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     ABSTRACT 

 

Herpes simplex virus (HSV) is a prevalent human pathogen with 67% and 13% of 

the world’s population infected with HSV type-1 (HSV-1) and HSV type-2 (HSV-2), 

respectively. HSV-1 causes oral and perioral infections while, HSV-2 causes genital 

herpes. Acyclovir, a purine nucleoside analogue, is used for treatment of HSV-1 and 

HSV-2 infections. The mechanism of action of acyclovir is monophosphorylation by 

viral thymidine kinase (TK). The emerging HSV resistance to acyclovir due to 

mutation on viral TK and DNA polymerase necessitates an urgent need for effective 

strategies to circumvent HSV. This study investigated the potency of acyclovir 

derivatives against HSV through in silico approaches. Ligand-based drug design was 

used to model acyclovir derivatives on Chemsketch version 2018.2.5. Drugability 

was determined based on Lipinski’s Rule of Five. Putative targets were identified 

through network pharmacology and validated through gene ontology (GO). 

Molecular docking was used to determine the binding affinities using Autodock 

Vina. The pharmacokinetic prediction was done using enzyme inhibition scores on 

Molinspiration. Pharmacodynamic predictions were based on bioavailability scores 

on AdmetSAR 2.0. The scores for permeability (Caco2), Blood Brain Barrier (BBB), 

Human Intestinal Absorption (HIA) and P- glycoprotein inhibitor were generated. 

The resazurin assay was used to test  cytotoxicity. Twenty two acyclovir derivatives 

had zero violations. 2-[(3, 6-dihydro-9H-purin-9-yl)methoxy]ethan-1-ol) had the 

highest enzyme inhibition score at 1.0 compared to 0.84 for acyclovir. This molecule 

was optimized to (2‐[(6‐methyl‐6,9‐dihydro‐3H‐purin‐9‐yl)methoxy]ethan‐1‐ol, 

which had a better bioavailability and a higher BBB value of 0.9880 indicating 

tolerance. DNA replication helicase (UL5) and serine /threonine-protein kinase 

(US3) were selected based on functional similarity with TK, kappa values were 0.30 

and 0.24, respectively. The IC50 of acyclovir at 24 hours and 48 hours were 

16.18μg/ml and 38.10μg/ml with R squared values of 0.7894 and 0.9098, 

respectively. The optimized lead compound, together with its putative targets 

provides a mechanism to circumvent HSV drug resistance associated with the use of 

acyclovir. The study recommends in vitro and in vivo efficacy and toxicity studies 

for possible development of  anti-herpes drug compounds. 
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CHAPTER ONE 

INTRODUCTION 

1.1 Background Information 

Herpes Simplex Virus (HSV) is a widespread human pathogen. It is estimated that in 

2016, approximately 3.7 billion people worldwide were seropositive for HSV type-1 

(HSV-1) and nearly 500 million for HSV type-2 (HSV-2) (James et al., 2020). The 

global prevalence of HSV-1 and HSV-2 is 67% and 13% respectively (Looker et al., 

2015) with Africa accounting for 32% of the HSV infections (Looker et al., 2020). 

Kenyan adults have a higher HSV-2 prevalence rate of 26.6% (Akinyi et al., 2017). 

In 2007, the Kenya AIDS Indicator Survey (KAIS) provided Kenya’s first nationally 

representative estimate of HSV-2 prevalence rates whereby one third of Kenyans 

were found to be infected with HSV-2 and 81% of HIV infected persons were 

coinfected with HSV-2 (NASCOP, 2009).  

HSV-1 is highly contagious whereas HSV- 2 is a lifelong condition (Zhu et al., 2021) 

HSV-2 is of particular concern due to its epidemiological synergy with HIV infection 

and transmission (Knipe et al., 2021). HSV-2 increases susceptibility to HIV 

infection and immunocompromised persons living with HIV are more likely to be 

infected with HSV-2. HSV infections are mainly asymptomatic but can cause mild to 

severe symptoms which include skin blisters and lesions on mucous membranes and 

genitals, fever during clinical episodes and headache (Crimi et al., 2019).  

The WHO recommends, FDA approved drugs namely acyclovir, famciclovir and 

valaciclovir which are purine nucleosides, for the treatment of HSV infections 

(WHO, 2016). The mode of action of these drugs involves monophosphorylation by 

the viral thymidine kinase (TK) (Johnston et al., 2017). Famciclovir and valaciclovir 

averagely cost USD 6.20 and USD 3.24 per unit of 100 tablets, respectively 

compared to acyclovir which costs USD 2.19 (Pinder et al., 2014). Side effects such 

as neurotoxicity and nausea have been reported with the use of valaciclovir (Nunez et 

al. 2021) and famciclovir (Gopal et al. 2013). Acyclovir is preferred for the treatment 
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of recurrent clinical episodes of genital HSV infection due to its affordability, 

tolerability and safety (Alvarez et al., 2020). Acyclovir is converted by viral TK into 

acyclovir monophosphate which is further converted to acyclovir diphosphate by 

cellular guanylate kinase and into triphosphate by a number of cellular enzymes. 

Acyclovir triphosphate competes for the endogenous deoxyguanosine triphosphate 

(dGTP) and therefore competitively inhibits viral DNA polymerase (Kausar et al., 

2021). It is also incorporated into viral DNA, where it acts as a chain terminator 

because of the lack of 3’-hydroxyl group. The terminated DNA template containing 

acyclovir binds DNA polymerase and leads to its irreversible inactivation (Jiang et 

al., 2016). 

HSV-1 and HSV-2 elicit lifelong infection and evade the host’s immediate antiviral 

response (Reyes et al., 2021). There is emergence of acyclovir drug resistant HSV 

especially in immunocompromised patients who require long-term anti-HSV therapy 

due to recurrent clinical episodes of HSV infections (Zinser et al., 2018). This is 

caused by mutation on viral TK and DNA polymerase genes (Burrel et al., 2010). 

Therefore, there is urgent need to identify new targets, design and develop new drug 

compounds against HSV to circumvent drug resistance.  

1.2 Statement of the Problem 

HSV infections are among the most common human diseases, and about 80% of the 

world population is infected by at least one type of HSV which is mostly in latency 

stage and asymptomatic (Looker et al. 2015). The disease is highly infectious and 

contagious leading to high number of new infections annually with neonatal 

infections increasing (WHO, 2016). The cost of treating HSV infections is high with 

the present value of lifetime direct medical cost estimated to be 972 US Dollars per 

treated case in 2019. This excludes the costs used to prevent neonatal herpes (Eppink 

et al., 2021). HSV increases chances of HIV infection hence increasing the 

transmission rates of the HIV epidemic (Looker et al. 2017). The HSV is associated 

with the γ-herpes viruses including Epstein–Barr virus (EBV) and Kaposi’s sarcoma 

virus which increase susceptibility to cancer, a leading cause of death (Siegel et al., 
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2019). The current drug therapies can only heal sores, prevent new sores from 

forming and reduce pain but do not fully treat the HSV-2. There is emergence of 

drug resistant HSV especially in immunocompromised patients who require long-

term anti-HSV therapy due to recurrent clinical episodes of HSV infections (Jiang et 

al., 2016). Severe conditions such as, neurotoxicity especially occur when acyclovir 

is taken with zidovudine, an HIV regimen drug (Watson et al, 2017). The current 

drug therapies have adverse reactions and side effect such as nausea and vomiting, 

(Aung et al., 2016); Sharma et al., 2023). Mutagenesis can occur due to the inhibitory 

effect of acyclovir on cellular DNA polymerase. Acyclovir has low bioavailability 

thus reduced bioactivity (Hassan et al., 2016). 

1.3 Justification 

The high infection rates coupled with drug resistance and lack of effective drug 

therapies to prevent and treat HSV infections necessitates an urgent need for new, 

effective and efficient strategies and mechanisms to circumvent the viral infections. 

Genital herpes caused 253000 global disability-adjusted life years (DALYs) in 2019 

(https://www.healthdata.org/results/gbd_summaries/2019/genital-herpes-level-4-

cause), accounting for 3.4% of DALYs from all sexually transmitted infections. All 

these severe outcomes disproportionately affect low-income and middle-income 

countries (Remco et al., 2022).  

Computer Aided Drug Design (CADD) has revolutionized the drug development 

process by drastically reducing the cost and time it takes to discover new and 

effective drug molecules (Maithri et al., 2016). It is used to expedite and facilitate hit 

identification, hit-to-lead selection and optimize the absorption, distribution, 

metabolism, excretion and toxicity profile of drug compounds (Dhingra, 2022). It 

provides insights that improve precision medicine in lead development and 

optimization. Further, CADD leverages on recent advancements in artificial 

intelligence and machine learning in analyzing and explaining pharmaceutical related 

big data supported by availability of super-computing facility, parallel processing 

and advance in computer hardware capabilities (Sliwoski, et al., 2014).  

https://www.healthdata.org/results/gbd_summaries/2019/genital-herpes-level-4-cause
https://www.healthdata.org/results/gbd_summaries/2019/genital-herpes-level-4-cause
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CADD has been used to develop therapeutic drug molecules against viral infectious 

diseases, for instance, Darunavir, a Nonpeptidic HIV-1 protease has been approved 

for the treatment of HIV/AIDS patients exhibiting multidrug-resistant HIV-1 variants 

that do not respond to previously existing Highly Active Antiretroviral Therapy 

(HAART) regimens (Sabe et al., 2021). CADD techniques have been used to develop 

inhibitors for key viral protein targets of SARS-CoV-2, for instance, homology 

modeling and Molecular Dynamics (MD) simulation was performed to solve 3D 

structure of SARS-CoV-2 guanine-N7 methyltransferase (nsp14). The study 

proposed five Traditional Chinese Medicine (TCM) database compounds (TCM 

57025, TCM 3495, TCM 5376, TCM 20111, and TCM 31007) as potential COVID-

19 therapeutics (Selvaraj et al., 2020). 

Currently the existing research on HSV to address drug resistance has not clearly 

pointed out alternative putative biological targets for anti-herpetic therapies. There is 

also, lack of comprehensive drug screening to determine the safety and efficacy of 

drug molecules. Bhuvad and Samant, 2019, carried out in silico drug studies on 13 

Verbascum phlomoides L. phytochemicals against HSV-1 and HSV-2, however, the 

study focused on the whole viral structure and did not clearly point out any new 

putative targets. 

Neelabh et. al., 2019 designed a ligand known as NNK that targeted HSV TK and 

reported acceptable binding affinity. Molecular docking studies on Thymoquinone 

involving four targets: thymidine kinase, DNA polymerase glycoprotein B, and 

glycoprotein D concluded that the compound was effective against HSV 

(Dhanasezhian et al., 2016). However, the study did not indicate its pharmacokinetic 

or pharmacodynamic properties. Other in silico drug repurposing studies on 

Thiosemicarbazone derivative, against HSV TK indicated good binding energy 

(Kumar et al., 2021). 

1.4 Research Questions 

1. What are the acyclovir derivatives modelled and their associated drugability? 

2. What are the potential HSV targets? 
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3. What are the binding affinities (energies) of the acyclovir derivatives when 

docked against putative HSV targets? 

4. What are the pharmacodynamic and pharmacokinetic properties of the 

acyclovir derivatives? 

1.5 Null Hypothesis  

The modelled acyclovir derivatives lack inhibitory activity against HSV. 

1.6 Objectives 

1.6.1 General Objective 

To investigate the potency of acyclovir derivatives against HSV through in silico 

approaches. 

1.6.2 Specific Objectives 

1. To model derivatives of acyclovir and determine their drugability using 

Lipinski’s rule of five. 

2. To identify potential HSV targets using network construction techniques and 

validate them using gene ontology and enrichment analysis. 

3. To determine binding affinities of acyclovir derivatives against putative HSV 

targets by molecular docking. 

4. To predict the Quantitative Structure Activity Relationship (QSAR) of the 

acyclovir derivatives based on pharmacokinetic and pharmacodynamics 

prediction. 

1.7 Study Limitations  

Some softwares used for the study require commercial licenses and where student 

licenses are issued, there is a time limit beyond which one cannot use the software. 

This was a great challenge during the initial stages of the study.  
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CHAPTER TWO 

LITERATURE REVIEW 

2.1 Herpes Simplex Virus (HSV) 

The herpes viruses originated from viruses that infected a common ancestor of 

mammals, birds and reptiles (Virgin, 2014). Evolutionary processes led to selection 

of variants with altered infectivity and tissue tropism to ensure survival and 

multiplication (Sehrawat et al., 2018). Herpes viruses have infected many animal 

species for millions of years. Herpes simplex virus type 1 (HSV-1) has coevolved 

longest with human ancestors, while herpes simplex virus type 2 (HSV-2) infected 

humans much later (Wertheim et al., 2014).  Both HSV-1 and HSV-2 have the ability 

to cause local lesions and spread to peripheral neurons, where they remain latent 

awaiting reactivation (Arvin et al., 2007) 

2.1.1 Epidemiology of HSV  

Herpes simplex virus infections have very high prevalence rates (WHO, 2020). In 

2012, 3.7 billion people (67 %) under the age of 50 had HSV-1 infection while 491 

million people (13%) between the age of 15 – 49 had HSV-2 infection (Looker et al., 

2015) with sub-Saharan Africa accounting for 32% of the global HSV infections 

(Looker et al., 2020) as shown in Figure 2.1. 

 

Figure 2.1: Estimates of the number of people with HSV-2 infections in 2012 by 

region. 
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2.1.2 Classification of Herpes Viruses  

The herpes viruses are broadly classified into three groups, α herpesviruses, β 

herpesviruses and γ herpesviruses (Whitley, 1996) as shown on Table 2.1.  

Table 2.1: Sub-families of herpes viruses, specific examples and their 

characteristics. 

Sub-family Type of virus  Cycle and host range 

α herpesviruses Varicella-zoster virus (VZV), herpes 

simplex virus type 1 (HSV-1) herpes 

simplex virus type 2 (HSV-2) 

A short replicative 

cycle, and a broad host 

range 

β herpesviruses Cytomegalovirus (CMV), herpesviruses 

6 and 7  

A long replicative cycle 

and restricted host 

range 

γ herpesviruses Epstein-Barr virus (EBV) and human 

herpesvirus  

A very restricted host 

range 

 

2.1.3 Structure of HSV 

HSV is an enveloped, double stranded DNA virus in the Herpesviridae family and 

Simplex virus genus (Dai and Zhou, 2018).  HSV has a characteristic particle 

structure comprising of a DNA filled capsid, a proteinaceous tegument layer, and a 

lipid envelope (Wagner et al., 2008). The capsid protects the genome and functions 

to release the viral genome into the nucleus of the host cell. HSV glycoprotein D 

(gD) is essential for virus infectivity and binds to cellular membrane proteins, 

subsequently promoting fusion between the virus envelope and the cell (Wang et al., 

2018). The structure of HSV is illustrated in Figure 2.2.  
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Figure 2.2: The Structure of HSV comprising of the capsid, tegument and 

envelope. 

2.1.4 Multiplication and Pathogenesis of HSV 

Transcription, genome replication, and capsid assembly in HSV takes place in the 

host cell nucleus (Muylaert et al., 2011) Genes are replicated as follows: (i) 

immediate-early genes, that encode regulatory proteins; (ii) early genes, that encode 

enzymes for replicating viral DNA; and (iii) late genes, that encode structural 

proteins (Whitley 1996). The tegument and envelope are acquired as the virion buds 

out through the nuclear membrane or endoplasmic reticulum. Virions are transported 

to the cell membrane via the Golgi complex, and the host cell dies as mature virions 

are released (Rice, 2021) 

HSV penetrates susceptible mucosal surfaces or cracked skin (Whitley, 2007). The 

virus is transported from the epithelial cells to nerve endings and then along 

peripheral nerve axons through retrograde transport where HSV establishes persistent 

infection as an episome in the nerve cell bodies in the sacral ganglia and paraspinous 

ganglia (Cunningham et al., 2006). In the ganglia, HSV enters a state of latency with 

expression of viral microRNAs and the latency-associated transcript-factors that are 

crucial for prevention of neuronal apoptosis, maintenance of latency, and regulation 
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of spontaneous viral reactivation (Schiffer and Corey, 2013).  HSV is not cleared 

from neurons thus, ganglia form lifelong reservoirs of the virus. 

Viral replication occurs in the epithelial cells leading to either asymptomatic viral 

shedding or clinically symptomatic genital ulcer disease (Schiffer et al., 2010). HSV-

2 reactivation selectively recruits CD4 cells (HIV target cells) to the genital skin and 

mucosa thus increased risk for HIV acquisition in HSV-2 seropositive persons 

(Barnabas and Celum, 2012).  

2.1.5 Transmission of HSV 

HSV is transmitted through close contact with a person shedding virus at epithelial or 

mucosal surface, or in genital or oral secretions (Corey and Wald, 2008).  HSV-1 is 

transmitted through oral contact, while HSV-2 is sexually transmitted.  HSV can be 

transmitted perinatally during delivery through direct mucosal or skin contact 

causing neonatal herpes (James et al., 2014). 

2.1.6 Clinical Manifestations Associated with HSV 

HSV Primary genital infection is often asymptomatic (Bernstein et al., 2013). 

Lesions evolve from vesicle pustule to wet ulcers to dry crust (Kimberlin and Rouse, 

2004). Multiple genital ulcers, pain, itching, dysuria, vaginal or urethral discharge 

occurs (Whitley, 2007). Systemic symptoms such as fever, myalgias, headaches, 

aseptic meningitis also occur. Recurrent symptomatic infection is characterized by a 

shorter and milder illness (WHO, 2016). Immunocompromised persons, including 

those with HIV infection, can have severe symptoms and recurrent infections (Strick 

et al., 2006). Complications related to HSV-2 include meningoencephalitis (brain 

infection) and disseminated infection. Rarely, HSV-1 infection can lead to more 

severe complications such as encephalitis (brain infection) or keratitis (eye 

infection). HSV-2 genital infections increase the risk of acquiring HIV infection.  

Additionally, persons co-infected with HIV and HSV-2 are more likely to spread 

HIV to others (Looker et al., 2017). Neonatal herpes occurs in three forms: (i) 

disease localized to the skin, eye, and mouth (SEM); (ii) encephalitis; and (iii) 
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neurologic disability or death, thus high child mortality and morbidity (Whitley and 

Baines, 2018). 

2.1.7 Treatment of HSV Infections  

Antiviral medications which are nucleoside analogues; acyclovir, famciclovir and 

valacyclovir are recommended for the treatment of HSV (WHO, 2016). The mode of 

action for the drugs involves monophosphorylation by the viral thymidine kinase 

(TK).  The chemical structures are shown on Figure 2.3. 

  

Figure 2.3: FDA approved nucleoside analogues for the treatment of HSV.     

 

The anti-viral drug therapies can help to reduce the severity and frequency of 

symptoms, but cannot cure the infection (WHO, 2023). HSV antiviral suppressive 

therapy drastically reduces HSV-2 shedding by 70 to 80%, but it does not eradicate it 

Persons with HIV have more severe, prolonged cases of orolabial, genital and 

perianal infections, suppressive therapy is given in higher doses (Workowski and 

Bolan, 2015). There is emergence of drug resistance especially in 

immunocompromised patients, thus, frequent episodes of reactivation, prolonged 

duration of symptoms and shedding, increased severity of infection, more extensive 

lesions, atypical lesions, and a greater potential for dissemination, which can even 

become life-threatening (Birkmann and Zimmermann, 2016).   

2.2 Computer Aided Drug Design (CADD)  

CADD is an effective method to design and develop drug compounds especially in 

terms of reducing cost and time spent on drug discovery (Baig et al., 2016). 
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Conventional drug discovery and development process takes at least ten years, from 

target identification, high throughput screening, animal model studies to clinical 

trials for the determination of efficacy and safety of drugs. The process involves trial 

and error with 90% of the drugs entering clinical trials failing to get FDA approval 

and reach the consumer market (Leelananda, 2016).  

There are two approaches used for CADD: Structure Based Drug Design (SBDD) 

and Ligand Based Drug Design (LBDD). SBDD approaches including molecular 

docking, homology modeling, molecular dynamics and structure-based virtual 

screening have provided insight into ligand-receptor interactions (Wang et al.,2016). 

LBDD methods such as pharmacophore modeling, Quantitative Structure-Activity 

Relationship (QSAR) and ligand-based virtual screening provide correlations 

between chemical features and pharmacological activity. SBDD and LBDD explore 

drug absorption, distribution, excretion and toxicity (Ferreira, 2018). 

2.3 Molecular Modelling  

Molecular modelling involves computational techniques for manipulating molecules 

at the atomistic level and has been applied in drug design, lead identification and 

optimization (Pimentel et al., 2013). These methods are time saving and cost 

effective. It has been used to generate new molecular structures based on the 

structure of known ligands using softwares through building functions such as make 

bond, break bond, fuse rings, delete atoms and add atoms (Somayeh et al., 2016). 

The functional groups are specific moieties of atoms or group of atoms in the 

structure of molecules that have consistent properties and are responsible for 

characteristic chemical and biological activity of compounds (Ertl, 2017). At 

molecular level, functional groups are altered to change the physical and chemical 

properties of drug compounds or design new drug molecules (Maslehat 2018). The 

Lipinski rule of five (Ro5) is used to determine drugability. The Ro5 states that a 

drug molecule shall have no more than five hydrogen bond donors, molecular weight 

of less than 500 Daltons, not more than ten hydrogen bond acceptors, number of 
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rotatable bonds should be less than ten and molecular lipophilicity potential should 

be less than five with polar surface area (PSA) less than 140 Å2 (Benet et al., 2016). 

2.4 Network Pharmacology 

Network pharmacology is based on the principles of network theory and systems 

biology (Boerries et al.2011). Network pharmacology builds upon systems biology 

and drug discovery (Boran and Iyengar, 2010). It aims to treat diseases through 

multiple targets, which can be, either a drug with several targets or a number of drugs 

with distinct targets (Engin et al., 2014). The approach enhances drug target 

identification, inferring mechanism of action, drug repurposing, drug synergy, and 

precision medicine. Network pharmacology aims to understand diseases at the 

systematic level, the interaction between the drug and the body on the basis of 

equilibrium theory of biological networks thus providing a paradigm shift regarding 

the theory and methodology in drug design (Hao and Xiao, 2014). Network 

pharmacology has been applied in finding drug targets thus enhancing drug efficacy 

(Zhang, 2016). Network pharmacology increases drug efficacy as it leads to 

discovery of therapies that are less vulnerable to drug resistance and with few side 

effects by targeting disease network at the systems level through synergistic 

interactions (Zhang et al., 2013).  

The networks can either be built through de novo method which is based on 

established biological knowledge or ab initio which starts from statistical analysis of 

available data (Xu et al., 2012). There are several softwares for building networks 

including Cytoscape version 3.0 which accepts data in several standard formats, 

integrates global datasets and provides powerful visualization tools (Shannon et al., 

2003). In analyzing the interactome, the network topological attributes are 

fundamental. The node is the basic component interacting (pair-wise) with other 

node(s). This can be a target (enzyme or receptor), gene, disease or drug. The edge is 

the connection between two nodes which can be physical, regulatory, or genetic. The 

node degree is the number of links to other nodes. Hubs are nodes with a large 

number of connections, but there are only a few of them in any network as shown on 

Figure 2.4, most nodes have few neighbors hence small-scale networks. This is 
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usually associated with network robustness, the ability of a network to have same 

behavior even when the various parameters controlling its components change 

(Chao, 2009). 

 

Figure 2.4: Network showing the associated local topological attributes and 

centrality measures. 

 

Nodes with less connectivity respond poorly to external or internal perturbations. If a 

drug target is a hub, the consequence may be too much toxicity (Xu et al., 2012). The 

average separation between arbitrarily chosen nodes is the path length. Centrality is a 

measure for connectivity within a network (Jesmin et al., 2016). Eccentricity and 

Closeness centrality (CC) are basically interrelated: CC is the inverse of the average 

length of the shortest paths. while eccentricity is the maximum distance from the 

node to all other nodes in a network (Oldham et al., 2019). Degree centrality shows 

that an important node is involved in a large number of interactions thus transitivity. 

Closeness centrality indicates important nodes that can communicate quickly with 

other nodes of the network (Mahyar et al., 2019). Average path length denotes 

whether nodes are functionally related (Embar et al., 2016). Eigenvector centrality is 

the measure of the influence of a node while Local Average Connectivity (LAC) is 

used to identify essential nodes (Li et al., 2011). 
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2.5 Molecular Docking 

Molecular docking predicts the preferred relative orientation of a ligand bound in an 

active site of the receptor to form a stable complex and it exploits the concept of 

molecular shape and physicochemical complementarity (Khanna et al, 2019). 

Molecular docking comprises of two stages: (i) an engine for orientation sampling 

and (ii) scoring function (Meng et al., 2011). Molecular docking predicts 

predominant binding mode(s) of a ligand with a protein of known three-dimensional 

structure. It uses a scoring function to evaluate docking poses by counting the 

number of favorable intermolecular interactions such as hydrogen bonds and 

hydrophobic contacts and rank ligands which are most likely to interact favorably to 

a particular receptor based on the predicted free energy of binding (Morris et al., 

2008). 

There are three types of molecular docking: rigid, semi-flexible and flexible docking. 

In rigid docking both the ligand and protein are considered rigid entities with only 

three translational and three rotational degrees of freedom considered during 

sampling. (Tripathi and Bankaitis, 2017). This approach is used during protein- 

protein docking, where the number of conformational degrees of freedom is too high 

to be sampled. In semi-rigid docking, the ligand is flexible, while the target is rigid 

(Anderson et al., 2001). Thus, the conformational degrees of freedom of the ligand 

are sampled, in addition to the six translational plus rotational ones. Flexible docking 

is based on the concept that a protein is not a passive rigid entity during binding and 

considers both ligand and protein as flexible counterparts (Andrusier et al., 2008). 

Different methods have been introduced over the years, some rested on the induced 

fit binding model while others on conformational selection (Salmaso and Moro, 

2018). 

2.6 Quantitative Structure-Activity Relationship 

Quantitative structure activity relationship (QSAR) models are being built through 

machine learning approaches based on molecular descriptors of drug compounds 

(Cherkasov et al., 2014). QSAR uses statistics to establish a quantitative relationship 

between the structural or physicochemical characteristics and its physiological 
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activities for a drug compound (Wu and Wang, 2018). Chemoinformatics tools are 

used to extract, process and extrapolate meaningful data from chemical structures 

(Lo et al., 2018). Absorption, distribution, metabolism, excretion and toxicity 

(ADMET) prediction softwares, both web based and command line use machine 

learning techniques for improved prediction, for instance, ADMET SAR 2.0 uses 

classification and regression models with highly predictive accuracy (Cheng et al., 

2012). 

Molecular descriptors are calculated on different levels of representation of 

molecular structure and then correlated with biological activity using machine 

learning techniques (Neves et al., 2018). Validated QSAR models are used to predict 

biological property of novel drug compounds using regression and classification 

techniques. QSAR modelling has evolved to the modeling and screening of large 

data sets having diverse chemical structures using a wide range of machine learning 

techniques (Goh et al., 2017). Data quality problem is a challenge in 

chemoinformatics, thus, guideline for chemical and biological data curation to allow 

identification, correction and removal of structural and biological errors in data sets 

as applicable (Fourches et al., 2016).  

Drug have been developed and licensed for viral infections using QSAR models. For 

instance, oseltamivir a neuraminidase inhibitor as a drug compound was developed 

against influenza using binary QSAR models applying SVM and Naïve Bayesian 

methods (Lian et al., 2015).  Due to emergence of drug resistance and lack of 

tolerability, the demand for development of novel anti-HIV is high. Thus, researchers 

have targeted HIV integrase, an important target involved in viral replication. Using 

binary QSAR models, 1.5 million of commercially available compounds were 

screened, 13 molecules were selected for in vitro testing with 2 novel chemotypes 

identified as potential HIV-1 replication inhibitor (Kurczyk et al., 2015). 
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CHAPTER THREE 

MATERIALS AND METHODS  

3.1 Study Design 

This study involved computer aided drug design techniques, majorly ligand-drug 

design techniques; molecular modelling and quantitative structure activity 

relationship (QSAR) and structure-based drug design technique specifically 

molecular docking. Molecular modelling through Chemsketch was used to design 30 

acyclovir derivatives through the alteration of the chemical and physical properties of 

the acyclovir pharmacophore at the atomic level. This was to increase their 

bioactivity and bioavailability and, also, circumvent HSV anti-viral therapy drug 

resistance. Molecular descriptors of the derivatives were determined using 

Marvinsketch. Virtual screening to determine drugability of modelled derivatives 

was executed using Lipinski’s Rule of Five (Ro5) integrated into a Python code. 

Network construction, analysis and visualization was carried out using Cytoscape. 

Ranking of the nodes was done based on centrality measures and local topographical 

attributes. DAVID database was used for gene ontology (GO) and gene enrichment. 

GO was used to identify putative biological targets as alternative to TK to 

circumvent drug resistance caused by mutation on TK and DNA polymerase genes. 

Molecular docking was to determine the binding affinities of the acyclovir 

derivatives against known drug target and identified putative biological targets. The 

identified putative targets protein structures were modelled since they were 

unavailable on the Protein Data Bank (PDB). To determine the pharmacokinetics and 

pharmacodynamics of the acyclovir derivatives, bioavailability was determined using 

AdmetSAR 2.0 while bioactivity was determined using Molinspiration.  Thereafter 

lead optimization was carried out by the use of molecular modelling techniques. 

Cytotoxicity studies on acyclovir were carried out using the resazurin test where by   

vero cells were grown, maintained and seeded in 3 replicates, incubated and 

proliferation measurements done at two time points; 24 hours and 48hours. In vitro 

data analysis and visualization was done using Graphpad Prism. 
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3.2 Molecular Modelling  

The simplified molecular-input line-entry system (SMILES) format of acyclovir was 

obtained from Drug Bank (https://www.drugbank.ca/) and stored as text file. 

Chemsketch software version 2018.2.5 was used to model thirty (30) acyclovir 

derivatives and provide International Union of Pure and Applied Chemistry (IUPAC) 

nomenclature (ACD, 2019). Ligand based drug design was used to model the 

acyclovir derivatives to be studied as alternative anti-herpetic drug compounds. The 

Acyclovir SMILES notation was pasted on Chemsketch and then the molecule 

manipulated on a two-dimensional space. The acyclovir functional group was 

manipulated by using Chemsketch functions to design 30 acyclovir derivatives. Open 

Babel version 2.4.1 was used to convert the acyclovir derivatives to MDL Mol 

(O'Boyle et al. 2011). The ligands were evaluated for druglikeness. 

Drugability or druglikeness defines the physiochemical and structural compound 

properties of a chemical compound that make it an active drug compound in humans 

(Bickerton et al., 2012). Drugability or druglikeness of the acyclovir derivatives was 

evaluated using Lipinski’s Rule of Five to select acyclovir derivatives presumed to 

be biologically active compounds and filter out the non-drug like molecules 

(Kenakin, 2017). The Lipinski’s Rule of five (Ro5) states that drug compound should 

have Molecular Weight (MW) of less than 500 Daltons and number of Rotatable 

Bonds (nROTB) should be less than 10. Hydrogen Bond Donors (HBD) and 

Hydrogen Bond Acceptors (HBA) should be less than 5 and less than or equal to 10 

respectively, while the Molecular Lipophilicity Potential (MLP) or xlogP should be 

less than 5. The Topological Polar Surface Area (TPSA) should be less than 140 

Angstrom (Å) (Benet et al., 2016). MarvinSketch, version 19.17, was used to 

calculate the molecular descriptors of the parent drug, acyclovir and the designed 

derivatives using the chemoinformatics plugins (ChemAxon, 2019). Python 3 was 

used to create a sub setting and filtering code in the Jupyter Notebook environment. 

https://www.drugbank.ca/
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3.3 Network Pharmacology 

PPI data was downloaded from HVInt 2.0 Database (http://topf-

group.ismb.lon.ac.uk/hvint/) with the confidence intervals of the interactions ranging 

from 0.147 to 0.972 including both experimentally supported and computationally 

predicated interactions (Ashford et al., 2016). The data was mapped from Uniprot 

accession numbers to open reading frames using HVint 2.0 Database and validated 

using Uniprot Mapping/Retrieval Tool (https://www.uniprot.org/id-mapping) 

Cytoscape 3.0 was used for network construction, visualization and topological 

analysis (Shannon et al., 2003; Su et al., 2015). Undirected PPI network was created 

by importing the HSV Proteins interaction data into Cytoscape and assigning the 

columns appropriately, whereby column A was assigned as the source node, column 

B as the target node and the confidence scores as the edge attribute. The circular 

layout was applied. Network editing was done by removing self-nodes, one 

unconnected node and five single connected nodes. Network analyzer was used to 

analyze the network’s local topological attributes and node size was mapped based 

on degree and edge size mapped based on confidence score. CytoNCA was used 

calculate centrality measures of the HSV structural proteins PPI unweighted 

network; Eigenvector, Local Average Connectivity (LAC), Closeness centrality (CC) 

and Betweenness centrality (BC) (Oldham et al., 2019). Python 3 was used to rank 

the nodes to identify a focal node as a presumed biological drug target that can 

effectively transfer drug effects to its immediate neighbours and affect other more 

distant neighbours via indirect routes. 

The Database for Annotation, Visualization and Integrated Discovery (DAVID, 

https://david.ncifcrf.gov/) was used for GO annotation of the targets selected. The 

selected nodes were uploaded on the search panel including thymidine kinase 

(UL23). Using Kappa statistics, the functional similarity between the selected nodes 

and UL23 was calculated with the Kappa threshold set at K>0.20 (McGee, 2012), the 

gene list and population background being HSV-1. The semantic similarity of the 

targets selected to HSV-2 was also calculated since acyclovir can be used for the 

http://topf-group.ismb.lon.ac.uk/hvint/
http://topf-group.ismb.lon.ac.uk/hvint/
https://www.uniprot.org/id-mapping
https://david.ncifcrf.gov/
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treatment of both HSV-1 and HSV-2. Gene enrichment analysis was performed 

through functional annotation clustering based on Benjamin Correction at P<0.05. 

3.4 Protein Modelling  

The known acyclovir target, thymidine kinase, was retrieved from PDB 

(https://www.rcsb.org/) and stored in PDB structure format. The 3D protein 

structures of the helicase primase complex and serine/threonine protein kinase were 

predicted using trRosetta (Yang et al., 2020) since the proteins were lacking 

homologs on PDB. De novo modelling was used for protein structure prediction. 

Amino acid sequences were retrieved from Uniprot (https://www.uniprot.org/) in 

fasta format. The sequences were submitted separately to the trRosetta server 

(https://yanglab.nankai.edu.cn/trRosetta/). The trRosetta workflow involve deep 

residual neural network application to predict the inter-residue distance and 

orientation distribution which are converted into smooth restraints and the restraints 

guide Rosetta to build 3D structure models based on energy minimizations (Greener 

et al., 2019).  The models obtained were subjected to evaluation based on the 

Template Modelling (TM) score which is based on probability of the top predicted 

distance and the convergence of the top models. TM scores are between 0 and 1, 

scores below 0.17 correspond to randomly chosen unrelated proteins whereas 

structures with a score higher than 0.5 assume generally the same fold in 

SCOP/CATH databases (Xu and Zhang, 2010). 

3.5 Molecular Docking 

Molecular docking was used to predict the preferred relative orientations of the 

acyclovir derivatives in the receptor (Target) active sites (Khanna et al., 2019). 

Protein-ligand docking was used (Ainsley et al, 2018). Autodock Vina Version 1.1.2 

which uses united atom scoring function and Broyden-Fletcher-Goldfarb-Shanno 

(BFGS) algorithm for local optimization was used for molecular docking (Trott and 

Olson, 2010). Chimera version 1.13.1 which is an integrative graphical tool was used 

for generating input files for Autodock Vina through ligand, receptor preparation and 

coordinate setting (Pettersen et al., 2004). 

https://www.rcsb.org/
https://www.uniprot.org/
https://yanglab.nankai.edu.cn/trRosetta/).
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Solvent molecules were deleted from the receptors and further for thymidine kinase 

the ligand was selected and deleted from the complex. Gasteiger charges and polar 

hydrogen atoms that are Sybl atom type were added to the receptors. Amber force 

field parameters were applied. Incomplete side chains were replaced using Dunbrack 

2010 rotamer library (Shapovalov and Dunbrack, 2011). 

Ligand preparation involved addition of hydrogen atoms and charges using the Add 

Charge Tool which is a call to Antechamber (Wang et al., 2006). The charge method 

used was semi-empirical with bond charge correction (AM1BCC). Grid box 

coordinates for docking were set as follows X centre =31, Y centre = 24 and Z centre 

= 44. The size points search base were set as X = 22, Y= 24 and Z = 28. During 

docking number of binding modes were set at 10, search exhaustiveness was set at 8 

to attain global minimum. 

3.6 Quantitative Structure Activity Relationship (QSAR) 

The Molinspiration Bioactivity Predictor (https://www.molinspiration.com/) 

calculated enzyme inhibition scores for 16 acyclovir derivatives including the 

acyclovir drug by pasting the SMILES files of the molecules to the text window. 

AdmetSAR 2.0 (http://lmmd.ecust.edu.cn/admetsar1/)  was used to generate the 

bioavailability scores for cell permeability (Caco2), blood brain barrier (BBB), 

human intestinal absorption (HIA) and P- glycoprotein substrate (Yang et al., 2019). 

Exploratory data analysis and visualization was done Python 3. 

3.7 In vitro Cytotoxicity Studies   

The resazurin assay, also known as Alamar Blue assay was used to test viability of 

the Vero cells after introduction of acyclovir. Living cells are able to reduce 

nonfluorescent dye resazurin to the strongly fluorescent dye resorubin. 

https://www.molinspiration.com/
http://lmmd.ecust.edu.cn/admetsar1/
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Figure 3.1: Resazurin reduction test. 

Vero cells at passage 10 obtained from the Centre for Public Health Research, 

KEMRI were used for the cytotoxicity studies. Dulbeco’s Modified Eagle Medium 

(DMEM) was used for growth and maintenance. To maintain aseptic conditions, 

70% ethanol was used to disinfect surfaces and the cell culture was done in a 

Biosafety hood.  

Growth media contained 1% L-glutamine, 1% Penstrep, 0.1% Gentamycin and 10% 

Fetal Bovine Serum (FBS). The maintenance media contained was 1% L-glutamine, 

1% Penstrep, 0.1% Gentamycin and 2% Fetal Bovine Serum (FBS).  

Vero cells being adherent, splitting was done by first washing the cells in a T75 flask 

with 10ml of Hank’s Balanced Salt Solution and adding 1ml of Trypsin. Incubation 

was done at 37ºC and 5% CO2 for 2 minutes and thereafter the cells were gently 

agitated. The cells were then split into T25 flasks and 5ml of growth media added 

and then incubated at 37ºC and 5% CO2. 

Microscopy was used to determine that the cells had attained confluent cell 

monolayers after 3 days of incubation. Cell counting was done by use of a Hauser 

Scientific Hematocytometer whereby 100μl of cells suspension was mixed with 

200μl of Trypanol Blue. The cell density obtained was 2.475 × 105/ml using the 

following formulae; 

Cell density = Average No. of cells × Dilution Factor × 104                                                                                                                                

The cells were prepared by adding 5.76ml of growth media to 3.84ml of the cell 

suspension and pipetting repeatedly for proper mixing before dispensing 100ul into 

each well. Plating/seeding was done on 96 well plates whereby 1 × 104 cells were 

plated in each well in 3 replicates. Phosphate Buffer Solution (PBS) was used as 
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solvent to make a stock drug concentration of 100μg/ml. Different drug 

concentrations were prepared; 6.25μg/ml, 12.5μg/ml, 25.0μg/ml, 50μg/ml and 

95μg/ml and PBS as a control by using the stock concentration and growth media by 

the use of the following formulae; 

C1V1 = C2V2 

After seeding and addition of drug, the 96 well plates were incubated at 37ºC and 5% 

CO2. The proliferation measurements were done at two time points, 24 hours and 

48hours. The wells were then added 30µl of 0.015% resazurin dye, incubated for 4 

hours (Markossian et al., 2004) and then cell viability measured using a 

spectrophotometric well plate reader, Tecan M1000 at 570nm wavelength to assess 

the effects of acyclovir on vero cells and have documented evidence that the drug 

does/does not have impact on cell viability. The data obtained was analyzed using 

Graphpad Prism. 
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CHAPTER FOUR 

RESULTS 

4.1 Molecular Modelling 

Thirty (30) acyclovir derivatives were modelled and based on Lipinski’s Ro5; 22 

derivatives (73%) had zero violations as shown by data on Table 4.1. 

Table 4.1: Molecular descriptors for the 22 derivatives obtained after 

drugability test based on Lipinski’s Ro5 

Derivatives  MW (Da) nROTB HBD HBA   MLP TPSA(Å) 

Acyclovir 225 4 3 7 -1.03 114 

1 223 4 3 6 -0.9 97.69 

2 224 4 4 7 -1.6 121.54 

3 207 3 2 5 0.14 77.46 

4 226 4 2 7 -1.31 111.96 

6 209 3 2 6 0.01 94.53 

7 226 4 3 7 -0.28 108.97 

8 297 8 2 8 -0.04 130.06 

11 229 4 3 8 -2.66 112.54 

12 151 0 3 5 -0.63 96.16 

14 226 4 3 6 -1.23 102.4 

15 218 2 2 6 -0.07 97.66 

 16 315 6 3 7 1.46 114.76 

17 196 4 2 5 -108 71.67 

18 237 5 1 6 -2.44 86.27 

19 165 1 1 4 -1.34 67.48 

20 195 3 2 5 0.01 77.46 

24 309 8 2 7 1.11 120.83 

25 266 8 1 5 1.04 60.67 

27 225 4 3 7 -0.67 114.76 

28 268 8 1 6 -0.39 108.8 

29 241 2 2 5 1.65 85.3 

30 227 2 2 4 1.24 68.23 
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The chemical structures of the 22 derivatives with zero violations are shown on 

Figure 4.1. 

 

Figure 4.1: Chemical structures of acyclovir derivatives obtained after  

drugability test based on Lipinski’s Ro5. 

 

The modelled acyclovir derivatives have different chemical structures from acyclovir 

with altered bonds and atoms, thus, anticipated different chemical and biological 

activity. For instance, ligand number 20 does not have carbonyl group and oxygen 

atom while ligand number 29 and 30 have additional aromatic ring.  

The International Union of Pure and Applied Chemistry (IUPAC) names for the 

acyclovir derivatives  are indicated in Table 4.2. 
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Table 4.2: IUPAC names for the 22 potential drug compounds 

Derivative  IUPAC Name  

Acyclovir  2-amino-9-[(2-hydroxyethoxy)methyl]-3,9-dihydro-6H-purin-6-one 

1 2-[(2-amino-6-methylidene-3,6-dihydro-9H-purin-9-yl)methoxy]ethan-1-ol 

2 2-[(2-amino-6-imino-3,6-dihydro-9H-purin-9-yl)methoxy]ethan-1-ol 

3 9-(ethoxymethyl)-6-methylidene-6,9-dihydro-3H-purin-2-amine 

4 5-amino-3-[(2-hydroxyethoxy)methyl]imidazo[4,5-e][1,3]oxazin-7(3H)-one 

6 2-amino-9-(ethoxymethyl)-3,9-dihydro-6H-purin-6-one 

7 2-hydroxy-9-[(2-hydroxyethoxy)methyl]-3,9-dihydro-6H-purin-6-one 

8 methyl 4-[(2-amino-6-oxo-3,6-dihydro-9H-purin-9-yl)methoxy]butaneperoxoate 

11 (1Z,6Z)-6-amino-3-[(2-hydroxyethoxy)methyl]-3,4,5,9-tetrahydro-8H-1,3,5,7-tetrazonin-

8-one 

12 2-amino-3,9-dihydro-6H-purin-6-one 

14 5-amino-3-[(2-hydroxyethoxy)methyl]-3H,4H,5H,6H,7H-imidazo[4,5-b]pyridin-7-one 

15 2-amino-9-[(3Z)-3-(methylimino)prop-1-en-1-yl]-3,9-dihydro-6H-purin-6-one 

16 2-amino-8-benzyl-9-[(2-hydroxyethoxy)methyl]-3,9-dihydro-6H-purin-6-one 

17 2-[(3,6-dihydro-9H-purin-9-yl)methoxy]ethan-1-ol 

18 5-amino-3-[(2-methoxyethoxy)methyl]-3,4-dihydro-7H-pyrrolo[2,3-c]pyridin-7-one 

19 1-(hydroxymethyl)-1,7-dihydro-4H-imidazo[4,5-c]pyridin-4-one 

20 9-(ethoxymethyl)-6,9-dihydro-3H-purin-2-amine 

24 2-[(2-amino-6-oxo-3,6-dihydro-9H-purin-9-yl)methoxy]ethyl 3-methylbutanoate 

25 9-{[2-(3-methylbutoxy)ethoxy]methyl}-6,9-dihydro-3H-purine 

27 2-amino-9-[(2-hydroxyethoxy)methyl]-3,9-dihydro-6H-purin-6-one 

28 2-[(4-{[(E)-aminomethylidene]carbamoyl}-1H-imidazol-1-yl)methoxy]ethyl propanoate 

29 2-amino-9-benzyl-3,9-dihydro-6H-purin-6-one 

30 9-benzyl-6,9-dihydro-3H-purin-2-amine 
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4.2 Network Pharmacology 

The HSV PPI network shown on Figure 4.2 consisted of 65 nodes and 377 edges 

hence highly connected. The average degree is 11.6 meaning an individual node is 

connected to a fairly high number of edges. The mean shortest path length was 2.024 

which is fairly low suggesting the nodes are functionally related as shown on Table 

4.4 

Table 4.3: Global topological measurements of the HSV PPI network indicating 

high connectivity 

Symbol Description   Value 

N 

E 

D 

<k> 

acc 

mspl 

Number of nodes 

Number of edges 

Diameter 

Average degree 

Average clustering coefficient 

Mean shortest path length 

65 

377 

4 

11.6 

0.333 

2.024 
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Figure 4.2: The highly connected HSV PPI Network with majority of the hubs 

being capsid proteins. 
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Top 10% ranking was done based on local topological attributes (Table 4.4) and 

centrality measures (Table 4.5). Based on the four centrality measures; - EC, BC. CC 

and LAC, 11 non-repetitive protein nodes were obtained after ranking: UL40, UL15, 

UL31, UL21, UL32, UL35, UL34, UL46, UL49, UL33 and UL14. 

 

Table 4.4: Top 10% node ranking based on centrality measures values with 11 

non-repetitive nodes selected for GO. 

 Eigenvector 

Centrality 

Betweenness  

Centrality 

Closeness Centrality Local Average 

Connectivity 

Node  Value Node  Value Node  Value Node  Value 

1. UL40    0.248725 UL40   440.93887 UL40   0.653061 UL32   8.000000 

2. UL15     0.243497 UL15     376.79822 UL15 0.640000 UL31    7.520000 

3. UL31  0.237283 UL21    284.44037 UL31     0.621359 UL34    7.157895 

4. UL21    0.229737 UL35    250.43700 UL21     0.615385 UL15   6.857143 

5. UL32    0.203523 UL46   225.87611 UL34     0.581818 UL21   6.720000 

6. UL35     0.202714 UL49   208.77910 UL46     0.581818 UL40    6.200000 

7. UL34   0.201134 UL31 168.46600 UL33     0.576577 UL14    6.000000 

 

The nodes obtained were the most focal in the network in terms of eccentricity and 

modularity. Based on neighborhood connectivity, topological and clustering 

coefficients, radiality, average shortest path length, stress and degree 13 non-

repetitive protein nodes were obtained; US3, US11, UL51, UL6, UL11, RL2, UL52, 

US2, UL5, UL12, UL37, UL3 and UL22. 
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          Table 4.2: Top 10% node ranking based on local topological attributes with 13-non repetitive nodes selected for GO. 

S/No. Neighbourhood 

Connectivity 

Clustering 

Coefficient 

Topological 

Coefficient 

Radiality Stress Average 

Shortest Path 

Length 

Degree 

Node Value Node Value Node Value Node Value Node Value Node Value Node Value 

1. US3 23.0 UL11 1.0 US3 0.70 UL40 0.86 UL40 2178 UL40 1.53 UL40 30 

2. UL11 21.0 US2 0.7 US11 0.65 UL15 0.85 UL15 1902 UL15 1.56 UL15 28 

3. UL3 19.8 UL6 0.6 UL51 0.62 UL31 0.84 UL21 1598 UL31 1.60 UL21 25 

4. UL37 19.4 RL2 0.6 UL6 0.53 UL21 0.84 UL35 1418 UL21 1.62 UL31 25 

5. UL6 19.3 UL5 0.6 UL11 0.50 UL46 0.82 UL46 1314 UL46 1.71 UL46 23 

6. UL32 18.8 UL12 0.6 RL2 0.47 UL34 0.82 UL31 1076 UL34 1.71 UL35 23 

7. UL22 18.7 UL37 0.4 UL52 0.42 UL33 0.81 UL49 1026 UL33 1.73 UL33 21 
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DNA replication helicase (UL5) and serine/threonine protein kinase (US3) were 

selected as presumed putative biological targets for acyclovir derivatives based on 

functional similarity with thymidine kinase (UL23) (Table 4.5). ATP binding and 

nucleotide binding were selected as enriched terms since they are associated with the 

acyclovir mechanism of action and related genes included UL5 and US3 with 

significant P value of 0.62 based on Benjamin Correction at P<0.05. 

 Table 4.3: Functional similarity kappa values of the target nodes with UL5 and 

US3 having values that meet the threshold. 

Target Name  
Cellular  

Component 

Molecular  

Function  

Biological  

Process 

Functional  

     Similarity  

        (UL23)  

UL5 
DNA replication 

Helicase  
Cell nucleus 

ATP binding  

helicase/Kinase 

activity 

DNA  

replication 
0.30 

US3 

Serine/threonine

-protein kinase  

 

Cell nucleus 
ATP binding 

Kinase activity 
Apoptosis 0.24 

UL52 

DNA primase 

 

 

Cell nucleus 

ATP binding 

Primase/helicase 

activity 

DNA  

replication 
0.20 

RL2             Ubiquitin ligase  
Viral 

envelope 

Hydrolase, 

protease 
Gene regulation  0.03 

UL3 
Nuclear 

Phosphoprotein  
Cell nucleus Phosphorylation  

Colocalization 

with regulatory 

proteins   

0.00 

US2 
Unique short 

glycoprotein 

Viral 

envelope  

Mitigation of host 

immune response 

Viral 

immunoevasion 
0.00 

UL49 
Tegument 

protein VP22 

Viral 

tegument 
RNAse activity  

Host virus 

interaction 
0.00 

UL33 

G-protein 

coupled receptor 

homolog 

Viral 

envelope  
Receptor  

Viral 

immunoevasion 
0.00 
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Target Name  
Cellular  

Component 

Molecular  

Function  

Biological  

Process 

Functional  

     Similarity  

        (UL23)  

UL32 
Packaging 

protein  
Cell nucleus 

Localization of 

capsids 

Packaging Virus 

genomic DNA  
0.00 

UL34 
Nuclear egress 

protein  

Nuclear 

membrane  

Viral nuclear 

egress 
Viral budding 0.00 

UL35 

Small 

Capsomere-

interacting 

protein  

Virion  
Assembly of 

virions  

Host virus 

interaction 
0.00 

UL12 
Alkaline 

nuclease  

Viral 

envelope  

DNA binding  

 

Host virus 

interaction 
0.00 

UL51 

Cytoplasmic 

envelopment 

protein 

Viral 

tegument 

Cytoplasmic 

envelopment 
Viral budding 0.00 

UL37 
Inner tegument 

protein  

Viral 

tegument 
Protein binding  Virion assembly 0.00 

UL22 
Envelope 

glycoprotein H 

Virion 

membrane  

Fusion of viral 

and plasma 

membranes 

Host virus 

interaction 
0.00 

UL11 

Cytoplasmic 

envelopment 

protein 

Viral 

tegument 

Cytoplasmic 

envelopment 
Viral budding 0.00 

UL46 
Tegument 

protein  

Viral 

tegument 
Activator  Transcription  0.00 

UL40 

Ribonucleoside-

diphosphate 

reductase   

Viral 

membrane  

oxido-reductase  

 

DNA replication  

Viral latency 
0.00 

UL31 
Nuclear egress 

protein 1 

Viral 

envelope  
Metal ion binding  Viral budding 0.00 

UL21 
Tegument 

protein  

Viral 

tegument 
Capsid maturation  DNA packaging 0.00 

US11 
Accessory 

factor  
Cell nucleus 

DNA/RNA 

binding  

Host virus 

interaction  
0.00 

UL6 Portal protein  
Viral 

envelope  

DNA 

translocation  

Viral genome 

packaging 
0.00 
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Target Name  
Cellular  

Component 

Molecular  

Function  

Biological  

Process 

Functional  

     Similarity  

        (UL23)  

UL15 

Tripartite 

terminase 

subunit  

Viral 

envelope  

DNA binding 

Hydrolase  

Viral genome 

packaging 
0.00 

UL14 
Tegument 

protein  

Viral 

tegument 
Nuclear transport  Viral replication  0.00 

 

4.3 Protein Modelling 

The best predicted model for Serine/Threonine Protein kinase (US3) had a TM score 

of 0.543, while that for DNA replication helicase (UL5) had a TM score of 0.194.  

Figure 4.3 illustrate the 3D best models for (a) DNA replication helicase and (b) 

serine/threonine protein kinase (b). 

 

Figure 4.3: 3D model representation of (A) DNA replication helicase and, (B) 

Serine threonine protein kinase. 
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The Ramachandran plots for omega, theta and phi torsion angles are illustrated on Figure 4.4 and Figure 4.5 for DNA 

replication helicase and serine/threonine protein kinase respectively. 

 

                Figure 4.4: The Ramachandran plots for DNA replication helicase indicating a quality model. 

 

                Figure 4.5: The Ramachandran plots for Serine/threonine protein kinase indicating a quality model. 
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4.4 Molecular Docking  

The molecular docking results reported for study are for the best pose between the 

receptor and the ligand with the Root Mean Square Deviation (RMSD) being 0.00. 

The lower the binding energies, the orientation is better. 2-amino-9-[(2-

hydroxyethoxy)methyl]-3,9-dihydro-6H-purin-6-one (1), 2-[(3,6-dihydro-9H-purin-

9-yl)methoxy]ethan-1-ol (17) and 1-(hydroxymethyl)-1,7-dihydro-4H-imidazo[4,5-

c]pyridin-4-one (19) had binding energies of -4.7 Kcal/mol while 2-amino-9-[(2-

hydroxyethoxy)methyl]-3,9-dihydro-6H-purin-6-one (27) had binding energy of -4.8 

Kcal/mol when docked against thymidine kinase. When docked against DNA 

replication helicase, 2-[(3,6-dihydro-9H-purin-9-yl)methoxy]ethan-1-ol (17) had the 

lowest binding energy at -6.2Kcal/mol followed by 2-amino-9-[(3Z)-3-

(methylimino)prop-1-en-1-yl]-3,9-dihydro-6H-purin-6-one (15) at-6.1Kcal/mol. 2-

amino-9-[(2-hydroxyethoxy)methyl]-3,9-dihydro-6H-purin-6-one(1), 9-

(ethoxymethyl)-6-methylidene-6,9dihydro-3H-purin-2-amine (3) and 1-

(hydroxymethyl)-1,7-dihydro-4H-imidazo[4,5-c]pyridin-4-one (19) had binding 

energy of 3.6 Kcal/mol, while 2-[(3,6-dihydro-9H-purin-9-yl)methoxy]ethan-1-ol 

(17) had binding energy of 3.5 Kcal/mol when docked against  serine/threonine 

protein kinase (Table 4.7). 

Table 4.4: Binding energies of the acyclovir derivatives when docked against the 

target proteins with some derivatives having lower binding energies 

than acyclovir. 

Derivative  Thymidine  

Kinase  

DNA replication 

helicase 

Serine Threonine  

Protein kinase  

Acyclovir  -4.6 -6.0  -3.4 

1 -4.7 -5.8              -3.6 

2 -4.4 -5.9 -3.2 

3 -4.6 -5.9 -3.6 
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As per the mean, minimum and maximum binding energies, DNA replication 

helicase emerged as the best target when compared to the other targets with 

minimum binding energy of 6.2 Kcal/mol as shown on Table 4.8. 

Table 4.5: Statistical evaluation for drug targets using binding energies. 

Drug Target Mean S. Dev Minimum Maximum 

Thymidine Kinase -4.6000 0.1211 -4.8000 -4.4000 

DNA replication helicase -5.188 2.959 -6.200 -5.700 

Serine/Threonine Protein 

Kinase 

-3.4000 0.1414 -3.6000 -3.2000 

 

Derivative  Thymidine  

Kinase  

DNA replication 

helicase 

Serine Threonine  

Protein kinase  

4 -4.6 -6.0 -3.4 

-3.5 6 -4.6 -5.9 

7 -4.5 -6.0 -3.4 

8 -4.6 -5.9 -3.4 

11 -4.5 -5.9 -3.2 

12 -4.6 -5.9 -3.4 

15 -4.4 -6.1 -3.2 

17 -4.7 -6.2 -3.5 

18 -4.8 -5.9 -3.4 

19 -4.7 -5.7 -3.6 

20 -4.5 -5.8 -3.4 

27 -4.8 -5.9 -3.2 
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4.5 Quantitative Structure Activity Relationship (QSAR) Analysis  

2-[(3,6-dihydro-9H-purin-9-yl)methoxy]ethan-1-ol (17) had the highest enzyme 

inhibition score at 1.0 compared to 0.84 for acyclovir (Figure 4.6).   

 

Figure 4.6: Enzyme inhibition scores for acyclovir derivative showing 

bioactivity scores of the derivatives against thymidine kinase. 

The enzyme score for 2-[(3,6-dihydro-9H-purin-9-yl)methoxy]ethan-1-ol is 

consistent with the lowest binding energies of -6.2Kcal/mol when docked against 

DNA replication helicase. This molecule lacks oxygen and amino group present in 

acyclovir. 2-amino-9-[(3Z)-3-(methylimino)prop-1-en-1-yl]-3,9-dihydro-6H-purin-6-

one(15) also had an enzyme inhibition score of 0.98 consistent with binding energies 

of -6.1Kcal/mol. Compared to acyclovir, it lacks an hydrogen and nitrogen atom on 

the guanine functional group instead of an hydroxide group.  

The bioavailability scores for the lead molecules were fairly good, with 2-amino-9-

[(3Z)-3-(methylimino)prop-1-en-1-yl]-3,9-dihydro-6H-purin-6-one (15) having a 

good human intestinal score of 0.9965 which is higher than acyclovir score of 

0.9583. 2-[(3,6-dihydro-9H-purin-9-yl)methoxy]ethan-1-ol (17) had a  score of 

0.9186  as shown on Figure 4.7. 
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Figure 4.7: Bioavailability scores for acyclovir derivatives showing absorption 

and side effects indicators. 

4.6 Lead Optimization  

The lead compounds, 2-[(3,6-dihydro-9H-purin-9-yl)methoxy]ethan-1-ol (17)  and 2-

amino-9-[(3Z)-3-(methylimino)prop-1-en-1-yl]-3,9-dihydro-6H-purin-6-one (15) 

were optimized. The optimized lead molecule for 2-[(3,6-dihydro-9H-purin-9-

yl)methoxy]ethan-1-ol (17), 

2‐[(6‐methyl‐6,9‐dihydro‐3H‐purin‐9‐yl)methoxy]ethan‐1‐ol had lower binding 

energies when docked against TK, DNA replication helicase and serine/threonine 

protein kinase at -5.6 kcal/mol, -4.7 kcal/mol and -4.1 kcal/mol respectively. For TK 

and Serine/threonine kinase, the values were higher than the initial molecule. 

The optimized lead molecule for 9-[(3Z)-3-(methylimino)prop-1-en-1-yl]-3,9-

dihydro-6H-purin-6-one (15), 2-amino-9-hydroxy-6,9-dihydro-3H-purin-6-one when 

docked against TK, DNA replication helicase and serine/threonine protein kinase had 

binding energies of -5.1 kcal/mol, -4.5 kcal/mol and -5.1 kcal/mol respectively. For 

TK and Serine/threonine kinase, the values were higher than the initial molecule. 

2‐[(6‐methyl‐6,9‐dihydro‐3H‐purin‐9‐yl)methoxy]ethan‐1‐ol had an enzyme 

inhibition score of 0.90, while 2-amino-9-hydroxy-6,9-dihydro-3H-purin-6-one had 
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an enzyme inhibition score of 0.44 an indicator of low bioactivity. 

2‐[(6‐methyl‐6,9‐dihydro‐3H‐purin‐9‐yl)methoxy]ethan‐1‐ol had  HIA, Caco2, BBB 

and P-glycoprotein values of 0.9702, 0.6362, 0.9880 and 0.9717, respectively while 

the initial molecule had 0.9186, 0.6660, 0.9174 and 0.6861, respectively. Thus, 

2‐[(6‐methyl‐6,9‐dihydro‐3H‐purin‐9‐yl)methoxy]ethan‐1‐ol was the best optimized 

lead molecule (Figure 4.8)  

 

Figure 4.8: Optimized lead molecule: 2‐[(6‐methyl‐6,9‐dihydro‐3H‐purin‐  

9yl)methoxy]ethan‐1‐ol with improved bioavailability. 

4.7 In vitro Studies  

The IC50 of acyclovir at 24 hours and 48 hours were 16.18 μg/ml and 38.10 μg/ml 

with R squared values of 0.7894 and 0.9098 respectively (Figure 4.9 and 4.10). The 

IC50 values obtained indicate that lower concentrations of the drug shall be 

applicable for in vitro potency and safety pharmacology profiles studies for acyclovir 

and the synthesized lead molecule.  

 

Figure 4.9: Resazurin test showing a seeded well plate before and after addition 

of resazurin. 
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Figure 4.10: Cytotoxicity study at 24 hours thus lower concentrations required for 

potency studies. 

 

 

 

Figure 4.11: Cytotoxicity study at 48 hours, shows that potency studies shall be 

limited to within 24 hours or less. 
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CHAPTER FIVE 

DISCUSSION 

5.1 Discussion  

The bioavailability of acyclovir ranges from 10 – 30 % with low permeability (Assis 

et al., 2021). Out of thirty modelled derivatives, two derivatives 2-[(3,6-dihydro-9H-

purin-9-yl)methoxy]ethan-1-ol and 2-amino-9-[(3Z)-3-(methylimino)prop-1-en-1-

yl]-3,9-dihydro-6H-purin-6-one emerged as lead compounds with high 

bioavailability. Although the lead compounds and acyclovir are analogs of the same 

nucleoside, the slight structure differences between the drugs have led to differences 

in pharmacology including the human intestinal absorption and cell permeability as 

was observed for penciclovir (PCV), an anti-HSV guanosine analog with structural 

differences with acyclovir. PCV had higher affinity for viral TK and viral DNA 

polymerase as compared to acyclovir thus higher concentrations over prolonged 

periods in infected cells (Landis, 2021).  The 22 acyclovir derivatives modelled also 

have the potential of being used as alternative HSV drug compounds due to the 

chemical structure differences with acyclovir, thus addressing the drug resistance 

associated with acyclovir. 

The main mechanism of HSV resistance to nucleoside analogs results from mutations 

in the thymidine kinase gene (Sadowski et al., 2021). Network pharmacology and 

gene ontology studies identified putative HSV targets, UL5 and US3 to circumvent 

HSV drug resistance. The predicted proteins provide potential therapeutic targets for 

anti-herpes drugs that does not necessarily utilize the thymidine kinase directed 

pathway. The molecular functions: ATP binding and kinase/helicase activity of the 

putative targets are as a result of helicase motifs which are involved in viral 

replication which thus an important aspect in addressing drug resistance (Bermek and 

Williams, 2021). Anti-herpes drugs target to inhibit viral replication thus control and 

treat herpes simplex virus infections (Dong et. al., 2021). 

Molecular docking results indicated that DNA replication helicase had the lowest 

mean binding energies followed by serine/threonine protein kinase thus high 
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bioactivity of the derivatives compared to thymidine kinase as the target. Two 

derivatives, 2-[(3,6-dihydro-9H-purin-9-yl)methoxy]ethan-1-ol and 2-amino-9-[(3Z)-

3-(methylimino)prop-1-en-1-yl]-3,9-dihydro-6H-purin-6-one had lower binding 

which correlates to the high bioactivity. The compounds with the lowest binding 

energies compared to their alternatives were selected as lead compounds (Meng et 

al., 2012). Acyclovir is known to cause adverse effects such as neurotoxicity 

(Watson et al., 2017), nausea and vomiting (Hassan et al., 2016). Blood brain barrier 

(BBB) prediction of acyclovir derivatives modelled showed values above 0.90 with 

the optimized lead having a value of 0.9880 thus reduced side effects to the patient. 

This shall increase tolerance in patients which shall lead to increased adherence to 

treatment and overall reduced infection. 

The optimized lead compound, 2‐[(6‐methyl‐6,9‐dihydro‐3H‐purin‐9‐yl) methoxy] 

ethan‐1‐ol, has a methyl group and no carbonyl and amine group thus increased 

bioavailability which is the extent and rate to which the active drug ingredient or 

active moiety from the drug product is absorbed and becomes available at the site of 

drug action (Chow, 2014). This modification also, led to increased bioactivity which 

is the pharmacological action of drug compound, due to increased topological polar 

surface area. This study developed and optimized a novel acyclovir derivative; 

2‐[(6‐methyl‐6,9‐dihydro‐3H‐purin‐9‐yl) methoxy]ethan‐1‐ol and evaluated its 

pharmacodynamics and pharmacokinetics. Similar studies for instance, Neelabh et. 

al., 2015, designed a ligand known as NNK that targeted the thymidine kinase but, 

they only evaluated binding affinity through molecular docking. The lead compound 

is patented with the Kenya Industrial Property Institute (KIPI) under patent number 

KE 947.  

To exclude that inhibitory activities observed during in vitro studies are due to 

cellular alterations caused by acyclovir, cell viability assays were done at different 

drug concentrations and control. It was found that, the IC50 values of acyclovir at 24 

hours and 48 hours were 16.18μg/ml and 38.10μg/ml with R squared values of 

0.7894 and 0.9098 respectively. The values indicate potency and shall be used to 

optimize further in vitro assays. 



 

42 

 

CHAPTER SIX 

CONCLUSION AND RECOMMENDATION 

6.1 Conclusion 

The molecular modelling of acyclovir was successive with 73% of derivatives having 

zero violations thus passing the Lipinski’s Rule of Five (Ro5). The ligand-based drug 

design technique used for molecular modelling of acyclovir derivatives altered the 

structure of the pharmacophore of acyclovir and thus its physical, chemical and 

biological activity thus increased bioavailability and bioactivity.  

The identification of putative targets; DNA replication helicase and serine/threonine 

protein is crucial in circumventing drug resistance associated with the mutation of 

HSV TK and DNA polymerase genes due to lifelong recurrent clinical episodes 

caused by HSV infection especially in immunocompromised patients. The biological 

targets identified could be used to introduce polypharmacology in the design and 

development of novel synergistic drug therapies against HSV. 

Findings from molecular docking showed that 2-[(3,6-dihydro-9H-purin-9-

yl)methoxy]ethan-1-ol and 2-amino-9-[(3Z)-3-(methylimino)prop-1-en-1-yl]-3,9-

dihydro-6H-purin-6-one had the lowest binding energies when docked against the 

known target and the identified putative targets compared to the other  

Study findings on pharmacokinetic and pharmacodynamic studies involving the 

designed acyclovir derivative indicate that the acyclovir derivatives have better 

bioactivity and bioavailability with bioactivity score of 1.0 for ligand 17 and 0.84 for 

acyclovir.  

The lead acyclovir derivative, 2‐[(6‐methyl‐6,9‐dihydro‐3H‐purin‐9‐yl) methoxy] 

ethan‐1‐ol has improved bioavailability and thus can act on the biological target.  

(2‐[(6‐methyl‐6,9‐dihydro‐3H‐purin‐9‐yl)methoxy]ethan‐1‐ol) which is patented 

with Kenya Industrial Property Institute (KIPI) under Patent Number KE 947 can 

contribute greatly to the management of  HSV infections. The in-silico identification 
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of the acyclovir derivatives lead compound underscores the importance of computer 

aided drug design as an alternative method of drug discovery and development. 

6.2 Recommendations 

The study recommends further in vitro and in vivo safety and efficacy studies of the 

22 derivatives modelled including the lead optimized compound, 

(2‐[(6‐methyl‐6,9‐dihydro‐3H‐purin‐9‐yl)methoxy]ethan‐1‐ol) for possible 

development of new anti-herpes therapeutic compounds. The study further 

recommends molecular validation of the two new potential biological targets (DNA 

replication helicase and serine/threonine protein kinase) as well as other possible new 

targets for the derivatives. 
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