

NP-000954 Plant Ononis spinosa 

NP-004255 Plant Terminalia chebula 

NP-005003 Microorganism Aspergillus 

NP-005114 Plant 

 

Terminalia chebula 

NP-007382 Microorganism Bacteria 

NP-007422 Plant Withania somnifera 

NP-008297 Plant Ginkgo biloba 

NP-001800 Microorganism Fungi 

FRG-00075 Fragment  
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 4.1.11. Pharmacological Profiling of 10 Selected Compounds  

The pharmacological and physicochemical properties of the 10 selected compounds were obtained 

from SwissADME (Tables 7 and 8).  The compounds have high molecular weights between 335.72 

and 895.09 Dalton. Rotatable bonds are predictors of ligand conformational flexibility and small 

compound bioavailability (Veber et al., 2002). Rotatable bond less than or equal to seven are 

considered ideal in drug discovery, and eight of the compounds fell within this range. The 

pharmacological properties indices such as lipophilicity, solubility, gastrointestinal (GI) absorption, 

brain-blood barrier (BBB) permeant, P-glycoprotein (P-gp) substrate and Cytochrome 450 inhibitor 

were used to predict the absorption, distribution, metabolism, and excretion (ADME) profiles of the 

compounds which describe the pharmacokinetic properties. Lipophilicity value for the selected 

compounds were between -0.98 and 1.91. The ideal lipophilicity value lies between 1 and 3 (Arnott, 

Kumar, & Planey, 2013); only 4 of the selected compounds fell within this range. Eight of the 

compounds were predicted to be soluble in water (Table 8). The summation of all the polar atoms of 

a molecule is defined by the topological polar surface area (TPSA) (Fernandes & Gattass, 2009). The 

TPSA value is a metric used to define cell permeability by a drug. The ideal TPSA usually falls within 

140 to 90 Ǻ, above 140 Ǻ indicates poor permeability into cell (Pajouhesh & Lenz, 2005), and below 

90 indicates penetration into the blood-brain-barrier (BBB)(Hitchcock & Pennington, 2006). None 

of the compounds fell within this range. However, 9 of the compounds had low GI absorption. None 

of the compounds selected was BBB permeant. Nine compounds were substrates of P-gp transporter. 

None of the selected compounds were inhibitors of CYP 450 enzyme (Table 7). 
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Table 7. Physicochemical Properties of 10 Selected Compounds 

Compound 

Name 

MW (Dalton) #Rotatable 

bonds 

#H-bond 

acceptors 

#H-bond 

donors 

NP-008297 740.66 9 16 9 

NP-004255 634.45 2 15 11 

NP-000088 610.56 7 15 8 

NP-007422 782.91 9 14 9 

NP-005114 636.46 5 15 11 

NP-007382 596.57 5 12 4 

NP-000954 895.08 7 16 9 

NP-005003 723.78 5 9 9 

NP-001800 800.90 7 9 9 

FRG-00075 335.72 2 4 2 
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Table 8. Adsorption, Distribution, Metabolism, and Excretion Properties of 10 Selected 

Compounds 

Compound 

Name 

TPSA Lipophilicity Water 

Solubility 

GI 

Absorption 

BBB 

Permeant 

Pgp 

Substrate 

CYP 

inhibitor 

NP-008297 275.5 1.79 Soluble Low No Yes No 

NP-004255 310.66 -0.87 Soluble Low No Yes No 

NP-000088 234.29 -0.43 Soluble Low No Yes No 

NP-007422 245.29 0.07 Soluble Low No Yes No 

NP-005114 310.66 -3.12 Soluble Low No No No 

NP-007382 186.12 1.91 Soluble Low No Yes No 

NP-000954 254.52 1.82 Insoluble Low No Yes No 

NP-005003 251.16 -0.98 Soluble Low No Yes No 

NP-001800 251.16 0.61 Insoluble Low No Yes No 

FRG-00075 71.18 1.3 Soluble High No Yes No 
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4.1.12. Toxicity Profiling of the Selected Compounds 

The result of the toxicity profile of the selected compounds predicted using Pro-Tox II were 

summarized in Table 9 (Drwal et al., 2014). ProTox-II  generate the toxicity profiles of small 

compound molecules by measuring parameters such as immunotoxicity, hepatotoxicity, cytotoxicity, 

mutagenicity, carcinogenicity and toxicity class (Drwal et al., 2014). Toxicity class ranges from 1 -6 

(1 = highly toxic/fatal, 6 = least toxic) with probability range of 0 - 1 (0 = not likely, 1 = very likely). 

Nine of the compounds belonged to the less toxic drug class associated with high LD50 with the 

exception of NP-007422, which belongs to the toxicity class 2 (Table 9). None of the compounds 

were hepatoxic and mutagenic. Also, nine of the compounds were inactive for carcinogenicity and 

cytotoxicity, whilst eight were predicted as immunotoxin. 
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Table 9. Toxicity Profiles of 10 Selected Compounds Predicted using ProTox-II 

Compound 

Name 

Toxicity 

Class 

Hepatoxicity Carcinogenicity Immunotoxicity Mutagenicity Cytotoxicity LD50 

(mg/kg) 

NP-008297 4 Inactive Inactive Active Inactive Inactive 1000 

NP-004255 5 Inactive Inactive Active Inactive Inactive 2260 

NP-000088 6 Inactive Inactive Active Inactive Inactive 5530 

NP-007422 2 Inactive Inactive Active Inactive Active 7 

NP-005114 6 Inactive Inactive Inactive Inactive Inactive 8000 

NP-007382 4 Inactive Inactive Active Inactive Inactive 2000 

NP-000954 4 Inactive Inactive Active Inactive Inactive 2500 

NP-005003 4 Inactive Inactive Active Inactive Inactive 500 

NP-001800 4 Inactive Inactive Active Inactive Inactive 1000 

FRG-00075 4 Inactive Active Inactive Inactive Inactive 1000 
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4.2. CELL-BASED VIRAL INFECTIVITY INHIBITION ASSAY 

4.2.1. Transformation of Competent Bacteria Cells 

To obtain a high quantity of plasmids required to produce HIV pseudotype virus, top10 competent 

bacteria cells were transformed with a plasmid containing HIV gag-pol gene (p8.91), HIV HXB2 

gp160 (pCAGGGS HXB2, and luciferase gene (pCSFLW) under ampicillin selection marker using 

the heat shock method. Positively transformed colonies were observed for cells transformed with 

plasmids p8.91, pCSFLW, and pCAGGGS-HXB2 (Figure 17 A-C). Positive control consisting of 

top10 cells grown in the absence of ampicillin selection marker showed colonies of top10 cells 

(Figure 17 D). Negative control consisting of top10 cells grown in the presence of ampicillin 

selection marker showed no growth of colonies (Figure 17 E).  
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Figure 17. Transformation of Top10 competent bacteria cells. Top10 competent bacterial cells 

transformed using the heat shock method. A-C) Colonies of cell transformed with plasmids 

PCSFLW, HXB2, and P8.91 respectively. D) Negative control consisting of competent cells grown 

in the presence of ampicillin selection marker. E) Positive control consisting of competent cells 

grown in the absence of ampicillin selection marker. 
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4.2.2. Restriction Digest 

Restriction digest was done to confirm the plasmids extracted from the transformed competent cells. 

Plasmids were extracted from single colonies of positively transformed cells  

(Fig. 17 A-C) and digested with appropriate restriction enzymes. a p8.91 plasmid containing HIV-

1 gag-pol gene, which was digested with restriction enzyme BglIII showed expected band size at 

3.9kb, and 8. 2kb.  pCSFLW plasmid containing luciferase reporter gene, which was digested with 

BamH1 and Not1 showed band sizes at 1.7kb and 8.9kb as expected. Expected band sizes of 4.7kb 

and 2.6kb were observed for pCAGGGS HXB2 plasmid digested with Kpnl +Xhol. 

 

 

Figure 18. Restriction digest of extracted plasmids.  (Lane 1 and 2) pCAGGGS HXB2 plasmid 

expected band sizes of 4.7kb and 2.6kb. (Lane 4, 5 and 6) p8.91 plasmid expected band size at 

3.9kb and 8.2kb. (lane 8 and 9) pCSFLW plasmid expected band size 1.7kb and 8.9kb. M is a 

molecular maker. 
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4.2.3. Pseudotype Virus (PV) Titration and Determination of 50% Tissue Culture Infectivity 

Dose (TCID50) 

Pseudotype virus titration was used to determine the amount of viable pseudotype that was 

produced. A viable pseudotype virus was defined as pseudotype virus that can transduce/infect a 

target cell, integrate the luciferase reporter gene, leading to the expression of the reporter gene. The 

quantity of light produced by the luciferase enzyme (relative light unit RLU), measured with a 

luminometer directly correlates with the amount of viable pseudotype virus. TCID50 was defined 

as the amount of pseudotype virus that was able to transduce/infect 50% of target cells (TZM-bl 

cells). A positive transduction/infection was defined as one with 2.5 times the RLU of the cell only 

control well. TCID50 calculated in TCID50 MACRO sheet, using the Spearman and Karber methods 

was 5657 TCID50/ml. The cut-off for the luminescent was set at 10,000RLU. The recommended 

volume of pseudotype virus that will produce 10,000RLU was calculated as 105µl.  

4.2.4. Cell Viability Assay 

To determine the cytotoxic effect of the selected compounds on the target cells, TZM-bl cells, 

Alamar blue cell viability assay was carried out. TZM-bl cells were treated with the selected 

compounds in serial dilution. The assay was carried out in triplicate and the mean value was used 

to calculate the cell viability. Cell viability was calculated relative to the absorbance of the negative 

control wells (TZM-bl cells only), which were set as 100% of absorbance. Compounds FGR-0075, 

NP00603, NP00088, NP001800, NP005114, and, NP-007422 had no cytotoxic effect on the TZM-

bl cells (Figure 19) at tested concentration. Compound NP008297 had minimal effect on the TZM-

bl cells, NP00738 has cytotoxic effect from 25µg/ml, while NP-000954 and NP004255 ha cytotoxic 

effect from 12.5µg/ml. Ursolic acid, a known cytotoxic compound, was used as the positive control. 
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Figure 19.  Alamar blue cell viability assay. Compound NP008297 (top left) has minimal effect 

on the TZM-bl cell line, NP00738 (top right) has cytotoxic effect from 25µg/ml, while AD194735-

10 and NP004255 (lower panel) has cytotoxic effect at 12.5µg/ml 
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Figure 20. Alamar blue cell viability assay shows tested compound had no cytotoxic effect on the 

TZM-bl cells. The positive control is ursolic acid, a known cytotoxic compound. 
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4.2.5. Determination of 50% Cytotoxicity Concentration (CC50) 

To determine the 50% cytotoxic concentration (CC50) of compounds that had a cytotoxic effect on 

the TZM-bl cell (Figure 20).  The assay was done in triplicate, and the mean values were calculated 

and used for the determination of the CC50. Non-linear dose-response regression analysis was used 

to calculate CC50.  CC50was defined as the concentration of the compound that is required to reduce 

viable cells by 50%. Compounds NP007382 had CC50 of 34.24µg/ml (Figure 21 C), while 

NP004255 and NP000945 had CC50 of 9.9µg/ml and 9.4µg/ml, respectively (Figure 21 A and B). 
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Figure 21. 50% Cytotoxicity Concentration (CC50.). CC50 was determined using dose-response 

non-linear regression analysis. A) NP000945 with CC50 of 9.9µg/ml. B) NP004255 with CC50 of 

9.4µg/ml. C) Compounds NP007382 with CC50 of 34.24µg/ml. All assay was carried out in 

triplicate 
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4.2.6. Viral Infectivity Inhibition Assay 

To determine the ability of the selected compounds to inhibit the transduction/infection of TZM-bl 

cell by HIV pseudotype. An infectivity inhibition assay was done by incubating the compounds, 

HIV pseudotype, and TZM-l cells, as described in methods (3.2.11), in duplicates. The relative light 

unit (RLU) was read with a luminometer, and the mean RLU was calculated. Non-linear regression 

dose-response analysis was used to analyse the results on GraphPad Prism as described by (Ferrara, 

Temperton, Ferrara, & Temperton, 2018), with slight modification. The modification done was by 

normalizing the Y-axis (response) to 0 = Pseudotype virus only control and 100% = Cell and 

pseudotype virus. The cell only control was set as the background RLU.  All compounds were tested 

for viral inhibition, except for NP-000954.  

50% inhibition concentration (IC50) was defined as the concentration of the compound where the 

RLU (response) is reduced by 50% relative to the cell + Pseudotype virus control well. Only three 

compounds (NP-005114, NP-008297, and NP-007382) out of the nine tested compounds had dose 

response inhibition against viral infection/transduction of TZM-bl cells. NP-005114, NP-008297, 

and NP-007382 had IC50 of 10µg/ml, 15.5µg/ml and 13.1µg/ml respectively (Figure 21 A-C). 

Compounds NP-007422 and NP-004255 had some inhibition, but not a dose response kind (Figure 

21 D). There was no observed inhibition for compounds FRG-00075, NP-005003, NP-000088, and 

NP-001800 (Figure 21 E).  

University of Ghana http://ugspace.ug.edu.gh



 
 

90 
 

 

 

 

University of Ghana http://ugspace.ug.edu.gh



 
 

91 
 

 

 

 

 

 

University of Ghana http://ugspace.ug.edu.gh



 
 

92 
 

 

Figure 22.  Cell-based Viral infectivity inhibition assay. Nonlinear regression plot of Percentage 

inhibition (response) against the Log10 of compound concentration (dose) at a 95% confidence 

interval. A) NP-005114 had IC50 OF 10µg/ml. B) NP-008297 had IC50 of 15.5µg/ml. C) NP-

007382 had IC50 of 13.1µg/ml. D) Some inhibition was observed for NP-007422 and NP-004255, 

but not a dose response inhibition. E) No inhibition was observed for Compounds FRG-00075, 

NP-0005003, NP-000088, and NP-001800. All assay was carried out in duplicates, mean values 

were used for the dose-response calculation. 
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CHAPTER FIVE 

5.0. DISCUSSION, CONCLUSION, AND RECOMMENDATION 

5.1 DISCUSSION 

This study used a pharmacoinformatic approach to identify compounds derived from natural products 

(plants and microorganism), that mimic VRC01 bNAb by interacting with similar binding site as 

VRC01 (CD4-bindng site) on the HIV gp120. The CD4-binding site (CD4-bs) is a conserved region 

on the HIV-1 gp120 that is crucial for the CD4-gp120 interaction required for successful HIV-1 

infection.  The compounds which interacted with the CD4-bs of gp120 in silico was confirmed in 

vitro using a cell-based assay to assess the inhibitory activity of these compounds against HIV-1 entry 

into the target cell using pseudotype virus technology. Three compounds comprising NP-005114, 

NP-008297 and NP-007382 were identified to have an inhibitory effect on HIV entry into target 

TZM-bl cells. In silico analysis showed that NP-005114, NP-008927 and NP-007382 had eight, ten 

and seven hydrogen bond interactions, respectively, with amino acid residues in the CD4-bs of the 

clade A/E recombinant 93TH057 HIV gp120 (Fig. 13). The Gibbs free binding energies (ΔG) of the 

interactions between the compounds and HIV gp120 were obtained as -9.1 kcal/mol, -10.3 kcal/mol 

and -9.6 kcal/mol for NP-005114, NP-008927 and NP-007382, respectively (Table 4).  Corroboration 

of the interaction of the three compounds NP-005114, NP-008 927 and NP-007382 with the gp120 

of the reference HIV strain, HIV Clade B clone 2 (HXB2), showed hydrogen bond interactions with 

eleven, four and five amino acids residues, respectively in the CD4-bs (Figure 16). The interactions 

of these compounds with gp120 of clades A/E and B indicate a possible conservation of the CD4-bs 

(T. Zhou et al., 2007), despite constant variation of the HIV envelope protein due to mutations caused 

by error-prone HIV reverse transcriptase. It is also indicative of the possibility of interactions with 
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gp120 from several strain of HIV, however, more work needs to be done to determine the interaction 

with other HIV clades. It is also worthy to note that the compounds NP-008297 and NP-007382 had 

biomolecular interactions with Asp368 and Asp425 residues, respectively, in the Phe43 cavity. Phe43 

cavity is a functionally crucial and conserved pocket on HIV gp120, where CD4 binds (Kwong et al., 

1998). Asp368 and Asp425 are critical amino acid residues in the cavity, alterations in the amino acid 

led to decrease in CD4-binding (Olshevsky et al., 1990). Many small compounds have been 

developed to target the CD4-bs of the HIV-1 gp120 (L. Lu et al., 2016), these compounds interact 

with the Phe43 cavity in the CD4-bs and have demonstrated broad activity against various strains of 

HIV-1 entry into target cells (L. Lu et al., 2016). Although, the in silico prediction is beneficial in 

identifying possible bioactive compounds, there is a need for further confirmation using experimental 

methods. Viral entry inhibition of the compounds was tested using molecularly cloned HXB2 

pseudotype virus. NP-005114, NP-008297 and NP-007382 demonstrated dose-dependent inhibition 

of clade B (HXB2) env pseudotype viral entry into TZM-bl cells, with an IC50 value of 10 µg/ml., 

I5.5 µg/ml, and 13.1 µg/ml, respectively. The  IC50 value of  VRC01 in neutralizing panel of clade B 

HIV and Clade B Env pseudotype virus previously ranged from 0.1 – 50 µg/ml, the IC50 of the 

identified compounds fell within the range (Cohen et al., 2018; Magaret et al., 2019; Mayer et al., 

2017; Walker et al., 2011). Of all the numerous small compound HIV-1 entry inhibitors discovered 

recently, only BMS-663068 and NBD-556 as well as their derivatives have shown good antiretroviral 

activity, and are in the preclinical and clinical trials of the drug development process (Lalezari et al., 

2015; Meuser et al., 2018; Ray et al., 2013). BMS-663068 is a more potent derivative of BMS-

626529, with inhibition to viral entry against a panel of pseudotype virus at IC50 of between 0.0001–

9.5 µg/ml with varying sensitivity towards different clades of virus (Pancera et al., 2017). NBD-556 

and derivative were shown to inhibit viral entry of HIV-1HXB2 pseudotype virus with IC50 between 
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20.0 µM (Zhao et al., 2005). Small compounds with the desired bioactivity are assessed for drug-

likeness using the Lipinski’s Rule of Five. Lipinski’s rule uses the chemical structure of a bioactive 

compound to predict the pharmacokinetics properties and oral bioavailability. The rule includes not 

more than 5 and 10 hydrogen bond donors and acceptors, respectively; LogP ≤ 5; and molecular mass 

(MW) of ≤ 500 Daltons (Barret, 2018). Compounds NP-005114 and NP-00892 violated three of the 

Lipinski’s rule (MW>500, H-bond donors and acceptors not more than 5 and 10, respectively), while 

compound NP-007382 violated only two rules (MW>500, H-bond acceptors >10) (Table 7). The 

implication of violating the Lipinski’s rules is that the compounds are predicted to have poor 

pharmacokinetics properties (ADME) and oral bioavailability. However, Lipinski’s rule does not 

predict pharmacological activity (Barret, 2018). The absorption, distribution, metabolism, and 

excretion (ADME) properties of the compounds describe their pharmacokinetics. Parameters 

including lipophilicity, solubility, gastrointestinal (GI) absorption, brain-blood barrier (BBB) 

permeant, P-glycoprotein (P-gp) substrate and Cytochrome 450 inhibitor are also used to predict 

pharmacokinetic properties. Lipophilicity is an indication of solubility, permeability, selectivity and 

promiscuity of a drug compound. Lipophilicity >5 has been associated with poor receptor selectivity, 

high metabolic turnover, low solubility and poor absorption. However, compounds with low 

lipophilicity value are also linked to poor ADME properties (Arnott, Kumar, & Planey, 2013). The 

ideal lipophilicity value lies between 1 and 3; only NP-008297 and NP-005114 fell within this range. 

All three compounds have low GI absorption, possibly due to the complex interplay of many factors 

like molecular weight, cell permeability and solubility of the compounds, however these properties 

can be optimized in the developmental stage of drug discovery (Amidon, Lennernäs, Shah, & Crison, 

1995; Dahan & Miller, 2012). TPSA value is a metric used to define cell permeability by a drug 

compound. The ideal TPSA usually falls within 140 to 90 Ǻ, above 140 Ǻ indicates poor permeability 
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into cell (Pajouhesh & Lenz, 2005), and below 90 indicates penetration into the blood-brain-barrier 

(BBB) (Hitchcock & Pennington, 2006). None of the compounds fell within this range. The blood 

brain barrier (BBB) permeability index indicated the ability of the drug compound to be deposited 

into the central nervous system (CNS) (Pardridge, 2005); none of the compounds was BBB permeant 

(Table 8). P-glycoprotein (P-gp) is a transmembrane efflux pump that is important in the efflux and 

uptake of the drug compound (Heller, Voelker, Wacharamanotham, & Borchers, 2015). NP-008297 

and NP-007382 were substrates of P-gp transporter. Cytochrome P450 (CYP450) enzymes play a 

significant role in drug metabolism, excretion and drug-drug interactions (McDonnell & Dang, 2013).  

Compounds that inhibit CYP enzymes interfere with the metabolism of other drugs that are activated 

by the enzyme. None of the compounds were inhibitors of CYP 450 enzyme. Compound NP-005114 

was extracted from the seed of Terminalia chebula. T. chebula is a medicinal plant popularly referred 

to as the ‘king of medicine,’ due to a wide array of bioactivity of compounds extracted from the plant. 

Compounds extracted from T. chebula fruit have been shown to be HIV-1 integrase (Ahn et al., 2002) 

and reverse transcriptase inhibitors (Gambari & Lampronti, 2006). So far no compound extracted 

from T. chebula has been characterized as HIV-1 entry inhibitors (Salehi, Anil Kumar, et al., 2018; 

Singh, Bharate, & Bhutani, 2005). NP-005114 which was originally extracted from the seed of T. 

chebula has exhibited HIV-1 entry inhibitory property. NP-008297 was extracted from the leaf of 

Ginkgo biloba, and G. biloba crude extracts have shown activity against HIV-1 reverse transcriptase 

RNase H and protease (J. Lee, Hattori, & Kim, 2008; Salehi et al., 2018). This study has shown the 

HIV-1 entry inhibition activity of NP-008297. Unlike the others, NP-007382 was extracted from 

bacteria, microorganism have been source of active compounds against HIV-1 (Salehi, Kumar, et al., 

2018). 
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5.2. CONCLUSION 

The study report for the first time three natural product-derived compounds which mimic HIV-1 

broadly neutralizing antibody VRC01, by interacting with the CD4-bs of HIV-1 gp120 of 

recombinant clades A/E and B. These compounds inhibit HIV-1 clade B (HXB2) entry into target 

TZM-BL cells.  NP-005114 which is an extract from the seed of T. chebula had inhibitory activity 

at IC50 = 10µg/ml. NP-008297 which is an extract from the leaves of G. biloba exhibited entry 

inhibition at IC50 = 15.5µg/ml. NP-007382 was obtained from bacteria had inhibitory activity at 

IC50 = 13.1µg/ml. Characterisation of the binding mechanisms showed that these compounds 

formed hydrogen and hydrophobic bond interactions with essential amino acids residues in the 

CD4-bs. NP-005114 and NP-008297 formed intermolecular interactions with critical amino acid 

residues in the Phe43 cavity of the HIV-1 gp120 CD4-bs.  

 

5.3. RECOMMENDATION 

Based on the result obtained from this study, herein make these recommendations: 

i. The interactions of compounds NP-005114, NP-008297 and NP-007382 with the HIV-1 

gp120 from other clades should be evaluated in silico. 

ii. The compounds showing inhibitory activity should be tested against HIV pseudotype virus 

bearing envelope protein from other clades. 

iii. The structures of NP-005114, NP-008297 and NP-007382 could serve as skeletons for 

optimisation as more potent inhibitors. 

iv. The entry inhibition of the compounds should be evaluated against a panel of HIV-1 

primary isolate from HIV clades that are representative of the global circulating strains. 
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APPENDICES 

APPENDIX I 

Molecular Docking Analysis of Ten Selected Compounds 
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APPENDIX II  

Chemical structure of the ten selected compounds 

Chemical structure of the ten selected compounds 

Compound ID Chemical Structure 
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