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1 Abstract 

The availability of treatment for HIV infection has resulted in a drastic increase in the life 

expectancy of infected individuals. However, the current therapeutics fall short in many areas. 

A considerable 60% of treated individuals will show minor cognitive disorders due to infection, 

immune reconstruction inflammatory syndrome occurs in a high number of individuals of 

African descent as a treatment side-effect, and treatment resistance occurs commonly both with 

long-term infected individuals and newly infected individuals. This all highlights the need for 

continued research into combating the HIV pandemic. 

This research investigated the anti-HIV activity of five novel Isoflavones. Isoflavones and 

similar compounds have been extensively researched for their ability to hinder HIV 

reproduction through multiple routes of antagonism in the HIV life cycle but with little research 

in HIV entry inhibition. 

In this study, the anti-HIV activity of the isoflavones was quantified through the generation of 

IC50 values using a luciferase reporter assay. Evidence for potential entry-inhibiting activity 

was generated through time-of-addition studies and the potential drug targets were 

hypothesised using computational docking studies. 

All the Isoflavones were shown to inhibit HIV replication in the lower micromolar regions with 

IC50 values ranging from 6.2 to 10.6 μM. Two of the isoflavones, B and C, were shown to 

possess significant entry inhibitory activity of HIV-1 through time-of-addition studies (0.041 

and 0.007, respectively ). Docking studies illustrate the potential for these compounds to act 

through gp120 antagonism and provide the framework for future drug development using these 

compounds as gp120 anchoring regions.  
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2 Introduction 

2.1 The Human Immunodeficiency Virus 

The Human Immunodeficiency Virus (HIV), of the Lentivirus genus, is the virus behind the 

HIV pandemic which has plagued the planet for the past four decades [42, 12, 13]. It selectively 

targets blood cells in possession of the Cluster of Differentiation 4 (CD4) receptor, which 

includes macrophages, helper T-cells, and dendritic cells, resulting in declining immune system 

function [43]. Eventually, the virus slowly dilapidates the immune system beyond a point at 

which the natural protection from opportunistic infections is not effective and the likelihood of 

developing certain cancers increases [71]. This phase of infection is known as Acquired 

Immunodeficiency Syndrome (AIDS) [43]. Without proper treatment, the life expectancy of 

an infected individual is 2 to 15 years [44], with the most common cause of death being non-

Hodgkin’s lymphoma in developed countries [72] and Tuberculosis related meningitis in South 

Africa [109].  

 

Figure 1: The basic structure of HIV. The simplified illustration of HIV consists of two sense RNA strands, 
viral proteins, and the envelope lipid membrane [177]. 

 

HIV is an enveloped virus in possession of a 9.2 to 9.8 kb genome in the form of two identical 

sense RNA strands as seen in Figure 1 [6]. The virus can be broken up into two types: type 1 

and type 2 (HIV-1, HIV-2) [6]. These two types arise from differences in their genomes, with 

HIV-1 coding for the regulatory protein Vpu (Virus protein unique) while HIV-2 codes for 

Vpx (Virus protein x) [6]. HIV-1 has proven to be the most pathogenic and most common of 
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the two types [44, 7]. Both types can be further classified, with HIV-1 consisting of groups M, 

N, O and P and HIV-2 consisting of groups A to H [44], with HIV-1 group M acting as the 

main driving force behind the global HIV pandemic [7]. 

 

HIV is thought to have come into creation through the species barrier crossing of the Simian 

Immunodeficiency Virus (SIV) [14, 42]. HIV was first identified in 1983, specifically HIV-1, 

by a research team in Paris that worked under the guidance of Luc Montagnier. In 2008 Luc 

Montagnier and Françoise Barré-Sinoussi received a Nobel Prize for their world-benefiting 

scientific discovery [10]. The term AIDS was coined before the discovery of the causative viral 

agent—HIV—after reasonable suspicion that a new disease was on the incline after two reports 

[12, 13] published in 1981 noted the sudden increase in patients suffering from rare (at the 

time) diseases often associated with immunosuppression, such as Pneumocystis Pneumonia 

and Kaposi Sarcoma [11]. 

HIV is very much deserving of the title Pandemic, as this virus can be found in all four corners 

of the world. However, the burden on society differs greatly between developed and developing 

countries [7], with South Africa carrying the greatest load of infections, as seen in Figure 2, 

with about 5,2 million individuals currently receiving antiretrovirals (ARVs) in 2020. This is 

a worryingly large number when it is contrasted with the total number of 26 million individuals 

receiving ARV therapy globally or the 28 thousand receiving treatment in the first world 

country, Australia [8].  
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Figure 2: The estimated spread of HIV infections globally. Approximately 36.7 million were infected with 
HIV worldwide, with the greatest prevalence in Southern and Eastern Africa. 
[https://www.unaids.org/sites/default/files/media_asset/UNAIDS_2017_core-epidemiology-slides_en.pdf.] 
 

2.2  Mode of replication 

HIV enters the human body through unprotected sexual intercourse or the transfer of infected 

bodily fluids occurring commonly through the transfusion of infected blood, the sharing of 

needles, natural birth, or the surgical transplantation of infected organs [6]. Once the virus is 

in the bloodstream of the host, the marks the beginning of the HIV replication cycle, visualised 

in Figure 3. The virus targets the CD4 receptor of certain immune cells, using what is 

commonly referred to as the spike complex or envelope (env) complex. The env complex, 

consists of a heterodimeric unit of a surface homotrimer, gp120, and a transmembrane 

homotrimer, gp41 [46]. The virus binds to the CD4 receptor through the gp120 region of the 

env complex, after which, membrane fusion occurs, using the gp41 region of the env complex. 

As a result of the membrane fusion event viral enzymes and genetic material enter the 

cytoplasm of the host cell under the protection of the viral capsid [18]. The capsid then uncoats 

in a somewhat organised fashion [18] as the two viral sense RNA strands are converted into 

complementary DNA (cDNA) by the viral Reverse Transcriptase (RT). In addition to the RNA 

and DNA template-dependent polymerase activity, the enzyme also possesses RNase H activity 

which degrades the viral RNA strands post-transcription [73]. The produced cDNA is then 

integrated into the host’s genome using viral Integrase (IN) [74]; this may mark the 
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establishment of a viral reservoir that enables the continual seeding of the virus [70]. After 

integration occurs, the host cell’s transcription and translation cycles result in the synthesis of 

new viral genetic material and viral proteins needed for the creation of the viral prodigy. The 

viral proteins and sense RNA strands then gather at the membrane of the host cell where viral 

receptor proteins are inserted and the budding of new virions into the extracellular space occurs 

[14],  These inactive viruses are activated through a process called ‘maturation’ which involves 

the cleaving of large viral proteins into smaller functional units using the viral Protease (PR) 

[70, 110]. These processes are essential points of research as they all serve as possible targets 

for therapeutic intervention.  

 

Figure 3: Common model of HIV replication cycle. The model illustrates the main steps in HIV replication, 
from the entry of the virus using the Env complex to the replication and insertion of the cDNA to the packaging 
of the newly synthesised viral proteins and sense RNA which ultimately leave the cell as new virions  [14]. 

 

2.3 Current therapeutics 

Through the study of the biological processes of HIV replication, researchers have been able 

to determine key points that can be targeted using chemotherapy. Compounds with activity 

against HIV are termed Antiretrovirals (ARVs), and currently, there are more than 30 United 

States Food and Drug Administration (FDA) approved ARVs. These can be categorised into 

six categories, namely: Non-nucleoside Reverse Transcriptase Inhibitors (NNRTIs), 

Nucleoside Reverse Transcriptase Inhibitors (NRTIs), Entry Inhibitors, Fusion Inhibitors, 

Integrase inhibitors (INI), and Protease Inhibitors (PI) [14]. Both NNRTIs and NRTIs prevent 

the formation of cDNA by inhibiting RT through binding to the orthosteric or allosteric binding 

site [44]. Entry inhibitors currently work by binding to the envelope complex and preventing 
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the conformational changes needed for successful entry initiation [65]. Fusion inhibitors act 

after the Env glycoprotein complex and the CD4 receptor have interacted and have undergone 

the conformational changes that signal entry initiation. These inhibitors prevent the fusion of 

the two membranes which ultimately denies the entry of the viral machinery needed for 

replication into the host cell [44]. Protease inhibitors act by hindering the catalytic activity of 

the viral protease which cleaves larger viral proteins into smaller active proteins, thus 

preventing the successful assembly of new active virions [44]. 

Despite the impressive arsenal of ARVs currently available, further research into discovering 

new ARVs is essential as the emergence of drug-resistant viral strains has become a major 

cause for concern [6]. There is not a single ARV available that HIV is not able to build 

resistance against [16] but some are less likely than others to induce resistance [15]. Resistance 

can occur in many ways, namely: transmitted drug resistance, and according to the World 

Health Organisation (WHO) 26% of newly-infected individuals starting first-line treatment are 

already in possession of a resistant strain of HIV [15]. The second way is through acquired 

drug resistance, which occurs when adherence to the treatment regime falls below 100% 

compliance; with one study reporting that even individuals who were 80 to 95 % compliant 

were twice as likely to develop treatment resistance than individuals who were ≥ 95 % 

compliant [16,17]. This has become a great motivation for the discovery of new drug targets 

within the viral life cycle.  

In the USA, a country privileged enough to offer not only extensive preventative measures but 

also therapeutic ones, there is a large HIV burden of around 50,000 infected individuals per 

year who experience resistance to first-line therapy [113]. The individuals then fall into 

dependence on the second-line regime, which introduces the entry inhibitor, Maraviroc. [113] 

A drug, which by nature, is more susceptible to resistance as discussed in section 2.5.5. 

2.4 Novel potential drug targets 

As researchers continue to explore drug development for HIV, they are also delving deeper 

into the underlying physiology of the virus. Recent years have brought new discoveries in the 

form of novel drug targets, which offer the potential for the development of innovative 

therapeutics with unique mechanisms of action. Such novel drug targets are discussed below. 

2.4.1 The HIV Capsid 

The viral capsid consists of repeating hexametric and pentameric units of capsid proteins that 

form a conical-shaped structure that houses the replication machinery of the virus [18]. The 
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HIV capsid has commonly been depicted as the ‘delivery package’ carrying the viral replication 

machinery [47] which until recently, has been found to be an incorrect description. Numerous 

depictions of the viral replication cycle, such as Figure 3 above, depict the idea that once the 

fully intact viral capsid containing the viral replication machinery enters the host cell, it 

disassembles fully, and reverse transcription and integration then occur without further input 

from the capsid. It is now known that specific intracellular interactions of the capsid are 

necessary for the virus to progress through the replication and infection cycle [18, 47]. It is 

known that the HI viral capsid interacts with multiple host cellular proteins including 

nucleoporins (Nup) 153 and 358, Cyclophilin A and Cleavage and Polyadenylation Splicing 

Factor 6 (CPSF6) [47]. Both the Nup 153 and CPSF6 proteins have been found to target the 

same site between two hexametric capsid units [47]. The proteins only bind strongly when the 

units are associated indicating that HIV only benefits when the capsid is either partially or fully 

assembled [47]. Through studies involving mutations at the Nup 153/CPSF6 binding site, the 

binding of these proteins is thought to assist in nuclear migration. Both Pfizer and Boehringer-

Ingelheim have discovered anti-capsid compounds: PF74 and BI-2 [48, 49], as seen in Figure 4 

below. Both these compounds competitively bind to the Nup 153/CPSF6 binding site and thus 

likely inhibit the migration of the capsid/cDNA complex into the nucleus of the host cell 

preventing integration [47,48]. 

The importance of the stability profile of the capsid in terms of HIV replication is supported 

by research that compared the effects of varying capsid stabilities (low-level to high-level) on 

reverse transcription and integration products [18]. It was found that if the capsid is severely 

destabilised, reverse transcription is mostly hindered. Extreme stabilisation (does not dissociate 

into its monomeric units as easily) on the other hand also hinders integration [18].  
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Figure 4: Anti-capsid compounds. These are two anti-HIV compounds currently in clinical trials which both 
target the Nup 153/CPSF6 binding site on the HIV capsid. The one on the left, PF-74, was developed by Pfizer 

and the one on the right, BI-2, was developed by Boehringer-Ingelheim. From: Lamorte [49]. 

 

2.4.2 Viral RNA 

Unlike DNA, which simply serves to store genetic information, RNA has a range of functions: 

from the transfer and storage of genetic material to directing enzymes, and even enzymatic 

activity [50]. These different physiological roles are mainly due to differing structural 

confirmations; RNA can adopt a wide range of structural conformations such as hairpin loops, 

double-stranded regions that create stems and turns, and even pseudoknots [50]. HI-viral RNA 

is no exception and does indeed achieve a unique structural confirmation, not only because of 

the structural range of RNA naturally but also because the two strands of RNA transported to 

the new budding virions in the infection cycle unite and form a single three-dimensional 

structure [19]. This is an interesting and promising find given that the cornerstone of medical 

research is to take advantage of the structural differences between pathogens and the host. 

Currently, there is a proteinaceous compound that inhibits the interaction between the Tat 

protein and a highly conserved region on HI-viral RNA: the TAR (Transactivation Response) 

element (Figure 5). The TAR is a loop-stem element consisting of 59 residues on the 5’end of 

the HI-viral RNA. The Tat/TAR interaction is necessary to ensure efficient viral reverse 

transcription, without this interaction the process is sluggish and tends to produce incomplete 

transcripts [50], which is on par with the previously described action of Tat in increasing the 

polymerase’s elongation capacity [51]. The compound, CGP64222, competitively competes 

with Tat for binding to TAR, suppressing the effectiveness of viral replication [51].  
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Figure 5: The peptidic compound, CGP 64222. CGP 64222 is capable of halting HIV activity at the nanomolar 
range by inhibiting the transactivation process [51]. 

 

Following the numerous ways in which HIV inhibition can be achieved, this study focused on 

the discovery of novel HIV entry inhibitors. 

 

2.5 HIV-1 entry inhibition 

The entry of the replication machinery needed for HIV to produce viral progeny is a multistep 

process [63]. The viral Env complex, which targets the CD4 immune cells, consists of three 

identical gp120 surface units attached non-covalently to three identical gp41 transmembrane 

units [46]. This complex first attaches to the immune cell via non-specific viral-cellular 

interactions [65], which then allows for the gp120 Env unit to attach to the cellular CD4 

receptor. After the interaction of gp120 and CD4, a series of conformational changes and co-

receptor binding (CCR5 or CXCR4) allow for viral entry [63, 65]. 

2.5.1 Non-specific viral attachment 

As stated above, the first step in HIV entry occurs when the virus binds to the immune cell via 

non-specific interactions [63, 65]. These interactions include the associations of the positively 

charged regions of gp120 Env unit with negatively charged cell surface regions, which include: 

Heparin sulphate proteoglycans, α4β7 integrins, Dendritic cell-specific intercellular adhesion 

molecular 3-grabbing non-integrin (DC-SIGN) and Mannose-binding C-type Lectin Receptors 

(MCLR) [63, 65]. Compounds that inhibit this step in HIV entry are referred to as attachment 

inhibitors [65] and they interfere with these non-specific interactions. There is no FDA-

approved attachment inhibitor currently, but research has shown soluble anions and sulphated 

polysaccharides such as Heparin, Dextran Sulphate, and Cyclodextrin Sulphate can block these 

non-specific interactions [65, 77]. 
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Dextran Sulphate, which is a sulphated polysaccharide, has been shown to inhibit HIV 

replication [77], however, further research into its entry inhibition capabilities found that at 

concentrations where dextran sulphate functions as a replication inhibitor, there is insignificant 

gp120-CD4 receptor binding inhibition, proven through ELISA studies [77]. On performing a 

second ELISA using gp120 units and monoclonal antibodies, it was found that the binding of 

certain antibodies was blocked. This provides evidence that Dextran Sulphate has entry 

inhibition properties [77]. Furthermore, these studies revealed attachment of monoclonal 

antibodies was blocked by targeting a positively charged region around residues 303 to 338 of 

the V3 gp120 loop, an essential region for virus-cell attachment [77]. The key proteins involved 

in the viral entry are further discussed below.  

2.5.2 The CD4 receptor 

As stated above, CD4+ cells are immune cells in possession of the CD4 glycoprotein receptor. 

The receptor, which is a type 1 membrane protein [54] assists in the recognition of Major 

Histocompatibility complex II (MHC), leading to the activation of the immune cells [52]. The 

CD4 receptor consists of four extracellular domains, D1-D4, connected by a short segment that 

leads to the transmembrane domain. The cytoplasmic region interacts with p65Lck, which is a 

Src tyrosine kinase [54]. The domains strongly resemble, in both sequence and structure, 

immunoglobulins [54, 55] and consist of 370 amino acid residues [56]. The receptor is an 

elongated structure with D1 being the outermost domain [53]. There are two N-linked 

glycosylated sites, one in D3 and the other in D4 [56]. 

Using crystallography and site-directed mutagenesis, it has been found that the binding of 

gp120 to CD4 occurs through the CDR-2-like loop in domain 1 [55]. The binding of CD4 to 

gp120 results in conformational changes that result in the dissociation of gp120 from gp41, 

which exposes regions of gp41 that can function as targets for antibody targeting [55]. 

Ibalizumab which was discovered by Kuritzkes [65, 78] is an IgG4 monoclonal antibody that 

targets the CD4 receptor, and it results in the decrease of HIV-1 RNA viral loads and a 

subsequent increase in CD4+ cells [78]. The compound functions by binding to the D2 domain 

of CD4 and prevents conformational changes of the receptor, leading to inhibited viral entry 

[65]. 

2.5.3 The Gp120 receptor 

There are five variable regions within gp120, denoted V1-V5, which have been revealed 

through sequence analysis studies of different viral strains [79]. The first regions, V1-V4, form 
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disulphide-stabilised loops, resulting in a total of seven highly conserved disulphide bonds 

between regions [79]. It is widely accepted that the interaction of the CD4 receptor with the 

gp120 unit causes the V3 loop to project outward, allowing for it to interact with a co-receptor 

[80]. It has been noted that the co-receptor tropism of the HIV strain (CCR5 or CXCR4 or 

both) is mostly dictated by the sequence of the V3 loop, as mutational studies have revealed 

that the tropism of a strain can be changed through site-directed mutagenesis [79]. 

Gp120 contains two domains: an inner and an outer domain as seen in Figure 6 below. Between 

the two of these, there are 25 strands involved in the β-sheet formation, ten loop-forming 

regions (5 of which are variable) and five α-helices [79]. The ‘bridging sheet’, which is 

involved in CD4 binding, consists of 4 antiparallel β-strands: strands 2, 3, 20, and 21, with 

strands 2 and 3 forming between the V1/V2 neck [79]. It has also been hypothesized that α-

helix 3 and β-strand 15 are required for CD4 binding [79]. 

 
Figure 6: Structure of gp120. The above illustration of gp120 indicates the two domains of the protein: the inner 
and outer domains.  There are five variable regions (V1-V5) each comprising a loop stabilised by disulphide 
bonds. There are also five α-helices and 25 β-strands. V3 is essential for co-receptor binding and the bridging 

sheet is involved in CD4 binding [79]. 
 

At first glance, the heavily glycosylated gp120 unit would serve as the ideal target for vaccine 

development, however, the glycosylation sites are extremely variable which results in effective 

immune responses shortly becoming ineffective—this is the main reason there has been no 

successful HIV vaccine trial thus far [81]. 
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A gp120 antagonist was approved in 2020, Fostemsavir [113] (Figure 7). The drug is available 

for heavily treatment-experienced individuals unable to take other medically preferred ARVs 

due to safety concerns or ARV resistance [113, 114]. Fostemsavir can cause a serious adverse 

reaction, Immune Reconstruction Syndrome, in 3% of individuals [115]. Fostemsavir is a 

prodrug of Temsavir, under the chemical classification of phosphooxymethyl agents. 

Fostemsavir can be seen in Figure 7; the compound was altered to improve the antiviral and 

pharmacokinetic activities of the agent [113].  

 

 

Figure 7: Structure of Fostemsavir. Fostemsavir is the compound initially shown to act as a Gp120 antagonist. 
The pro-drug Temsavir is the marketed, FDA-approved, structure as it has increased oral bioavailability [113].  

 

As can be seen in Figure 8, Fostemsavir blocks CD4 binding by insertion of the benzamide 

moiety in the area occupied by W427 in the gp120 open state. This forces W427 and β20-21 

into regions the CD4 receptor would nestle into upon binding, thus preventing viral attachment 

[113].  
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Figure 8: Fostemsavir binding into the CD4 binding region of Gp120. The figure depicts the binding of 
Fostemsavir under the β20-21 regions of the CD4 receptor [113]. 

 

2.5.4 Gp41 

This is the unit of the Env complex that is responsible for the fusion of the viral envelope with 

the immune cell membrane [83]. The N-terminal of the gp41 unit is referred to as the Fusion 

Peptide, which is a hydrophobic glycine-rich section that protrudes forward into the host 

membrane after the CD4/Gp120 interaction forms [84]. Following this insertion event, the 

gp41 has now adopted the pre-hairpin structure which is conformationally stable and holds for 

a relatively long period [84]. The pre-hairpin contains two, 4-3 heptad repeat regions containing 

hydrophobic residues, as seen in Figure 9 below. Repeat 1 is found on the N-terminal side after 

residue 36 and repeat 2 is found on the C-terminal side before residue 34 [83, 84]. After the 

pre-hairpin transitions into the hairpin structure, six helices form comprising the two heptad 

repeats in a core structure known as the N36/C34 complex as seen in Figure 9 below [84]. The 

helices from the N-terminal region of the gp41 unit form the centre helices while those from 

the C-terminal region form the outer helices, with the different helices interacting mainly 

through hydrophobic residues [84]. The formation of the N36/C34 complex brings the envelope 

and cell membrane into proximity, which allows for the fusion of the two [84]. 
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Figure 9: Pre-hairpin and hairpin structure of pg41. Section A (left) represents the pre-hairpin, elongated 
structure of gp41 right after CD4/gp120 binding. Gp41 contains two heptad repeats, a fusion insertion section 
(fp), a transmembrane region and a cytosolic region. Section B (right) represents the hairpin structure, more 

specifically, the N36/C34 core formed from hydrophobic interactions between the heptad regions [94]. 
 

There is currently one FDA-approved drug which targets the gp41 structures needed for fusion 

to occur: Enfuvirtide [85]. Enfuvirtide, Figure 10, is a proteinaceous compound made of 36 

amino acids that mimic the residues found in Heptad repeat 2. This association of Enfuvirtide 

with this region inhibits the formation of the hairpin structure, thus preventing fusion [85]. 

 
Figure 10: Structure of Enfuvirtide. The polypeptide, Enfuvirtide, is the only gp41 antagonist, acting on the 
fusion protein by mimicking the amino acid residues on gp41 [85]. 

 

2.5.5 Chemokine co-receptors 

There are two CD4+ cell-related co-receptors that HIV can utilise in the process of cellular 

infection: CCR5 and CXCR4. Depending on the strain, HIV can utilise only one of them, strain 

R5 uses the CCR5 co-receptor while strain X4 uses the CXCR4  co-receptor, or both of them 

(strain R5X4) [86, 87].  Both of these co-receptors are structurally related G-Protein Coupled 

Receptors (GPCRs), however, there are some minor differences, one being that CXCR4 has 21 

phosphorylation sites and CCR5 has seven [88]. Both the co-receptors contain seven 

transmembrane α-helices connected by three extracellular and three intracellular loops [86], as 
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shown in Figure 11 below. Structural studies looking into these two chemokine receptors have 

proven difficult as GPCRs are notoriously difficult to crystallise owing to their large 

hydrophobic transmembrane region [88]. 

 

 

Figure 11: Structure of CXCR4. Both CXCR4 and CCR5 are GPCR-like proteins. They both contain seven 

transmembrane regions with three extracellular and intracellular loops [88]. 

 

 

There is only one FDA-approved drug thus far that acts as a co-receptor antagonist: Maraviroc 

(MVC). This compound is only functional against R5 strains [86, 87]. It is believed that 

compounds that would display activity against the CXCR4 co-receptor could potentially be 

extremely toxic, as previous research has noted that mice without the CXCR4 co-receptor die 

in utero due to cardiovascular problems. However, mice and even people, with defective CCR5 

co-receptors develop fully [88]. 

MVC prevents the activation of the gp41 unit by inhibiting the binding of the V3 loop of gp120 

to the CCR5 co-receptor [65, 87]. MVC binds to a hydrophobic cavity created from the 

transmembrane α-helices 2, 3, 6 and 7 [65, 87]. Studies determining the essential residues 

responsible for CCR5-mediated activation of the forthcoming fusion event found that the drug 

binds to two of the essential residues: Y37 and W248, as seen in Figure 12 below [86]. It has 

previously been described that the specific distribution of charges and steric hindrance is 

important for MVCs activity [86].  
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Figure 12: Structure of Maraviroc. Above is an illustration of MVC, the residues it interacts with and the nature 
of the interactions. Most of the interactions are hydrogen bonds with one being an ionic bond (red dotted line). 
The hydrogen bonds (dotted blue lines) with Y37 and W248 are deemed essential for inhibition [86]. 

 

This study investigated novel isoflavones for the potential inhibition of HIV, specifically 

through HIV entry inhibition. 

2.6  Isoflavones 

Isoflavones are phenolic compounds that belong to a group of naturally occurring secondary 

plant metabolites known as flavonoids [21]. Phytoestrogens which are non-steroidal,  

oestrogen-like plant compounds can be divided into flavonoids and non-flavonoids with 

flavonoids including isoflavones, coumestans and prenylflavonoids and non-flavonoids 

including lignans [21]. There are more than 8000 described phenolic compounds [29] and these 

are classified according to the degree of oxidation and unsaturation in the C ring, as well as the 

way the C and B rings are connected (Figure 13) [69]. 

Structural characterisation of the flavonoids notes the two aromatic carbon rings (ring A and 

B) linked together by a three-carbon bridge (ring C) [170]. The A ring is derived from the 

malonic acid pathway while the B ring is derived from the shikimic acid biosynthesis pathway 

[170]. 

Isoflavones, and their category, offer considerable diversity. They are further categorised as 

coumaronochromones, rotenoids, pterocarpans, 3-arylcoumarins and coumestans [170]. 
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High concentrations of these compounds naturally occur in soybeans, tofu and legumes [22]. 

Their biological activity in plants ranges from predator protection, antimicrobial activity, 

reproduction, and germination [29].  

 

Figure 13: Polyphenols and their different structural classifications. In the centre of A (left) is the basic 
structure ring structure of a flavonoid. Isoflavones, section B, consist of a B ring bonded to the C-ring via residues 
3 and 1’ [69]. 

 

Some common Isoflavones, in both research and dietary availability, include Daidzein and 

Genistein [22] (Figure 14) which can be compared to oestradiol, the most common form of 

oestrogen in women of childbearing age [24].  

 

Figure 14: Structures of two common Isoflavones and one common form of oestrogen. Daidzein and 
Genistein are regularly found in research and plant extract. They differ by an A ring hydroxyl group. Oestradiol 
is the most common form of oestrogen in women of childbearing age, and it strongly resembles the common 
isoflavone structure [22]. 

 

2.6.1  Isoflavones in medical research 

There currently are extensive research programs looking at the various potential health benefits 

of Isoflavones and these include investigating their effects on cardiovascular diseases, 

B 

B 
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osteoporosis, thyroid dysfunctions, endocrine diseases, and cancer, as well as their anti-oxidant 

activity [21]. 

Endocrinology 

Isoflavones have been extensively studied in terms of their biological impact on human health 

with the most obvious arising from properties derived from their structure—their oestrogenic 

properties. In the human body, there are two types of oestrogen receptors: Oestrogen Receptor 

Alpha (ERα) and Oestrogen Receptor Beta (ERβ), both of which serve as targets for 

Isoflavones [21]. Different locations in the human body favour one type of receptor over 

another and it has been found that phytoestrogens seem to have higher binding affinities for 

ERβ than ERα [25]. When a phytoestrogen binds to an ER it can either act agonistically, 

antagonistically or simply competitively inhibit the binding of more dangerous forms of 

oestrogen [22]. Due to oestrogen being a steroidal hormone, it can easily diffuse in and out of 

cells [25, 26, 27], which plays important functions in the development and maintenance of 

sexual characteristics in both males and females [25,27]. Their site of receptor binding occurs 

intranuclearly and results in the modulation of transcription of certain genes [25, 26]. Even 

though oestrogen is primarily thought of as a sex hormone, it plays several biological roles 

such as:  

 The stimulation of high-density lipoprotein and triglycerides in adipose tissue.  

 The reduction of bone resorption and increase in bone mineralisation and formation in 

adults.  

 The increase in collagen formation, blood flow and thickness in the skin.  

 The regulation of proteins such as those involved in the coagulation cascade.  

 The increase in insulin expression in beta cells in the pancreas.  

 All these effects serve as areas of research for the medicinal use of oestrogen [27]. 

Cancer research 

Isoflavones have been involved in several cancer-related research topics with expected promise 

in these research areas originating from the fact that countries with a high daily intake of 

Isoflavones (Asia: 25-50mg/day) experienced a lower occurrence of certain cancers than 

countries where the daily intake is much lower (America: < 2mg/day) [21]. Although this may 

not be a cause-and-effect relationship, this difference is likely attributed to the extremely 

different diets between the two regions. 
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Yanagihara [75] found that Biochanin A and Genistein (Figure 14) caused both cell growth 

inhibition and cell death in cancer cell lines originating from the gastrointestinal tract at 

concentrations of ≥ 10 μg/ml  [75]. The mechanism of cytotoxic activity was attributed to the 

induction of apoptosis as made evident by the presence of fragmented nucleic acid [75]. Other 

researchers have also confirmed cell death due to apoptosis from the introduction of 

Isoflavones [75]. 

Anti-inflammatory research 

Isoflavones have been found to inhibit the expression of pro-inflammatory cytokines TNF-α, 

IL-1β, IL-6, and IL-12 through the modulation of transcription of these inflammatory 

molecules, especially in macrophages [22]. Certain inflammatory molecules, such as IL-G and 

TNF-α, can also be expressed in the presence of high concentrations of certain compounds such 

as lipopolysaccharides (LPS), and Genistein has been found to prevent this [22].  

2.6.2 Documented Anti-HIV-1 activity of Flavonoids. 

 To expand the range of pertinent research, all documented instances of anti-HIV activity 

associated with flavonoids have been incorporated, rather than limiting focus solely to research 

centred on isoflavones, owing to the structural similarities between them. As noted, flavonoids 

demonstrate a wide-range of anti-HIV activity, with no single flavonoid class demonstrating 

higher activity than another. 

HIV Protease inhibition 

When it comes to HIV protease-inhibiting activity there is evidence of potential activity, 

however, it is somewhat unclear how potent the activity is. One study in 1994 found that out 

of a whole panel of Flavonoids, Quercetin (figure 15) produced the best IC50 value of 58.8 µM 

while another study conducted in 2007 found that Quercetin produced an IC50 value of 

>100 µM [116, 117]. Considering that the papers found different values, what is important to 

note is there is definite activity, the potency is just up for debate. Quercetin has been found to 

inhibit other types of proteases, such as bacterial protease, specifically the bacteria that causes 

Shigellosis [121], and other viral proteases such as the protease from SARS-Cov-2 [122].  
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Figure 15: Structure of Quercetin. Quercetin has proven to inhibit three types of pathogenic proteases, two of 
them viral [116]. 

  

HIV Reverse Transcriptase inhibition 

Even though it is the most therapeutically targeted HIV enzyme, reverse transcriptase still 

serves as an ideal target to develop future ARVs: as 14 of the current drugs have the potential 

to develop severe side effects and have well-known mechanisms of resistance [123]. A study 

from 2014 found that Myricetin (Figure 17) was able to significantly reduce the activity of RT 

when compared to the negative control [118]. Myricetin produced a maximum inhibition value 

at 100 µM resulting in 49% RT inhibition [118]. 

HIV Integrase inhibition 

One of the most crucial steps in the HIV life cycle is indeed the integration step, by which the 

viral genome is cemented into the human genome: potentially solidifying lifelong HIV 

infection [70]. This insertion is achieved by the enzyme Integrase. Integrase has three 

enzymatic functions which achieve viral-genome-host-genome integration: cleavage, insertion 

and disintegration [131, 74]. Cleavage serves to process the 3’ termini of the viral genome 

through cleavage of the terminal dinucleotide [131, 74]. Insertion, which involves the insertion 

of the genome into the host genome through the cutting of the host genome and attachment of 

the 5’ end of the cut and the attachment of the altered 3’ viral-genome terminus [131, 74].  

Disintegration follows the insertion step simply in reversal [131,74].  

Fesen [131] studied the effects of multiple flavonoids on the inhibition of the cleavage and 

insertion catalytic functions of integrase and found potent flavonoids with a range of IC50 

values from 0.1-97.8 μM [131]. The authors reported increases in activity for subsequent 

increases in the hydroxylation of the compounds [131]. 

HIV Entry inhibition 

Interestingly, there is strong evidence to suggest that isoflavones pose as suitable entry 

inhibitors [63]. Pueraria lobata, known commonly as Kudzu, is a plant used to suppress the 
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desire to consume alcohol (antidipsotropic). It has been used both traditionally in Asian culture 

and in research—which has shown that the isoflavones Daidzein and Daidzin account for the 

antidipsotropic effects [64]. 

A previous study [63] used Kudzu root extract to determine if there were potentially any 

compounds in the extract which would inhibit HIV entry. They made use of a cell line that 

contains the LacZ reporter gene which responds to the initial expression of the Tat protein via 

the 5’LTR region of the HIV genome [63]. The root extract compromised 33% crude root and 

67% of ethanol/glycerol solvent; they proved the ethanol and glycerol had no entry-inhibiting 

capabilities, verifying that the results seen were indeed due to compounds present in the Kudzu 

root extract. The inhibition seen was proven to be due to denying the very initial step in 

attachment, the binding of the virus to cell surface heparin sulphate, proteoglycans, α4β7 

integrins, DC-SIGN or MCLR [63]. Although the specific compound that carries the anti-HIV 

activity was not identified, the authors ruled out proteinaceous inhibition as they heated the 

extract and still observed activity. None of the known Isoflavones found in the extract showed 

individual inhibition, suggesting possible synergistic effects. Ultimately, there is reason to 

believe the active compound is an undiscovered isoflavone or some sort of 

steroidal/polyphenolic compound. This assumption is supported by other studies which have 

found that similar molecules can inhibit non-specific viral attachment [66, 65]. Glycyrrhizin, 

for example, as seen in Figure 16 below, is a triterpenoid saponin (glycosylated steroidal 

molecule) extracted from liquorice root [66] that has been found to prevent non-specific HIV 

cellular attachment [67]. 

  

Figure 16: The structure of Glycyrrhizin. Glycyrrhizin is a glycosylated steroidal molecule extracted from 
Liquorice root [65]. 
 

As discussed above, Isoflavones fall under a larger category known as Flavonoids, and one 

group like Isoflavones are Flavonols. Research conducted on the potential anti-HIV activity of 
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three Flavonols reported that one of them, Myricetin, possessed entry-inhibiting activity 

(Figure 17) with an IC50 value of 20.43 µM in TZM-bl cells [68].  The mechanism of inhibition 

for this compound still needs to be determined, however. 

 
Figure 17: Structure of Myricetin. Myricetin is a Flavanol with strong anti-oxidant properties. It is commonly 
found in fruits and vegetables and has previously been shown to possess anti-HIV activity [68]. 
 

Mahmood [143] published information regarding Myricetin as a possible entry inhibitor and 

the researchers found that myricetin seemed to be a gp120 antagonist as it prevented the binding 

of 2 out of 4 gp120 antibodies [143]. The effectiveness against the antibodies at 10 μg/ml 

seemed to be either perfectly effective or completely ineffective, creating a possible map of 

where the flavanol may potentially antagonise the protein. 

 

2.7 Microbicides 

Microbicides are products formulated to prevent the transmission of HIV through the 

application of the product in mucosal tissues of the vagina and rectum [145]. The products 

differ from other prevention strategies such as making use of physical contraception as it 

requires no consent from the other partner. It has been documented that most of the women 

who are infected with HIV in sub-Saharan Africa, contract it from their only sexual partner  

[146]. This highlights the need to empower female individuals to offer themselves protection 

without consent [146]. 

Microbicides can potentially exist as vaginal rings, gel formulations, suppositories, films or 

foam. There are no current FDA-approved options, however, the WHO and South African 

Health Products Regulatory Agency (SAHPRA) recommend the use of the dapivirine ring, 

which is a vaginal ring that slowly releases Dapivirine into the vaginal mucosal tissue for 28 

days [147]. It is not a perfect prevention option as the range of the efficacy of the ring is 27 to 

35%. [147]. 

For entry inhibitors to make plausible microbicidal agents, they need to have an extremely 

small window of time to be active before the virus crosses the complete barrier of the vaginal 
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lumen [144]. This small window of time is because the entry stage in viral replication is 

relatively quick when compared to the 8 h window needed for the creation of integrative viral 

DNA into the human genome. Research has also shown, using labelled viruses, that the virus 

can travel past the vaginal epithelial layers without infecting CD4-presenting cells. Once they 

transverse the layer the virus then infects T-cells and Langerhans cells [144]. This all shows a 

very narrow window for when an entry inhibitor can act. 

Isoflavones are suitable candidates for the production of microbicides as they are small 

molecules capable of interacting with one or several HIV infection stages, they are stable under 

biological environments, they can transverse epithelial tissue, potentially affordable to design 

[144, 146].

2.8 Computational drug discovery 

Modern-day drug discovery involves the usage of multiple computational techniques to 

elucidate the mechanism of action of compounds tested in vitro, to design compounds with 

increased activity of interest and to pre-emptively provide criteria to exclude certain 

compounds to avoid failed drug trials [190]. Several drugs approved for disease treatment, have 

been discovered through in silico research, such as Sunitinib (gastrointestinal cancer) and 

Crizotinib (lung cancer) [191]. Additionally, the first FDA-approved protease inhibitors 

(Saquinavir and Amprenavir) for HIV-1 were developed through the efforts of computational 

drug discovery in the early 1900s, which greatly improved the lifesaving HIV treatment regime 

for the time [190]. 

There is a range of computational techniques which can be utilised in drug discovery, but for 

this study docking was utilised to hypothesise a mechanism of action, fragment-based drug 

discovery (FBDD) was implemented to construct new compounds with increased activity, and 

bioavailability testing utilising known exclusionary criteria were used to highlight which new 

compounds would pose as the best candidates for future drug research. 
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2.8.1 Molecular Docking 

Computational docking utilising the positioning of compounds in known or hypothesised 

allosteric or orthosteric binding sites of proteins is becoming more popular in drug discovery 

[190]. From these generated biochemical computational models, researchers can provide 

explanations for known in vitro activity to narrow down on the biological targets responsible 

for the documented activity, such as the mechanism of action seen in a cytotoxic assay e.g. 

ATP synthase inhibition. The models can also be used when the protein target is known, but 

the mechanism of action in the protein remains unclear [190].  

Molecular docking requires the structural information of drug targets, acquired experimentally 

by nuclear magnetic resonance or X-ray crystallography [192]. This 3D information can be 

used to identify compounds with a high binding affinity through molecular docking algorithms, 

which predict energetically favourable orientations through electrostatic and Van der Waals 

interactions [193]. 

Considering the plethora of structural research that has gone into characterising the drug targets 

of HIV, molecular docking is indeed a beneficial tool that can be used to cheaply elucidate a 

mechanism of action for compounds with in vitro HIV entry-inhibiting capabilities [190]. 

2.8.2 Fragment-based drug design 

FBDD is similar in methodology to structure-based drug design (SBDD) which is the process 

of utilising three-dimensional information generated from an active compound in the active 

site and making strategic structural changes to improve biological activity [179].  New 

compounds are often designed from well-described fragments from known active compounds 

in an attempt to create a new compound with increased activity [152, 155]. FBDD has yielded 

FDA-approved drugs such as Pexidarlinib, Vemurafexib, Venefoclax and Erdafitinib [183].  

FBDD is an ideal method for increasing the activity of the isoflavones in this study as although 

flavonoids have demonstrated broad in vitro activity against HIV-1 with a strong indication of 

potential entry inhibiting activity, none of the activity noted has been in the nanomolar range, 

which is where all FDA-approved anti-HIV compounds display activity for HIV entry 

inhibition [152]. It is still believed that the isoflavones will reveal a novel class of entry-

inhibiting structures. 
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2.8.3 Drug-likeness 

Drug-likeness is a method of hypothesising which active compounds can be used successfully 

as therapeutics based on certain chemical features [184]. The goal of describing the drug-

likeness of active compounds is reducing the number of compounds that enter and then 

ultimately fail clinical trials [184]. In this study, the two rule sets used to describe drug-likeness 

were Lipinski’s rule of five (RO5) and the Ghose Filter [184]. These two rule sets were chosen 

due to popularity, success rate and the different parameters measured in each. 

Lipinski’s RO5 was first described by Christopher Lipinski in 1997 [185] after they noted that 

most orally active compounds adhere to five simple principles:  

1. Has a molecular weight of ≤ 500 g/mol 

2. Has an octanol/water partition coefficient (ClogP) ≤ 5 

3. Has ≤ 5 hydrogen bond donors 

4. Has ≤ 10 hydrogen bond acceptors 

5. No more than two of the above rules can be violated. 

Lipinski’s RO5 is still used today as a means of measuring drug-likeness as it is satisfied by 

85.4% of oral drugs on the market [184]. 

The second rule set is the Ghose filter, which originated after it was discovered that 80% of 

active compounds on the market me66l of the following chemical criteria [184]: 

1. AlogP value between -0,4 and 5,6 

2. A molecular weight between 160 and 480 g/mol 

3. A molar refractivity between 40 and 130  

4. A total count of 20 to 70 atoms 

The same parameters measured in the above rule sets can also be used to determine which 

compounds are computationally expected to easily cross the gastrointestinal tract (GIT) and 

the blood-brain barrier; i.e. describe bioavailability. A major problem with the current regime 

of HIV treatment is the lack of blood-brain barrier (BBB) permeability, and therefore it is 

important to not only find drugs that can easily enter the bloodstream after oral consumption, 

but that can also reduce the viral strain infection inflicts in the brain [165, 175]. 

 

Concluding from the literature review, it is evident that isoflavones not only have a place in 

HIV drug discovery but need to expand into entry inhibition research where the research has 
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lacked.  Biologically, isoflavones satisfy the need for the discovery of suitable microbicide 

candidates, and BBB-permeable retrovirals. 
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2.9 Hypothesis 

Based on the literature reviewed, the hypothesis of the study was: 

H1: Isoflavones will exhibit significant viral entry inhibition (P < 0.05). 

H0: Isoflavones will not exhibit significant viral entry inhibition (P < 0.05). 

2.10 Aim 

This study aimed to investigate the HIV-1 entry inhibitory capabilities of five novel 

Isoflavones. 

2.11 Objectives 

The objectives of the study were to: 

 Determine the CC50 values of the Isoflavones using TZM-bl cells at 24 and 48 h. 

 Produce and extract HIV envelope and backbone plasmids on a large scale, using DH5α 

and Stbl2 cells, respectively. 

 Transform HEK293 T-cells with produced plasmids to create pseudo viruses. 

 Determine the IC50 of the isoflavones using a luciferase reporter assay. 

 Perform time-of-addition studies with the isoflavones using a luciferase reporter assay. 

 Performing docking studies of active compounds to hypothesise the mechanism of 

action.  
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3 Materials and methods 

3.1 Dissolving the synthesised compounds 

The isoflavones used in this study, illustrated in Table 1, were synthesised by the chemistry 

department at the University of Pretoria by Phaladi Kunyane under the supervision of Dr M.A 

Selepe, with the method of synthesis available under the publication title “Synthesis of 

Isoflavones by Tandem Demethylation and Ring-opening/Cyclization of 

Methoxybenzoylbenzofurans” [170]. The Isoflavones differ in methoxylation, hydroxylation 

and chlorination of the general Isoflavone backbone (Figure 13). The isoflavones share the 

characteristic in-ring oxygen and double-bonded oxygen on the C ring and contain the unique 

double hydroxylation on the B ring, at 2’ and 5’. The compounds are novel as they have not 

been described in any previous research. 

Table 1: Structures of the synthesised Isoflavones. The structures of the synthesised Isoflavones are depicted 

alongside their assigned single-letter notation (A to E) compound codes and IUPAC names. 

Compound 

Codes 

IUPAC names Structure Single-letter 

notation 

PK-87C3 3-(2,5-dihydroxyphenyl)-6-methoxy-

4H-1-benzopyran-4-one 

O
OH

OH

O

MeO

 

A 

PK-110 3-(2,5-dihydroxyphenyl)-5,7-

dimethoxy-4H-1-benzopyran-4-one 

 

O
OH

OH

O

MeO

OMe

 

B 

PK-118C2 3-(2,5-dihydroxyphenyl)-5-hydroxy-7-

methoxy-4H-1-benzopyran-4-one 

 

O
OH

OH

O

MeO

OH

 

C 

PK-149C2 3-(2,4-dichloro-3,6-dihydroxyphenyl)-

4H-1-benzopyran-4-one 

 

O
OH

OH

O
Cl Cl

 

D 
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The five synthesised novel Isoflavones were all dissolved in 400 µl of DMSO. The quantities 

provided for A-E respectively were: 2,98, 2.56, 2.86, 2.81, and 2.89 mg. The testing 

concentrations were influenced by achieving the maximum number of replicates from the 

samples whilst maintaining a maximum concentration of 1% (v/v) DMSO in the first wells 

with the highest compound concentrations: to avoid cytotoxic effects from the DMSO. The 

given parameters yielded aliquots of 400 µM. The aliquots were stored at -20℃ until needed. 

 

3.2 The production of HIV-1 pseudo typed viruses 

Table 2, describes the two plasmids used to create the HIV-1 pseudo typed viruses, with the 

Env plasmid only containing the coding sequences for the HIV envelope complex and the ∆Env 

plasmid containing the entire HIV genome with the exception of the region coding for the Env 

complex. 

  

PK-144C3 3-(2,4-dichloro-3,6-dihydroxyphenyl)-

6-methoxy-4H-1-benzopyran-4-one 

 

O
OH

OH

O

MeO

Cl Cl

 

E 
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Table 2: Details of the pseudo virus plasmids. pTZ19U and pcDNA3.1 vectors were utilised in this study with 
their respective HIV genome composition. 

Plasmid Description GenBank 

accession no. 

Size 

(bp) 

Envelope plasmid 

(Env) 

Consists of the Env genome (Cap210, subtype 

C) integrated into a pTZ19U vector (Allows for 

Ampicillin resistance selection) 

DQ435683 8729 

Backbone with 

missing envelope 

region (∆Env) 

Consists of the HIV- 1 genome with a removed 

Env region integrated into a pcDNA3.1 vector 

(Allows for Ampicillin resistance selection) 

L02317 14788 

 

The two viral plasmids needed to make HIV-1 pseudo viruses, ∆Env and Env plasmid were 

amplified through bacterial transformation and propagation, using Stbl2 (Max Efficiency Stbl2 

Competent Cells; Thermo Fisher Scientific, Massachusetts, USA) and DH5α cell  lines, 

respectively. The cell lines were made competent using the CaCl2 method in which the cells 

were grown normally in either TB (Stbl2) or LB (DH5α) media. Luria-Bertani (LB) medium: 

Contained 1% (w/v) Peptone, 0.5% (w/v) yeast extract, 1% (w/v) NaCl and made to the final 

volume using dH2O. Terrific Broth (TB): Contained 1.2% (w/v) Peptone, 2.4% (w/v) yeast 

extract, 0.23% (w/v) KH2PO4 and 1.25% (w/v) K2HPO4 with a final pH of 7.2. Made to the 

final volume using dH2O. 

The cells were grown to an OD600 reading of 0.4 to 0.5 from an overnight culture grown. The 

cells were then pelleted at 8500 x g for 10 min at 4 ℃, resuspended in sterile 0.1 M CaCl2 and 

kept on ice for 30 min, after which a second identical pelleting event was carried out. The pellet 

was resuspended in a CaCl2-Glycerol solution (75% (v/v) 0.1 M CaCl2: 15% Glycerol) and 

stored at -80℃. 

The glycerol stock was then used to heat shock the cells with the preferred plasmids: ∆Env for 

Stbl2 and Env plasmid for DH5α. The cells were transformed with the plasmids by heat 

shocking the glycerol stock for 45 seconds at 42℃. Streaked LB agar-ampicillin plates 

(Contained 1.5% (w/v) bacto-agar, 98.5% (v/v) LB medium and 10 mg/mL ampicillin) were 

used to select the plasmids of interest. 
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Plasmid-yielding colonies, growing in the presence of ampicillin, were grown overnight in 

Erlenmeyer flasks using 30 mL of LB or TB media. The plasmids were extracted using either 

the silica-column extraction kit (Gene Jet: Thermo Fisher Scientific, Massachusetts, USA) or 

the ethanol exclusion technique. The cells with the plasmid of interest were pelleted at 

8500 rpm for 10 min at 4 ℃. The cells were then resuspended with 250 µL resuspension buffer  

(GeneJet) and benched for five min at room temperature. Thereafter, the cells were lysed using  

250 µL alkaline Lysis buffer (GeneJet) for five min. The cell lysis was halted using 350 µL of 

Neutralisation buffer (GeneJet). The cellular debris was pelleted at 13 000 rpm for five min 

and the supernatant was either transferred to a silica gel column or a microcentrifuge tube, both 

of which received 500 µL wash buffer (GeneJet) and then spun at 13 000 rpm for five min. The 

flow-through of the silica gel column was discarded as was the supernatant of the  

microcentrifuge tube; this step was repeated for both methods. The DNA trapped in the silica-

gel column was eluted with 50 µL Elusion buffer (GeneJet) and a final 13000 rpm 

centrifugation was done. The final pellet for the ethanol exclusion technique was resuspended 

with 100 µL elution buffer and both extracts were analysed using a NanoDrop 2000 

spectrophotometer (Thermo Fischer Scientific: USA, Massachusetts) to quantify the extracted 

DNA and to determine the purities. 

The extracted DNA was visually analysed by performing a restriction enzyme digest and 

viewing the cleaved products on a 1% agarose gel in comparison with a 1kb ladder. The 

restriction enzyme digest made use of a kit from New England BioLabs (Ipswich, MA, USA) 

that contained the BamH1-HF restriction enzyme which performs a double-strand digest on 

both vectors at only one location. The double digest reaction was initiated by adding 1000 ng 

of the isolated plasmid in a solution containing 1 X NEBuffer and 400 units/mL BamH1-HF. 

The final volume was reached using dddH2O and the reaction continued for 15 min at 37 ℃, 

after which it was halted by the addition of loading dye to a final 1 X concentration. Both 

cleaved and uncleaved plasmid products were loaded onto a 1% (w/v) agarose gel that 

contained 5 µL SafeView (Applied Biological Materials Inc: Canada, BC, Richmond) and 

viewed using UV-light in a Gel Doc XR+ (Bio-Rad: USA, California). 

Once the plasmids were extracted, 5 μg of the Env plasmid was mixed with 10 μg of the 

Backbone plasmid in 300 μL plain Dulbecco’s Modified Eagle’s Medium (DMEM, high 

glucose which contains 4500 mg/L glucose, phenol red, and L-glutamine, Sigma-Aldrich, MO, 

USA). A volume of 120 μL PolyFect or TurboFect transfection reagent was added to the 

plasmid solution and gently vortexed for 10 seconds. The solution was then incubated at room 
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temperature for 10 minutes. A volume of 1,5 mL Growth media was then added to the 

transfection solution (GM, DMEM was supplemented with 3.7 g sodium hydrogen carbonate 

[Merck: Darmstadt, Germany], sodium pyruvate to a final concentration of 1.1 mM [Cytivia: 

Illinois, USA], HEPES to a final concentration of 25 mM [Carl Roth: Karlsruhe, Germany] and 

Gentamycin to a final concentration of 0.025 ng/µL [final volume of 1L, pH 7.2] with 10% 

FBS). The transfection solution was then added to a T75 culture flask containing HEK-293 T-

cells in the log phase of growth at 10% confluency with 10 mL GM. The cells were grown at 

standard incubation settings (37℃, 5% CO2, and 90% humidity in an incubator [Plymouth, 

MA, USA]. After 8 h the GM was removed, and an additional 20 mL GM was added. The 

culture was incubated for 36 h at standard incubation settings. The culture media was then 

extracted and filtered with a 0,45 μm syringe filter (Pall Acrodisc: USA, New York, Port 

Washington). The filtrate was then analysed using a TCID50 assay to quantify the produced 

pseudo virus. 

3.3 Determining the virus TCID50 

To quantify the extracted virus, a luciferase TCID50 assay was incorporated using a luciferase 

reporter cell line, TZM-bl cells. The TCID50 assay quantifies extracted virus in terms of 

luciferase activity in comparison to the background value, and it was first described by Reed 

and Muench [124]. The assay was prepared as previously described by Montefiori [180]. The 

assay was initiated by adding 100 µL GM to all the wells of three rows in a clear 96-well plate. 

A volume of 25 µL thawed-extracted viral solution was added to the first wells in column 1 of 

the assay. A serial five-fold dilution series was carried out to the 6th column with the final 25 

µL discarded; the wells in the 7th column serve as a background control, as they contain no 

virus. A mixture of 100 000 TZM-bl cells/mL was prepared and 100 µL was added to all the 

wells in the assay. The plate was incubated for 48 h at standard incubation settings. 

The BrightGlo reagent (Promega: Madison, WI, USA) was prepared according to the 

manufacturer's guidelines by mixing the Luciferase substrate mixture with the BrightGlo buffer 

solution. The reagent was aliquoted and stored at -20℃. 

After 48 hours, 100 µL of media was removed from all the wells and an equal volume of 

BrightGlo reagent was added. The lysis reaction continued for two min at room temperature, 

after which, 150 µL of the lysed solution was transferred to the corresponding wells in a white 

96-well plate (Costar: Corning, NY, USA). The luminescence was analysed using a 

SpectraMax Paradigm Multi-Mode Microplate Reader (SpectraMax Paradigm: San Jose, CA, 
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USA). The results were then analysed to acquire the TCID50 value using the Reed-Muench 

method [125] as performed by Lei [187]. 

3.4 The effect of the Isoflavones on cellular viability 

Before the isoflavones could be tested for virus inhibition in TZM-bl cells, the cytotoxic effects 

of the isoflavones on TZM-bl cells needed to be determined. The cytotoxic effects were 

quantified using an MTT assay, which followed three phases, namely: plating, treating, and 

MTT product quantification, as described by Xia [35]. 

Plating: TZM-bl cells were thawed in thawing media in a T75 culture flask. Once the cells 

reached the log stage of growth, they were cultured in GM. The cells were then trypsinised and 

counted using the Trypan Blue Exclusion technique. Cells were then seeded in clear 96-well 

plates at a concentration of 2.3 x 104 cells/well in 100 µl media in GM. The plates all received 

a water ridge to reduce volume loss through evaporation; the water ridge consisted of 100 µL 

of dddH2O. The cells were then incubated overnight at standard incubating conditions. 

Treating: The next day, the cells were analysed microscopically to roughly confirm equal 

seeding, particularly amongst the first and final wells. In a separate 96-well plate, the 

compound preparations were prepared in growth media utilising a double dilution series. The 

compound preparations were transferred to the corresponding wells in the cultured plate. The 

concentrations tested ranged from 200 µM to 6 µM. The plates were then incubated for either 

24 or 48 hours. 

MTT product quantification: GM from all the wells was removed and the cells were washed 

once with Phosphate-Buffered Saline (PBS), with the final volume of plain media in the wells 

being 100 µL. PBS-dissolved MTT solution (50 mg/ml) was then added to each well resulting 

in a final concentration of 0.5 mg/ml. The plates were then incubated for two hours at standard 

incubation settings. After the incubation period, all the media was removed and 100 µL DMSO 

was added to all the wells to rupture the cells and dissolve the crystals. The plates were then 

read in a spectrometer at 570 nm (SpectraMax Paradigm: San Jose, CA, USA), and the results 

were normalised against a background control and the viabilities determined from a set of 

untreated cells. 

3.5 HIV-1 Inhibition: Luciferase assay 

Following the method set by Martinez [68], in a 96-well plate, a double dilution series was 

carried out in 100 µL GM in triplicate for each compound from a starting concentration twice 
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that of the desired concentration. In the 100 µL compound solution, 50 µL of cell solution (100 

000 cells/mL) was added. Dextran Sulphate was used as the positive control for viral entry 

inhibition at 20 μM [77]. Following, 50 µL of the thawed viral solution was added, resulting 

in a final TCID50 of 400. The final isoflavone concentrations ranged from 25 µM to 3 µM. The 

plates were then incubated for 48 hours, after which 150 µL of the well solution was removed 

and 50 µL of premade BrightGlo solution (Stored at -20℃) was added to the wells. A two-

minute incubation period followed to allow for complete lysis of the cells. The wells were 

resuspended and the lysed contents were transferred to a white plate and read in a microplate 

reader. The luminescence was quantified as relative luminescence units (RLU). 

3.6  Time-of-addition studies 

The luciferase reporter assay eloquently displays whether a compound displays notable 

anti-HIV-1 activity, however, it is not specific for the discovery of entry inhibitors. Any activity 

seen in the assay can be due to entry inhibition, reverse transcriptase inhibition and integrase 

inhibition: all the viral proteins involved before the integration of the viral genome into the 

host genome, resulting in luciferase expression [113]. To clarify which point of the assay the 

inhibition in luciferase production was occurring, time-of-addition (TOA) studies were 

performed as it has been well documented when and where the HIV cycle occurs [132]. The 

cells were plated as in 3.6 in a 96-well plate and infected with pseudo virus (400 TCID50). After 

90 min, significant viral entry would have taken place [132], and the compounds were added 

at 25 μM, a concentration higher than all generated IC50 values and lower than all generated 

CC50 values, at 0- and 90-min post-infection. The control, Nevirapine, an NNRTI, was added 

at 20 μM [133]. Comparing the results of Nevirapine at 0- and 90-min post-infection, it is 

expected that there will be no drop-in activity seen, this will indicate that only the entry stage 

of the life cycle has been avoided and not any other replication step post-entry.  

3.7 Molecular docking 

Docking scores were generated for the isoflavones in regions entry inhibitors and anti-HIV 

compounds active against viral replication are known to bind, in an attempt to hypothesise on 

a possible mechanism of action. The docking software used was Maestro version 12,8 

(Schrödinger, New York City, USA). 
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Using the LigPrep feature of Maestro 3D structures of the isoflavones were created at a pH of 

7.2 ±0.2 to generate the potential ionisation states of each compound at physiological pH, using 

Epik. 

The crystal structures of the proteins of interest were downloaded from the Protein Data Bank 

(PDB) archives. The ID codes for the proteins involved in the viral entry were 1RZJ, 5U7O 

(Gp120), 4MBS (CCR5) and 2KP8 (Gp41). The ID codes for the HIV proteins involved in 

replication were 1EP4, 3V4I (RT) and 1QS4, 5KRS (IG). 

The proteins were then prepped using the Protein Prep Wizard task of Maestro. Water 

molecules were deleted beyond 3Å, bond orders were assigned, metals were deleted, and 

missing residues and loops were added using the prime function. The proteins were minimised 

and optimised with the OPLS4 force field and PROPKA, respectively. The receptor grid was 

then generated using the Receptor Grid Generation Tool. The van der Waals radius scaling 

factor was set to 1,0 with a positive charge cut-off set at 0,25. 

Utilising the generated receptor grid file, docking studies were performed using the Virtual 

Screening Workflow (VSW) tool. Epik states penalties were utilised for Extreme Precision 

(XP) docking. The ligands were docked flexibly and had a van der Waals radius scaling factor 

of 0,25 with a partial charge cut-off of 0,15. 

For 1RZJ, a crystal structure of gp120 docked with the target receptor CD4, chain L (antibody 

17b light chain) chain H (antibody 17b heavy chain) were deleted. All the residues on chain C 

(CD4) were deleted except Ser-42, Phe-43 and Leu-44 as these dock into the gp120, Phe-43 

binding cavity [153], and they were used for receptor grid generation. 

The method used for docking was validated following the procedure by Okesola [150] whereby 

Myricetin was docked (Appendix 1). 

3.8 Fragment-based drug redesign to increase binding affinity 

Once the hypothesised mechanism of entry inhibition of these compounds had been described, 

the compounds were redesigned according to the binding site in an attempt to increase binding 

affinity. The compounds were redesigned by adding residues from the known gp120 inhibitor, 

Fostemsavir, making this form of drug design, FBDD, as it attempts to increase the affinity of 

the isoflavones through the addition of known gp120-active residues: to essentially increase fit 

and essential target interactions [181]. These residues were added strategically by 

superimposing the docked structures of the active entry-inhibiting isoflavones, B and C, with 
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Fostemsavir (BMS-626529) in gp120 (PDB: 5U7O). A representation of the methodology of 

FBDD can be seen in Figure 18 [181]. The new compounds were docked into the cavity and 

the structures which yielded greater docking scores than the scores of the original isoflavones 

were kept. 

 

 
Figure 18: Fragment-based drug design. Illustrated is the computational method of adding known active 

residues, for a certain biological target, to increase potency and activity [181]. 
 

3.9 Drug-likeness 

In this study, the two rule sets used to describe drug-likeness were determined using 

SwissADME; the rule sets were Lipinski’s rule of five (RO5) and the Ghose Filter [184]. These 

two rule sets were chosen due to popularity, success rate and the different parameters measured 

in each. 

SwissADME was then also used to determine which compounds are computationally expected 

to easily cross the gastrointestinal tract (GIT) and the blood-brain barrier; i.e. describe 

bioavailability. SwissADME speculates which compounds will be able to cross the GIT and 

BBB using a BOILED-Egg (Brain Or IntestinaL Estimate) model unique to the SwissADME 

platform [136, 186]. The BOILED-Egg model has mapped out where on a graph of lipophilicity 

(WlogP) vs polarity (tPSA/A2) known BBB and GIT permeable molecules appear (Figure 19). 

Using this data, the BOILED-Egg model estimates the bioavailability of novel compounds.  
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Figure 19: Overview of the SwissADME BOILED-Egg model. The figure with the white and yellow ellipses 
below indicates the BOILED-Egg model, with the white region indicating good GIT absorption and the yellow 
region indicating good BBB permeability. All the graphs are of WlogP (lipophilicity)vs tPSA/ A2 (polarity). The 
blue and green dots indicate regions of good and poor GIT absorption, respectively. The magenta and brown dots 

indicate regions of good and poor BBB permeability, respectively [186]. 

  

3.10 Determination of the IC50 and CC50 values 

The IC50 and CC50 values were generated using GraphPad Prism 5 (GraphPad: San Diego, CA, 

USA) using non-linear regression from three repeats. The software was also used to calculate 

the Standard Error of the Mean (SEM).  

3.11 Statistical analysis 

For the TOA studies, the analysis of whether the difference between the means of the two post-

infection points (0 and 90 min) are significantly different with P < 0.05 was performed with 

the computer programme JMP, using a student-paired t-test. 
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4 Results 

The management of HIV infection remains a health challenge, and this study investigated the 

effects of novel isoflavones for their HIV entry inhibition activity. This was done utilising a 

pseudo typed virus.  The production of the HIV-1 pseudo typed virus started with the 

amplification of the ∆Env plasmid and the Env plasmid in Stlb2 and DH5α cells, respectively. 

The extracted plasmids from the silica-gel column or through the ethanol precipitation method 

were visualised in a 1% agarose gel under UV light as seen in Figure 20, after which a 

spectrophotometer was used to quantify the extracted DNA and elucidate the purity, which can 

be seen in Table 3.  

The relative placements of the bands in relation to the 1 kb ladder show the expected results 

for a shorter band for the Env plasmid (8729 kb) and a larger band for the Backbone∆Env 

(1478 kb) plasmid. It is clear from the results that lane 1 shows the greatest yield for extracted 

plasmid through the ethanol extraction method. 

 
Figure 20: UV visualised agarose gel with loaded extracted viral DNA. The 1% agarose gel consists of four 
wells labelled at the top 1 to 4. Well 1: Extracted Env plasmid (ethanol extraction method). Well 2: Extracted 
backbone (Silica-Column method). Well 3: Extracted backbone (Silica-Column method) Well 4: Contains 1 kb 
ladder. All wells show expected plasmid sizes. The red marking in lane 1 indicates a high concentration of DNA 
analysed, as determined by the imaging software. The DNA was analysed using Image Lab 3.0 (Bio-Rad). 

 

The visualised bands also indicate that the ethanol extraction method seems to be the better 

method for extracting the most plasmid, as lane 1 has a much visibly higher yield than lanes 2 

and 3, which both utilised the silica-column extraction method. These results are further 

corroborated by the plasmid quantification results tabulated in Table 3. 
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Table 3: Extracted plasmid quantification and purity analysis using spectrophotometry. The plasmids were 
quantified in a NanoDrop 200 Spectrophotometer. Their relative purities are described with the 260/280 and 
230/280 rations, which relate to RNA and protein contamination, respectively. Any purity rating over 1.8 is 
considered pure. 1 is the Env plasmid in green (ethanol exclusion method). 2 is the Backbone (Silica-gel method). 

3 is the backbone plasmid (silica-gel method). 
 

Extract 1 2 3 

[ng/µL] 3924.6 263.3 206.3 

260/280 1.85 1.88 1.99 

230/280 2.35 2.35 2.78 

 

From the above, it is clear the ethanol extraction method yielded the highest concentration of 

extracted plasmid. The plasmid extracted from the ethanol exclusion technique was used to 

transfect HEK-293 T-cells to produce pseudo virus. The extracts from the pseudo virus 

production were then used to perform the TCID50 assay as seen in Table 4. 

4.1.1  Determining the virus TCID50 

A TCID50 assay was performed by utilising the TZM-bl luciferase reporter assay with the 

media from the cultured HEK293 T-cells, after 48 hours with the transfection reagent and the 

amplified viral plasmids. The TCID50 assay quantified the amount of virus in the dilutions in 

RLU (Relative Luminescence), as seen in Table 4. 

Table 4: TCID50 assay for virus titre. The extracted virus received a five-fold dilution series until column 6. 
The RLU values are indicated, with the reactions described as positive if they are above 2.5 times the mean control 

value (28.5) and negative if they are below. 
 

Log of virus dilution -1 -2 -3 -4 -5 -6 

Row 1 21526 6128 2011 720 383 19 

Row 2 20647 6730 1858 352 191 38 

Row 3 24118 6262 1548 555 116 19 

Positive reactions (%) 100 100 100 100 100 33.33 

The values were then used to work out the dilution needed to achieve a TCID50 value of 400 

using the Reed-Muench method, with results above the mean background value (28,5 RLU) 

deemed as positive for an infection and those below deemed as negative for infection [68]. The 

calculations can be seen in Appendix 2. The transfection reaction for the production of pseudo 

virus was indeed as successful as dilutions up to 5-5 produced 100% positive reactions; 

indicating a high viral load from the extracts. Since this is simply to quantify the viral load 

produced, the results cannot be compared to those previously published as they will differ. The 
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production of the virus is simply deemed a success when compared to the background (negative 

control). 

4.1.2  The effect of the Isoflavones on cell viability 

Before testing the isoflavones for their anti-HIV activity, their effects on the viability of 

TZM-bl cells were investigated using an MTT assay to quantify viability at 24 h (Figure 21) 

and 48 h (Figure 22) post-cell exposure. 

 

Figure 21: The effect of the Isoflavones on cell viability (24 h). The results indicate the viability of TZM-bl 

cells after exposure to the Isoflavones for 24 h, using an MTT assay. The positive control is Cisplatin with a CC50 
value of 20 µM. The legend on the right indicates the range of concentrations tested (200 µM to 6 µM). The error 
bars indicate the SEM for n = 3. 
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Figure 22: The effect of the Isoflavones on cell viability (48 h). The results indicate the viability of TZM-bl 
cells after exposure to the Isoflavones for 48 h, using an MTT assay. The positive control is Cisplatin with a CC50 
value of 14.1 µM. The legend on the right indicates the range of concentrations tested (200 µM to 6 µM). The 
error bars indicate the SEM for n = 3. 

 

The above dose-response curves were used to calculate the CC50 values for each compound.  

These were generated using non-linear regression on GraphPad Prism 5 and displayed in µM. 

Cisplatin is the antineoplastic positive control. Table 5 represents the calculated CC50 values.  

Table 5: Generated CC50 values. The CC50 values are rounded to the first decimal place, depicted alongside the 
SEM (n = 3) value. CC50 values that were above the concentration range tested were reported as >200 µM. 

 

Compound A B C D E Cisplatin 

CC50 ± 

SEM 

[µM] 

24 H >200 >200 >200 158.8±1.1 195.6±1.2 17.3±1.7 

48 H 99.4±1.1 >200 30.9±1.2 182.8±1.2 198.6±1.1 14.8±1.3 

 

The combination of the dose-response curves and tabulated CC50 results indicates exceptionally 

well that no single compound stands out as a potential antineoplastic, relative to Cisplatin, 

within the 24 h treatment period. Only the chlorinated Isoflavones, D and E, reduced viability 

past 50%. According to the graphs, the lowest viability at 24 h is achieved by D, however, the 

comparable CC50 results (159 µM and 196 µM, respectively) suggest that D and E are the most 

cytotoxic Isoflavones in the group of five tested in this study. This is no longer the case after 

looking at the 48-h post-treatment results generated as there appears to be a time-dependent 

decrease in cellular viability. 
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Both D and E show no signs of major increases in toxicity from 24 h to 48 h with their CC50 

values decreasing by 24 and 3 µM, respectively, at 48-h. 

The cytotoxic profile of A and C changes drastically after 48 h post-Isoflavone treatment, as 

depicted in Figure 22 and Table 5. A and C had not even managed to pass the 50% viability 

point at 24 h post-treatment, but after an additional 24 h, the compounds both managed to 

reduce cellular viability by around 80% for the highest concentration tested. C demonstrates 

that it is the most cytotoxic isoflavone, with a CC50 value of 48-h comparable to both the 24 h 

and 48 h Cisplatin CC50 values. The positive control for toxicity, Cisplatin, behaved as expected 

as it produced a 24 h CC50 value that aligns with previous research (Cisplatin: CC50= 20.0 µM 

[119]). Analysing the results from 24 h and 48 h post-Isoflavone treatment, B appears to be the 

most ideal compound to display anti-HIV activity as it shows the least cytotoxic effect.  

The results were further strengthened by evaluating the cytotoxicity of the solvent used to 

dissolve the Isoflavones: DMSO. The cytotoxicity of the max concentration DMSO (1% v/v) 

used to dissolve the isoflavones was tested at 48 hours. The results indicated no deviation from 

100% viability with a standard deviation value of 4% (Appendix 3). Forman [126] studied 

the cytotoxic effect of several compound solvents on the HeLa cell lineage [126]. The 

researchers described that the cytotoxic effects of DMSO are not prevalent at concentrations 

lower than 2% (v/v), however many researchers favour keeping the DMSO concentration at 

0.1% as it avoids not only toxic effects but unwanted cellular metabolic changes [126]. 

 

4.1.3 Luciferase reporter assay inhibition 

The anti-HIV activity of the Isoflavones was quantified based on the susceptibility of TZM-bl 

cells to HIV-1 infection.  After the virus enters the cells and undergoes transcription and 

translation to produce the viral protein, TAT, the cells produce firefly luciferase in response to  

tat-induced transcriptional activation. The light-producing reaction of luciferase in the presence 

of luciferin was then quantified with and without the isoflavones to calculate the decrease in 

luciferase activity which can be used to evaluate the anti-HIV activity. The reporter assay 

results depicted graphically in Figure 23, illustrate the percentage reduction in luciferase 

activity against the control.  
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Figure 23: Luciferase reporter assay. The reduction in luciferase activity from 100% according to the 
concentrations tested (25-3 µM) for the five isoflavones is shown. Error bars represent SEM for n = 3. The positive 
control for entry inhibition is Dextran Sulphate, tested at 20 μM. 

 

The results demonstrate notable anti-HIV activity from all the isoflavones with the range in 

maximum inhibition seen at the highest concentration tested, 25 µM, being 64 to 82%. A 

achieved the lowest maximum inhibition while B to E achieved around 82% inhibition (± 2%), 

at the highest concentration tested.  

 

The calculated IC50 values shown in Table 6 demonstrate that although A may appear initially 

to be outperformed by the other Isoflavones, it produced an impressive, albeit the highest, IC50 

value of 10.6 µM. B, the least toxic Isoflavone, produced the lowest IC50 value of 6.2 µM. 

Table 6 depicts the IC50 values alongside the residues that differentiate the Isoflavones into 

unique compounds. Although this study did not have the benefit of a large library of closely 

related Isoflavones, conclusions can still be made from the placement of certain residues, 

namely the methoxy, hydroxyl and chlorine groups. The chlorinated Isoflavones, D and E, 

possessed symmetrically placed chlorine groups on 4’ and 6’. These groups appear to convey 

no noteworthy benefit, as E and A differ structurally only in the chlorine groups, and the IC50 

values differ by 3.2 μM. 
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Table 6: Generated IC50 values. The generated IC50 values are listed alongside the residues that make each 
isoflavone unique from the general backbone structure. MeOH residues are listed in blue, the OH group is listed 
in orange and the Cl groups are listed in green. The IC50 values are listed alongside SEM values from triplicate 
repeats. 

 

 

 

 

4.1.4  Time-of-addition assay 

 The TOA studies involved the addition of the compounds at the highest concentration tested  

for the Luciferase reporter inhibition assay studies, 25 µM, 90 min after the interaction of the 

pseudo virus with the cells. The results displayed graphically in Figure 24, demonstrate the 

% luciferase inhibition witnessed after adding the isoflavones 90 min later in comparison to 

the addition of the isoflavones immediately after viral treatment of the TZM-bl cells. Each 

isoflavone loses activity at the 90 min post-infection interval, however, only B and C showed 

a significant difference between the 0 and 90 min post-infection points (P<0.05, Appendix 6). 

A lost the least amount of activity (3.2%), strongly indicating that although A possesses notable 

anti-HIV activity, none of it is due to HIV-1 entry inhibition. B, which is the most potent of 

the anti-HIV acting isoflavones in the study, has also shown the greatest reduction in anti-HIV 

activity after 90 min post viral infection, with a decrease in activity by 37.8%; C had a reduction 

of 20.4%. 

Nevirapine, which is an NNRTI, was added 0 and 90 min post viral infection. This served as 

the positive control showing a high level of viral inhibition. This high level of anti-HIV activity 

from Nevirapine validates this assay as one which can provide evidence of entry inhibition as 

it has been shown it is still indeed possible to strongly inhibit HIV-1 at this point. Nevirapine 

generated a high inhibition value (72%) at 90 min post-infection and lost no observable activity 

when compared to the 0 min infection results, indicating the loss of activity seen in these 

compounds occurs before the reverse transcriptase step. It was expected that at 20 μM 

Nevirapine would have induced 100% inhibition. It is possible that with the high prevalence of 

NNRTI resistance in South Africa, 18.9% in 2017, the plasmids were isolated from an 

individual with a resistance to the control [176]. 

Isoflavone 5 6 7 2’ 6’ 
IC50 ± SEM 

(µM) 

A H MeOH H H H 10.6 ± 1.1 

B MeOH H MeOH H H 6.2 ± 1.0 

C OH H MeOH H H 7.1 ± 1.1 

D H H H Cl Cl 7.8 ± 1.5 

E H MeOH H Cl Cl 7.2 ± 1.0 
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Figure 24: TOA results. The TOA results show the % reduction in Luciferase activity at 0 (blue) and 90 min 
(orange) post-viral infection when treated with the Isoflavones; each at a concentration of 25 μM. The error bars 
represent the SEM (n =3) with the asterisks indicating a significant difference between the means of the two 
groups (P < 0.05) The control was Nevirapine, tested at a concentration of 20 μM. 

 

4.1.5  Docking scores and ligand interactions 

After proving these compounds act as entry inhibitors, the next step was to hypothesise where 

their mechanism of entry-inhibiting activity lies. This was achieved through the generation of 

docking scores in known antagonistic binding sites of the proteins involved in viral entry. Once 

the scores were collected, as seen in Table 7, the same docking software was used to visually 

depict the most energetically likely binding of the isoflavones in the active sites. This visual 

data was then used to hypothesise on the biochemical activity in the binding pockets. Only the 

ligand interactions for B and C are displayed as these are the only Isoflavones that show signs 

of significant entry-inhibiting activity from the TOA results. The ligand interactions for A, D 

and E are shown in Appendix 4. 

All the Isoflavones were docked into the binding sites within the receptor proteins to make 

distinctions between the binding scores and the observed activity. Table 7 shows that the best 

docking scores were achieved in the hydrophobic Gp120 binding pocket (PDB: 5U7O), by all 

the Isoflavones. As stated by the Schrodinger website, docking scores of -8 to -9 kcal/mol may 

indicate ‘very good’ scoring when dealing with small binding pockets, or hydrophobic binding 

pockets [154], which the gp120 binding pocket can be classified as [152]. After rejecting all 

docking scores above -8 kcal/mol, the compounds all show favourability for the gp120 
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hydrophobic binding pocket. The worst docking scores were achieved when docking against 

the gp41 fusion protein. 

With the co-receptors, only CCR5 was utilised as there is no data on the co-receptor tropism 

on the subtype C-Cap210 variant used in this study. The viral genetic material was isolated 

from a South African infection and most infections in South Africa involve R5 tropism [157], 

therefore it is assumed to be R5 tropic. 

With the docking into the crystallised CCR5 protein, the results are not as promising as the 

gp120 docking results, as they fall above – 8 kcal/mol, however, the data set is the second best 

in terms of docking scores, with A producing the highest docking score of -6.224 kcal/mol.   
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Table 7: Docking scores generated using different HIV-1 entry proteins. The docking scores (kcal/mol) 
generated are listed alongside the receptor protein they were docked in for the generation of the binding scores. 
The values in red represent the values regarded as poor docking scores as they are above -8 kcal/mol while the 
areas in blue indicate the docking scores of the antagonists of the respective active sites. 

PDB code Compound Docking score (kcal/mol) 

Gp120 

5U7O 

A -8.821 

B -8.613 

C -10.392 

D -9.112 

E -8.943 

Fostemsavir -6.507 

1RZJ 

A -3.116 

B -4.004 

C -4.861 

D -3.306 

E -3.580 

CD4 -4.797 

CCR5 

4MBS 

A -6.224 

B -5.146 

C -5.541 

D -5.699 

E -4.329 

Maraviroc -9.239 

Gp41 

2KP8 

A -1.867 

B -4.568 

C -3.327 

D -2.690 

E -2.989 

XIG -1.525 

 

 

It was assumed that with such similar structures and IC50 values amongst the isoflavones, the 

isoflavones would dock similarly into the binding proteins, however, in Figure 25, which 

shows the docking of B and C into the hydrophobic binding cavity, the isoflavone backbone 

with B and C adopts opposite polarities in the pocket. With B, the double-ring (A + C) region 

interacts with the entrance of the cavity, while with C the single B-ring region interacts with 
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the entrance of the cavity. This shows that the general hydrophobic nature of the isoflavones 

confers B and C entrance into the cavity, but it can be seen in Figure 26 that the residues that 

they share: the 2’ and 5’ OH groups show no indication of similar activity in the binding pocket. 

Figure 25: Visualisation of the entry inhibiting Isoflavones in the gp120 binding pocket. A shows the 

complete gp120 protein with the docked isoflavones highlighted by the red circle, in the hydrophobic binding 
cavity. B is the enlarged version of the docked isoflavones in the solid protein structure. C and D provide visual 

information on the orientations of the isoflavones deep in the hydrophobic binding pocket, with the protein 
displayed as a blue mesh. Isoflavone B is in magenta and compound C is in blue. Compounds B and C adopt 
opposite orientations in the binding cavity with respect to the isoflavone backbone structure. With isoflavone B 
the double-ring structure interacts with the entrance of the hydrophobic cavity and with isoflavone C the single-
ring section interacts with the entrance of the cavity. PDB: 5U7O. 

 

Figure 26 also indicates, that the nature of the hydrophobic pocket around the isoflavones is 

mostly a non-polar region (indicated in a green band), with some polar areas (indicated in blue) 

and a charged area (indicated in red) around the charged amino acid, Glu 370. 

A 

C

B

D
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Figure 26: Biochemical interactions in the gp120  binding pocket. A illustrates the suggested biochemical 
interactions of isoflavone B in the binding pocket, while B illustrates the interactions of isoflavone C with the 

binding pocket. The type of interactions seen is mostly hydrophobic, hydrogen bonding and pi-pi stacking. The 

Trp 427 and Glu 370 region dictates the region nearest the opening of the cavity. 

 

Another Gp120 binding simulation was computed (PDB: 1RZJ) which docks the isoflavones 

in the CD4 entryway, which naturally interacts with the immune cell CD4 residue, Phe 43 

(Figure 27). Interactions of drugs in this area are a proposed method of gp120 antagonism as 

it would prevent CD4 binding [155]. The Isoflavones did not dock as well in the CD4 entryway, 

which was expected as the literature describes this area as a hydrophilic region [152], which 

would not be ideal for the lipophilic isoflavones. 

A B 
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Figure 27: Docking of B and C in the CD4 entryway of gp120. A depicts isoflavone B (magenta) position in 

the entranceway of the binding pocket, while B depicts isoflavone C (blue) in the entranceway. The yellow dotted 
square isolates the deep hydrophobic binding pocket of the gp120 protein where the approved gp120 inhibitor, 
Fostemsavir, binds. PDB: 1RZJ. 

 

4.1.6  Fragment-based drug design 

The isoflavones with proven entry-inhibiting activity, B and C, were used for the creation of 

new compounds to increase activity and hopefully yield derivatives with activity in the 

nanomolar region. Each isoflavone yielded two new compounds with improved docking scores 

when fragments from the FDA-approved gp120 antagonist, Fostemsavir, were attached to the 

isoflavones. The isoflavone B derivatives are labelled B1 and B2, while the isoflavone C 

derivatives are labelled C1 and C2, as seen in Figure 28. 

 

 

A 

B 
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Figure 28: Redesigned isoflavone derivatives. Section 1 depicts the chemical segments of Fostemsavir and the 
active Isoflavones B and C. Section 2 is a depiction of the fragment-based compound design where docking was 
used to visualise the plausible active Temsavir sides chains that could be used to elongate the isoflavones 

(PDB:5U7O). Sections 3 and 4 display the new structures that generated docking scores higher than the original 
isoflavone docking scores. The docking scores are displayed in red in kcal/mol with the percent increase in binding 
affinity from the original docking score illustrated in brackets. 

 

 

 

 Isoflavone-B based structures 

 

 Isoflavone-C based structures 

 

 

+ 

Fostemsavir Isoflavones B and C 

B1  ∆G = -9,779 (13,538%) B2  ∆G = -12,017  (39,522%) 

C1  ∆G = -12,803 (23,201%) C2  ∆G = -12,270 (18,072%) 

A 

B 

C 

D 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 

 
 
 



 

 

62 

In section 2 of Figure 28, a representation of the FBDD methodology is presented with the 

structures of isoflavones B and C superimposed with Fostemsavir. This provides a clear 

indication of which fragments of Fostemsavir can be added to the isoflavones while ensuring 

that they maintain the same positions as seen on Fostemsavir docked in gp120. This resulted 

in the addition of the methoxy pyrrole-pyridine and the methyltraizole-ring fragments of 

Fostemsavir (section 1 Figure 28) to B. Similarly, the piperazine and benzoyl fragments of 

Fostemsavir (section 1) were added to C.  

The decrease in docking scores, which ranges from 13.538 to 38.522% (Figure 28), serves as 

a computational indication that the affinity of the compounds for the gp120 hydrophobic pocket 

has been increased [183].  

 

The nature of FBDD involves strategically adding fragments to the original docked 

compounds, therefore the derivatives expected to have activity in the gp120 binding pocket are 

those that maintained exact or similar positioning of the isoflavone moiety to the originally 

docked isoflavones. The alignment of the isoflavone moieties in the new derivatives to the 

original isoflavones is an indication that these fragments will contribute to the unique activity 

the isoflavones have in the gp120 binding cavity. The only two new derivatives to match up 

with the original isoflavone positioning in gp120 are B2 and C2 as seen in Figure 29 (Sections 

2 and 4). The other derivatives adopt unique positionings with the isoflavone moieties in the 

cavity, which were not predicted through FBDD (Figure 29 Sections 1 and 3). 
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Figure 29: Docked derivatives in gp120 binding pocket. A and B of the above figure visualise Isoflavone B 

(magenta) superimposed in gp120 with B1 (orange) and B2 respectively (green). C and D visualise Isoflavone C 

(blue) with C1 (purple) and C2 (red) in gp120, respectively. B2 and C2 are the derivative compounds that share 
the same positioning of the original isoflavones with the isoflavone moieties.  
 
 
 

4.1.7  Drug-likeness 

The drug-likeness of the isoflavones and the derivatives were assessed using the free web tool, 

SwissADME [136]. The drug-likeness of the compounds (isoflavones and the derivatives) was 

described using two common rule sets (RO5 and the Ghose filter) and the BOILED-Egg model 

which estimated BBB permeability and GIT absorption. The results are tabulated in Table 8. 

All the isoflavones and derivatives appear to be ideal oral drug candidates, according to the 

RO5, with B1 and B2 each having a single violation of both having 10 or more nitrogens and/or 

oxygens (N or O) i.e. possession of 10 or more hydrogen bond acceptors. When further filtering 

using the Ghose filter, B2 is no longer a viable drug candidate as there is a single violation with 

the molecular weight (488.45 g/mol) being greater than the max of 480 g/mol. The single 

violation of the RO5 in B1 and B2 is a violation shared with the FDA-approved gp120 inhibitor, 

Fostemsavir, which also has too many hydrogen bond acceptors. Fostemsavir, like B2, also is 

deemed unfit for oral drug use by the Ghose filter, however, for different reasons: Fostemsavir 

has a molecular refractivity greater than 130 while B2 has a molecular weight greater than 480. 

  

  

A B 

C D 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 

 
 
 



 

 

64 

Despite Fostemsavir’s Ghose filter violation, it is still reported by SwissADME to be GIT 

permeable (Table 8). 

In terms of bioavailability only one of the compounds, D, is expected to cross the BBB with 

all the compounds, except B1 and B2, scoring high likelihoods of GIT permeability. These 

results suggest D is the most drug-like compound and B2 is the least. 

 

Table 8: Drug-likeness of the isoflavones and derivatives. The results presented are of the compounds from the 
drug-likeness rules sets, Lipinski and Ghose, and the BIOLED-Egg bioavailability testing, using SwissADME. 
The descriptions listed in red are negative results. Fostemsavir serves as an FDA-approved gp120 antagonist 
control.  
 

 Rule sets Bioavailability 

 
Lipinski Ghose BBB permeant 

GIT 

absorption 

A Yes Yes No High 

B Yes Yes No High 

C Yes Yes No High 

D Yes Yes Yes High 

E Yes Yes No High 

Fostemsavir Yes. 1 violation 

NorO≥10 
No. MR >130 No High 

B1 
Yes. 1 violation 

NorO≥10 
Yes No Low 

B2 
Yes. 1 violation 

NorO≥10 
No. MW>480 No Low 

C1 Yes Yes No High 

C2 Yes Yes No High 
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5 Discussion 

The study provided evidence that these novel isoflavones are HIV antagonists with two of them 

capable of HIV entry inhibition at concentrations non-toxic to human cells. From these novel 

isoflavones, new compounds were designed that mimic known potent gp120 antagonists.  

5.1 The effect of the Isoflavones on cellular viability 

The viability studies were carried out with an MTT assay, with the results for both the 24 and 

48 h assays illustrating an ideal set of values a researcher hopes to achieve when looking for 

compounds with anti-HIV activity: they do not appear toxic at low micromolar concentrations. 

The set methodology amongst drug discovery research appears to mostly describe the cytotoxic 

values of compounds in a 24 h period, however, since the luciferase reporter assay requires 

48 h worth of treatment with the compounds, it was argued that the cytotoxic analysis would 

have to be tested at the 48-h mark. All the research referenced for this study whereby the 

researchers tested the anti-HIV activity of compounds using the TZM-bl luciferase reporter 

assay, reports the cytotoxic analysis on the TZM-bl cell line at the 24 h post-compound-

exposure mark [68, 197, 199]. The results from this study show this is indeed an incomplete 

methodology as at the 48-h mark, A and C showed increases in cytotoxicity. This becomes 

significant as the CC50 simply reports on the concentration whereby a 50% reduction in cell 

viability is achieved. The degree of overlap between the concentration ranges of anti-HIV 

activity and the cytotoxic activity influences the accuracy of the anti-HIV test results as the 

reporter assay measures the decrease in luciferase activity: which can be achieved through 

either inhibiting HIV activity or by killing the cells. 

Yanagihara [75] tested the anti-proliferative activity of several isoflavones against 12 human 

immortal cell lines. Since Isoflavones share a simple backbone structure and simply differ in 

the side chain functional groups, these findings were used to make predictions on the expected 

results of these compounds due to shared side chains. The predictions stated that C would be 

the most cytotoxic isoflavone due to the presence of a C5 hydroxyl group and B would be the 

least due to the presence of a C7 methoxy group [75]. Which was the outcome of the results 

produced with C being the most cytotoxic and B being the least. 

Isoflavones are described as phytoestrogens, meaning they are plant-derived compounds often 

reported with oestrogen-receptor binding activity. This activity often accounts for the induction 

of programmed cell death [167]. Yanagihara [75] reported that the group of tested isoflavones 

did not induce cell death through oestrogen-dependent pathways, while Chen [167] found that 
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in the HeLa cell line, apoptosis was triggered through the oestrogen-receptor-mediated 

PI3K/Akt-NF-κB pathway [167]. Since the TZM-bl cell lines are a HeLa lineage derivative 

this may also explain the possible mechanism of cell death associated with C. The National 

Cancer Institute defines a pure compound as a cytotoxic agent if it has produced a CC50 value 

of ≤ 4 μg/mL within 48-72 h [189]. None of the isoflavones meets this criterion with isoflavone 

C producing the lowest CC50 value of 9.2 μg/mL. The death seen in C is noted as it may indicate 

estrogenic activity which would present a potential hazard in oral medications as it can produce 

side effects such as clotting [21]. 

Apart from estrogenic activity, the reduction of cell viability may be due to targeted anti-cancer 

activity. Zhang [166] reported that cell death from isoflavones appears to be cell type-specific 

as Biochanin A, Genistein and Daidzein displayed anti-carcinogenic effects against colon 

cancer cell lines with differing apoptotic effects that are thought to be attributed to differing 

p53 status in the cell lines [166]. It was reported that cells showed greater arrest in the G2/M 

checkpoint in p53+/+ cells than in p53-/-
 cells [166].  

Although the guidelines provided by the National Institute of Cancer indicate these isoflavones 

are not cytotoxic, it is worth noting that the reduction in cell viability represented in the results 

simply suggests the possibility the isoflavones will exhibit less cytotoxicity amongst 

non-carcinogenic cells. This further incentivises future drug research of these isoflavones as 

one of the main goals of drug discovery is to find compounds with a high toxic concentration 

and a low active concentration [194]. 

The results from the cytotoxic studies allowed for the progression of the study as the 

compounds could be tested at concentrations non-toxic to TZM-bl cells at 48 h. 

 

5.2 Viral inhibition 

The viral inhibition from the isoflavones was described using results from the luciferase 

reporter assay, the TOA studies and the molecular docking studies. 

The isoflavones were investigated for their anti-HIV activity using a luciferase reporter assay, 

utilising TZM-bl cells. In the presence of the HIV-1 pseudo typed virus, the viral TAT protein 

induces the production of luciferase, which produces a quantifiable light-producing reaction.  

Any decrease in this reaction observed when adding the isoflavones to the luciferase assay 

would indicate anti-HIV activity. The results show noteworthy anti-HIV activity with IC50 
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values ranging from 6.2 to 10.6 µM [132]. Based on the literature, flavonoids are active against 

a wide range of HIV target sites and inhibition at any or all of these target sites contributes to 

the IC50 values produced. To specifically determine the entry-inhibiting activity of these 

compounds, the possible inhibition at other target sites needs to be excluded. This is routinely 

done by incorporating additional enzyme-specific assays involving reverse transcriptase or 

integrase, which quantify the end products of the relevant enzymatic reactions. In this research, 

the entry-inhibiting capabilities were studied through TOA studies which take advantage of the 

well-documented replication cycle of HIV with a 24 h infection cycle [158]. It is known that 

entry inhibitors lose entry-inhibiting activity at around 2 h post-infection as all the virus has 

entered the cells [158].  For the TOA assay, the compounds were added 90 min post-infection. 

Any decrease seen in the results would prove entry-inhibiting activity from these isoflavones. 

 It was observed that A lost no significant amount of anti-HIV activity as there was a difference 

in inhibition of 3.2%. The other isoflavones all showed a much greater loss in viral inhibition 

with the range being 21.3-37.8%. B was the most active entry inhibitor as it lost the greatest 

amount of activity (37.8%). B and C are the only isoflavones to show a significant difference 

in luciferase activity from the TOA assays for P < 0.05. It is possible that with a further 30 min 

increase in post-treatment addition of B inhibition closer to 50% may be observed. Increasing 

the time of post-infection treatment may also see D and E fall into the area of significant 

difference in terms of entry-inhibiting activity. The control for the experiment was the reverse 

transcriptase inhibitor, Nevirapine. The control showed no decrease in activity for both the 0- 

and 90-min post-infection stages, indicating that the decrease observed is due to HIV 

replication events that occur before reverse transcription, which according to the HIV life cycle, 

is HIV entry and fusion [14].  

The TOA studies prove that B, C, D and E have HIV-1 entry-inhibiting capabilities, with 

significant activity in B and C. It can also be seen that B, C, D and E act elsewhere in the HIV 

replication cycle, which is to be expected from flavonoids given their myriad of reported HIV 

activity in the literature review.  

Since the research into flavonoids as HIV entry inhibitors is limited, the IC50 values produced 

from the TZM-bl luciferase reporter assay were compared to the IC50 generated in other 

research projects utilising the same cell line. This would allow for a relative comparison of the 

activity these novel isoflavones present against HIV. Pasetto [68] reported a range of IC50 

values of 20.43 to 346.75 μM, with Myricetin showing the highest activity. Cole [197] reported 
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a low IC50 of 4,4 μM for a novel flavonoid structure. These results show that the novel 

isoflavones in this study compete well with other flavonoid structures deemed fit for future 

drug research [68, 197]. 

After proving anti-HIV activity and then entry-inhibiting activity, the mechanism of 

entry-inhibition was hypothesised through molecular docking. The docking sought to evaluate 

if the entry inhibition was due to gp120, CCR5, or gp41 inhibition. The CXCR4 co-receptor 

was not studied as there is no data on the co-receptor tropism on the subtype C-Cap210 variant 

used in this study. It is known that the viral genetic material was isolated from a South African 

infection and most infections in South Africa involve R5 tropism [157], therefore it is assumed 

that the viral strain is R5 tropic. 

5.3 Gp120 antagonism 

The docking scores indicated a high likelihood that all the isoflavones could behave as gp120 

antagonists with docking values ranging from -8.613 to -10.392 kcal/mol. The results indicate 

gp120 antagonism as they are the lowest scoring values produced from all the entry targets,  

and the values are lower than -8 kcal/mol (a target provided by the Schrodinger website [152]). 

Results produced by Mahmood [143] prove gp120 binding of the common flavonoid, 

Myricetin. They analysed the ability of Myricetin to block the binding of gp120 binding 

antibodies to gp120. The published results show above 90% inhibition against two of the gp120 

antibodies at 10 μg/ml [143]. It cannot be proven that these antibodies bind to the hydrophobic 

binding pocket used to dock the isoflavones in, as information on the antibodies cannot be 

found, however, it does prove there is a strong binding of Myricetin to the gp120 protein at 

biologically relevant locations. It was therefore assumed from the docking results and the 

literature cited that these isoflavones behave as gp120 antagonists to prevent HIV-1 entry into 

cells. This would introduce isoflavones as a potential novel class of gp120 antagonists. 

As B and C are the top two most potent inhibitors, the ligand interaction results for B and C 

were the only ones displayed. When only looking at the TOA results demonstrating the entry 

inhibiting activity of the compounds, it was considered that structurally, the similar activity 

must be due to the shared MeOH group at carbon number 7 of both compounds. The ligand 

interactions suggest that these regions of the compounds do not occupy the same position in 

the hydrophobic cavity of gp120 and therefore it cannot contribute to their similar antagonistic 

activity. 
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A had no arguable drop-in activity from the TOA studies. This benefits the research as it 

provides insight into what residues are counteractive for entry inhibition, such as the 6 MeOH 

group.  A and E both possess the 6 MeOH group, however, E shows a much greater decrease 

in entry-inhibiting activity than A (21.3% vs 3.2%). This suggests that the di-chlorinated B ring 

of E contributes to an increase in entry-inhibiting activity. This hypothesis on the di-chlorinated 

B ring increasing entry inhibiting activity is backed by the fact the D (di-chlorinated) produced 

similar results for the TOA studies. This is supported by the docking results , as the chlorine 

groups appear to force the 6 MeOH closer to the hydrophilic entryway the CD4 receptor would 

enter, possibly deterring the binding of the natural ligand (CD4) through steric hindrance. It 

may be possible to achieve this mechanism of action with a single chlorine group on the 4’ 

region. This hypothesis was not tested, however, as D and E showed no significance in the 

reduction of entry inhibition and were therefore not used to design new derivatives. Only B 

and C were used to design new derivatives with B making the most ideal candidate for further 

drug development studies as it showed the least toxicity, highest anti-HIV activity and greatest 

entry-inhibiting capabilities. 

The isoflavones were docked in an alternative gp120 region: The entrance to the hydrophobic 

binding pocket (1RZJ), where CD4 binds. This region is described as being more hydrophilic 

and the binding of antagonists here is hypothesised to prevent the binding of the Phe 43 residue 

of CD4 [170]. The docking score shows the compounds do not dock well in the entranceway, 

which supports the notion the region is hydrophilic with the isoflavones being largely 

hydrophobic as indicated by the docking results showing the isoflavones mostly interact with 

the gp120 cavity through hydrophilic interactions. Although 1RZJ is at a different location in 

the gp120 protein, the docking of Fostemsavir shows that even though the compound executes 

antagonism in the hydrophobic pocket, there are regions that interact with the CD4 entryway. 

Therefore, the poor docking of the isoflavones in 1RZJ and the fact they do not interact with 

the entryway when bound to the hydrophobic binding cavity, proves these compounds need to 

be designed with regions that are more hydrophilic that can interact with the entryway, to 

increase potency [156]. This would deter the passage of Phe 43 from the CD4 receptor into the 

cavity, preventing gp120 activation [156]. Previous research into designing gp120 antagonists 

has shown that the goal of creating a potent gp120 antagonist that can challenge the current 

FDA-approved gp120 antagonist, Fostemsavir, is to produce a molecule that can comfortably 

sit in the highly hydrophobic binding pocket and interact, to some extent, with the hydrophilic 

entryway [152, 153]. The gp120 antagonist would also need to bind near Trp 427 and possess 
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donor regions that can form hydrogen bonds with Trp 427 and Asp 368 [152, 153]. In this 

study, all the isoflavones, besides E, bound to Trp 427. Binding to Trp 427 is hypothesised to 

function antagonistically by displacing the gp120 β20-21 strands into regions the CD4 receptor 

would normally occupy, thus preventing CD4 binding. 

All the compounds that have been found to bind into the gp120 hydrophobic binding cavity 

differ greatly in size [155, 156]. It appears that the cavity can accommodate a wide range of 

inhibitors in terms of size, and this has been noted in research with the cavity being described 

as ‘exhibiting significant plasticity’ [155, 156]. The entry-inhibiting isoflavones B and C (with 

IC50 values of 6.2 and 10.6 µM, respectively) all bind to Trp 427 but are not as potent as 

Fostemsavir in entry inhibition (CC50 = 100 nM [113]). The isoflavones may not be as potent 

as other gp120 antagonists due to the small size of the compounds in the large flexible gp120 

cavity, preventing strong, permanent interactions with essential residues such as Trp 427. The 

difference in the size of the isoflavones compared to Fostemsavir is noted in the FBDD studies 

where the isoflavones are superimposed on the gp120 antagonist, showing Fostemsavir has a 

much greater span of the hydrophobic binding pocket. Research published on other gp120 

antagonists also replicated this large span of Fostemsavir in the binding pocket with regions 

dedicated to interacting with the hydrophilic entryway and the deep hydrophobic binding 

pocket [152, 153]. Increasing the size of the compounds may stabilise the compounds in the 

binding cavity to maintain the essential amino acid interactions, thus hypothetically 

overcoming the plasticity of the pocket and thus the reasoning for the FBDD. 

5.4 Isoflavone-mediated luciferase inhibition 

The anti-HIV activity and TOA both quantified the viral inhibition due to the decrease in firefly 

luminescence compared to the controls [168]. It has been documented that this enzyme is open 

to compound antagonism and can therefore potentially give false positive results [168]. 

Kenda [168] reported the inhibitory capabilities of certain isoflavones against firefly 

luciferase. Inhibition could be seen at concentrations as low as 1 μM, with Genistein producing 

an IC50 value of 36.9 μM [168].  

Although the potential luciferase-inhibiting capabilities of these isoflavones were not explored 

in this study, the TOA studies normalised for luciferase inhibition, meaning the isoflavones are 

undoubtedly entry-inhibitors. The TOA studies simply show the difference in luminescence 

produced after compound addition at 90 min post-infection. Any luciferase inhibition would 

be seen at both the 0 and 90 min points and would not reflect in the difference in luminescence. 
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So, the difference in activity is due to the delayed addition of the compounds i.e. entry 

inhibition. Therefore, the aim of the study is proven, however, the IC50 results generated may 

be less impressive due to possible luciferase inhibition. However, the potential firefly luciferase 

inhibiting capabilities of these compounds can be quantified, in future, by quantifying the 

activity of the β-galactosidase, which is also expressed in response to the HIV Tat protein in 

TZM-bl cells [169]. A simple assay utilising only firefly luciferase would also be effective at 

visualising any possible inhibition. Alternatively, one could utilise in silico methods by 

performing quantitative-structure activity relationship (QSAR) studies to hypothesise the 

potential for these compounds to inhibit firefly luciferase: a method performed by Kenda [168] 

which was found to produce results that corroborate with the in vitro results. 

5.5 Fragment-based drug design 

The goal of FBDD was to increase the docking scores of the isoflavones to produce compounds 

with increased activity and to increase the site specificity of the isoflavones for the gp120 

hydrophobic cavity. Isoflavones, and flavonoids, can make excellent drug candidates but they 

often lack site specificity. Flavonoids are extremely bioactive compounds that have been found 

to bind to several human proteins, such as oestrogen receptors [22] and kinases [171]. 

Increasing site specificity through FBDD will hopefully reduce any toxicity of these 

isoflavones due to non-target interactions such as oestrogen receptor antagonism.  

The isoflavones were docked simultaneously with Fostemsavir, and residues were added to the 

isoflavone backbone where active fragments of Fostemsavir could bind to the isoflavones 

backbone and still maintain their activity. The isoflavones do indeed present as novel chemicals 

for gp120 antagonism due to their small size, as seen when superimposed with Fostemsavir. 

The benefit the isoflavones are thought to have for the creation of novel gp120 antagonists is 

to serve as anchoring molecules in the hydrophobic pocket due to their lipophilic nature and 

small size. The goal of drug design using these isoflavones was to elongate the structures to 

have regions that sync up with the more hydrophilic entranceway of the pocket, to hopefully 

increase beneficial amino acid interactions and to stabilise the isoflavone backbone at the 

bottom of the cavity for efficient and prolonged Trp 427 binding. This would increase the 

tendency of the isoflavones to prevent CD4 binding. 

Similarly, Vangal [182] formed new gp120 antagonists from the manipulation of structures 

through the addition of active, gp120 antagonising, side chains. The structures yielded IC50 

values ≤ 29 nM with the docking scores generated for these new structures ranging from -5,863 
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to - 8,350 kcal/mol. The highest docking score generated for the isoflavone derivates in this 

study was -9,779 kcal/mol. This provides possible evidence for the needed presence of 

isoflavones in gp120 drug design research as it does computationally support the theory they 

are gp120 targeting molecules due to the low docking scores generated. Vangala [152] found 

that redesigning Fostemsavir through FBDD led to a 92.08% increase in in vitro activity for a 

4,565% decrease in docking scoring [152]. Based on this it is hypothesised that a subsequent 

increase in potency will be seen for the new derivatives. 

The methodology of FBDD is to make active compounds more shape complementary to the 

active site. The isoflavones were proven to have entry-inhibiting activity, and from that 

activity, it was hypothesised that the isoflavones act on the gp120 hydrophobic binding pocket.  

The FBDD utilised these positionings of B and C in the pocket to attempt to increase the 

activity of the isoflavones. It is therefore argued that although all four of the derivatives showed 

increased docking scores only the derivatives that maintain the original isoflavone positioning 

is most likely to keep the original gp120 antagonising properties of the isoflavones. These 

derivatives are B2 and C2. The low docking scores of B1 and C1 do however warrant future 

research into these compounds as gp120 antagonists. 

5.6 Drug-likeness 

Analysing the physiochemical properties of biologically active compounds allows for the 

filtering out of compounds with undesirable properties [184]. The in silico analyses of the 

chemical properties of the isoflavones and the derivatives utilised two well -documented 

filtering techniques; Lipinski’s RO5 and the Ghose filter. All the compounds satisfied 

Lipinski’s RO5, however, the Ghose filter highlighted one of the derivatives, B2, as unsuitable 

for drug development due to the large size. Of the four derivatives, that leaves three viable 

options for future gp120-antagonist drug development after applying the drug-likeness filtering 

techniques.  It is important to note that Lipinski’s RO5 and the Ghose filter are not satisfied by 

all drugs on the market as seen with Fostemsavir, which violates the Ghose filter, much like 

B2. Given the Ghose filter violation of Fostemsavir, B2 will still be excluded as a potential 

orally active drug due to the fact the two compounds violate the Ghose filter in two importantly 

different ways. Fostemsavir violates the Ghose filter by having too large a molar refractivity 

value. In the original publication that introduced the Ghose filter, Ghose [198] stated that 

compounds that fall into the molar refractivity range of 40 to 130 have better cellular uptake, 

receptor binding and bioavailability. Fostemsavir can be argued to overcome this rule for a few 

reasons: The drug does not need to act intracellularly as it is an entry inhibitor. The drug does 
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not bind to the exterior of a receptor rather it travels into a deep hydrophobic binding pocket 

which can be attributed to the long design and hydrophilic nature of the molecule. Finally, it 

has been given a high GIT absorption likelihood from SwissADME due to the molecule's 

lipophilic nature and small size (Mw > 480). B2 violates the rule due to a high molecular weight 

(Mw < 480), which means the molecule may be too large for cellular migration. As B2 is 

intended to act as an entry inhibitor it does not need to cross the cellular membrane to act 

intracellularly, however, it does need to cross the GIT to be orally active. So, given that 

SwissADME expects the molecule to have a low GIT absorption, B2 is not expected to make 

a good orally active drug. 

B1 shows through the results generated from the BOILED-Egg method, that the compound 

may show poor GIT permeability, which would exclude the compound from being used as an 

orally active pharmaceutical. Although there are intravenous formulations of anti -HIV 

compounds available on the market (Enfuvirtide), these formulations tend to yield the lowest 

compliance. [188].  

A big target for creating new derivatives was to create derivatives that could cross the BBB as 

there is a big need for anti-HIV compounds that can cross into the brain. Many HIV-infected 

individuals will display HIV-1-associated neurocognitive disorders after many years of 

treatment, and this is due to the suboptimal therapeutic levels orally active ARVs tend to 

achieve in the CNS [175]. It was believed the isoflavones and the derivatives would yield high 

BBB permeability results as flavonoids are believed to easily transverse the blood-brain barrier 

due to their lipophilicity and interactions with efflux proteins [165]. Studies looking at the 

in vitro analysis of BBB permeability have noted impressive migration across the built cell 

models [165].  However, none of the derivatives appears to be BBB permeable and only one 

of the isoflavones, D, can cross the BBB. The derivatives may still be able to cross the BBB as 

flavonoids may enter the brain via interactions with the efflux proteins in the BBB [165]. The 

BOILED-Egg model does not consider this as the model only looks at the lipophilicity and 

polarity of the compounds.   

From these results, the isoflavone C drug derivatives are the most drug-like compounds, which 

is beneficial as the FBDD results conclude that C2 will maintain the potential gp120 

antagonising activity discovered in this research study, meaning it is the most likely of the 

derivatives to be an entry-inhibitor.  
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6 Conclusion 

The study aimed to describe the entry-inhibiting capabilities of five novel isoflavones, of which 

all five were proven to have anti-HIV activity, and two were shown to have significant 

entry-inhibiting capabilities. 

This study successfully proved that flavonoids, specifically isoflavones, have entry-inhibiting 

capabilities and that isoflavones are a potential novel class of gp120 antagonists. This novel 

class is believed to present properties needed for new anti-HIV compounds such as BBB 

permeability. Even though D was the only isoflavone to present with BBB permeability from 

the in silico analysis, isoflavones have been shown to migrate the BBB utilising efflux proteins 

[165]. Considering the long-term effects HIV has on the CNS that the current regime of 

antiretrovirals cannot treat, it is worth exploring the potential of isoflavone-based drugs to enter 

the CNS via efflux proteins. 

Additionally, this study is the first to draw a distinction between the placement of a 5 OH group 

on isoflavones and a subsequent increase in cell death. Although none of the isoflavones are 

by definition cytotoxic (The National Cancer Institute) C had the greatest reduction in cellular 

viability in the cytotoxic studies. Future research into producing drugs from isoflavones can 

benefit from this discovery to alleviate any cytotoxicity noted. 

Based on the above, the null hypothesis, which states that none of the isoflavones will 

demonstrate significant entry inhibition, was rejected.  
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7 Future research 

There are multiple routes of possible future research studies that can naturally originate from 

the results of this study, some of which are described below. 

The mechanism of action hypothesised in this research of the isoflavones, gp120 antagonism, 

can be proven using a CD4/gp120 binding ELISA to quantify the reduction of CD4-gp120 

binding in the presence of the isoflavones [175]. More importantly, the derivatives produced 

are concluded to fully be gp120 antagonists and this can be proven with the same assay. 

The results from the anti-HIV assay show that all the isoflavones, especially A antagonise 

multiple HIV replication events. The isoflavones were docked in other anti-HIV locations the 

luciferase reporter assay can detect, and the best scores were for allosteric inhibition on reverse 

transcriptase (Appendix 5), meaning the isoflavones may also act as NNRTIs. The docking 

scores ranged from – 8.915 to -10.158 kcal/mol, with C achieving the lowest docking score. 

The worst docking scores were achieved for allosteric integrase inhibition. Future research can 

prove and quantify any reverse transcriptase antagonism. Even though the derivatives were 

designed to be more site-specific for gp120 antagonism, the isoflavone backbone may still 

confer additional anti-HIV activity through the suspected RT antagonism, meaning the 

potential for the dual anti-HIV activity of the derivatives would need to be explored. The dual 

activity of a single compound would arguably allow for an individual to take one less 

anti-retroviral which could result in a decrease in the presentation of unwanted side effects 

[195]. 

If gp120 antagonism is proven for the isoflavones and the derivatives, more isoflavones and 

flavonoids should be tested for gp120 binding to increase the library of isoflavone side chains 

that assist in gp120 antagonism. The pathway set in this research to then design compounds 

with increased gp120 activity can then be followed.  
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8 Appendix 

Appendix 1: Tabulation of Myricetin docking method validation 

To proceed with the docking studies, the method utilised from the literature needed to be 

validated. The results of the method validation were obtained from using Myricetin for docking 

in the crystal structure of the human progesterone receptor-binding protein. The results are 

tabulated in Table A1. 

Table A 1: Docking method validation. The method for docking the isoflavones into the protein binding sites 
were validated using the procedure from Okesola [150], utilising the PDB code 1E3K.  

The docking score reported in the literature The docking score achieved 

-8.889 -8.916 

 

Appendix 2: Reed-Muench calculation for TCID50 

The TCID50 results from 3.13.2 were used to calculate the dilution of stored viral solution 

needed to achieve a TCID50 of 400 for the luciferase assay inhibition studies (3.13.4). The 

method was used as described by Lei [187]. 

First, the infection rate (%) was determined as seen in Table A2. 

Table A 2: Calculation of infection rate. The infection rate was calculated using the cumulative positive (A) 

units and the cumulative negative (B) units for each dilution of the virus. The blue arrows indicate the direction 
from which the cumulative units were calculated.  

Log of virus 

dilution 

Positive units/ 

total units 

Cumulative 

positives (A) 

Cumulative 

negatives (B) 

Infection rate 

(A/A+B x 100) 

-1 3 15 0 100 % 

-2 3 12 0 100 % 

-3 3 9 0 100 % 

-4 3 7 0 100 % 

-5 3 4 0 100 % 

-6 1 1 2 33.3 % 

 

Secondly, the dilution where 50% of the reactions are positive and 50% are negative ( the 50% 

endpoint) was identified. Looking at the results in 3.13.2 this lay between dilutions 5 and 6. 

From this, the proportionate distance (PD) between the two dilutions was calculated, as 

follows: 
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𝑃𝐷 =
% 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝑎𝑏𝑜𝑣𝑒 50% − 50%

% 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝑎𝑏𝑜𝑣𝑒 50 % − % 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝑏𝑒𝑙𝑜𝑤 50 %
 

= 
100% − 50%

100% − 33.3 %
 

= 0.75 

Thirdly, the dilution (ID50) where 50% of the test units would experience infection was 

calculated.  

𝑙𝑜𝑔𝐼𝐷50 = log(𝑑𝑖𝑙𝑢𝑡𝑖𝑛 𝑎𝑏𝑜𝑣𝑒 50%) + 𝑃𝐷 × (− log𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟) 

=  −5 + 0.75 × −0.70 

= −5.53 

𝐼𝐷50 = 10−5.53 

Fourthly, the TCID50/mL is calculated by taking the reciprocal of the ID50 and dividing it by 

the volume of media used in the TCID50 assay, in mL. 

𝑇𝐶𝐼𝐷50 =  
1

10−5.53
 ÷ 0.025 𝑚𝐿 

= 1.36 × 107 𝑇𝐶𝐼𝐷50/𝑚𝐿 

Once the TCID50 has been calculated, the volume of viral stock that needs to be added to the 

viral solution that will be used for the inhibition assay and yield a final concentration of 

400 TCID50, can be calculated using the simple C1V1 = C2V2 formula. C1 will equal 

1.3×107 TCID50/mL and C2 will equal 400 TCID50/mL. 

Appendix 3: Solvent toxicity 

The toxicity of the compound solvent, DMSO, was tested for cytotoxicity, utilising an MTT 

assay, at the max concentration of its use (1% v/v) for 48 h, in TZM-bl cells. Figure A1 shows 

no decrease in cell viability from 100%. Providing evidence that the compound solvent has no 

additive cytotoxic effects on the effects the isoflavones have on cellular viability. 
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Figure A 1: Viability of cells after 48 h 1% DMSO exposure. The viability of the TZM-bl cells was evaluated 
in the presence of the compound solvent at the highest concentration (1% v/v) the solvent appears in the cytotoxic 

studies. The graph represents a single repeat with the error bars representing SD (SD= 4.0).  
 

Appendix 4: Ligand interactions of the isoflavones without significant 

activity 

A, D and E presented without significant reduction (P<0.05) in RLU for the TOA studies. 

Below are the respective ligand interactions for gp120 (PDB: 5U7O), in Figure A2. 
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Figure A 2: Docking results of Isoflavones without significant entry inhibition. The figures of the docking 
results are organised with the assigned single-letter notation of the isoflavones. E is the only isoflavone to cause 
inhibition without the proposed Trp 427 H-bonding. All isoflavones were docked in the gp120 binding site (PDB: 
5U7O). 
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Appendix 5: Docking with other anti-HIV target proteins 

The luciferase reporter assay can identify activity from entry, reverse transcriptase and 

integrase inhibitors. Since the results from the TOA studies strongly allude to multiple forms 

of anti-HIV activity, the isoflavones were docked with reverse transcriptase and integrase 

proteins. The results are displayed in Table A3. 

Table A 3: Docking scores in other anti -HIV target proteins. The isoflavones were docked in the orthosteric 
and allosteric binding sites of reverse transcriptase and integrase. The docking scores are displayed in -kcal/mol 
and the docking scores of the crystallised inhibitors are in blue. 

PDB code 

-inhibition type 
Isoflavone Docking score (kcal/mol) 

Reverse Transcriptase 

1EP4 (NNRTI) 

-allosteric 

A -9.847 

B -9.440 

C -10.158 

D -9.074 

E -8.915 

S1154 -13.422 

3V41 (NRTI) 

-orthosteric 

A -6.038 

B -6.088 

C -6.498 

D -6.876 

E -5.624 

AZTP Did not dock 

Integrase 

5KRS 

-allosteric 

 

A -3.070 

B -4.495 

C -4.462 

D -1.567 

E -1.499 

6XI -3.284 

1QS4 

-orthosteric 

A -4.273 

B -4.616 

C -5.147 

D -4.216 

E -4.585 

5-CITEP -5.176 
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Appendix 6: Paired student t-test 

Table A 4: p-values from the paired student t-test. The means of the two groups, 0- and 90-min post compound 
addition, were compared to show if the time-of-addition affected the activity of the isoflavones. Significance is 

noted in red for p<0.05. 

 

Compound x̄1 (0 min) x̄2 (90 min) x̄1 - x̄2 p-value 

A 64.77 61.54 3.23 0.246 

B 82.50 44.65 37.85 0.041 

C 81.71 61.43 20.28 0.007 

D 80.93 57.33 23.60 0.074 

E 84.20 62.88 21.32 0.169 
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