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ABSTRACT (ENGLISH) 
# # 5971923123 : MAJOR BIOCHEMISTRY AND MOLECULAR BIOLOGY 
KEYWORD: HBV reverse transcriptase, Stavudine, Didanosine, Zidovudine, Molecular dynamics simulation, 

Pharmacophore-based screening, Replica exchange molecular dynamics, HCV NS3/4A protease, 
Asunaprevir, Principal component analysis 

 Jirayu Kammarabutr : DRUG RESISTANCE MECHANISM OF NS3/4A PROTEASE AND IDENTIFICATION OF POTENT 
COMPOUNDS INHIBITING REVERSE TRANSCRIPTASE OF HEPATITIS VIRUS. Advisor: Asst. Prof. THANYADA 
RUNGROTMONGKOL, Ph.D. 

  
Viral Hepatitis has become a public health concern which caused 1.34 million deaths in 2015 and 95% of 

sickness and untimely deaths come from chronic hepatitis B and C virus infections. The epidemic of viral hepatitis B and 
C affects around 325 million people worldwide and is 10 times more than the global HIV epidemic. Hepatitis C virus (HCV), 
which is the main cause of hepatitis C, has a high mutation rate due to the lack of proofreading activity of the RNA 
polymerase enzyme. One of an attractive target for anti-HCV drug design and development is the NS3/4A serine protease. 
Whereas hepatitis B virus (HBV) infection can result in both acute and chronic diseases in the human liver. Current 
therapeutic drugs for HBV treatment are the nucleos(t)ide analogues (NAs) acting as competitive inhibitor against HBV 
reverse transcriptase (RT). In the present study, all-atom molecular dynamics (MD) simulations were performed to 
investigate the influence of the single point mutations (R155K and D168A) in the HCV genotype 1 NS3/4A protease on the 
structural dynamics, molecular interactions and susceptibility of asunaprevir (ASV). Principal component analysis (PCA) 
indicated that these two mutations caused a loss of the hydrogen bond network of residues R123--R155--D168. In addition, 
the free energy calculations based on different semiempirical QM/MM-GBSA methods revealed that the binding affinity of 
ASV with the two mutant forms was significantly decreased in the order of wild-type < R155K < D168A. In the case of HBV, 
MD simulations were performed on the HBV-RT in complex with anti-HIV drugs (stavudine, didanosine and zidovudine) and 
anti-HBV drug (lamivudine) to determine the ligand-protein interactions and binding efficiency towards the HBV-RT. The 
predicted binding free energies showed that stavudine had the binding affinity against HBV-RT similar to zidovudine and 
relatively better than the substrate and lamivudine. Afterward, the conformations of anti-HIV drugs in bound state with 
HBV-RT were investigated with their unbound form to elucidate the most stable conformation of anti-HIV drugs using 
replica exchange molecular dynamic. The results suggested that the conformations of all anti-HIV drugs in bound form 
were the most stable conformation. Moreover, the exploration of new potent drugs against HBV-RT, which were screened 
from the three-dimensional pharmacophore modeling was evaluated their anti-HBV activity. Based on pharmacophore-
based screening and similarity search for 50% of nucleoside-based scaffold, the three commercial drugs, including 
floxuridine, trifluridine and sofosbuvir were selected. The in vitro study showed that floxuridine possibly reduced the HBV 
DNA but still had toxicity with hepatocytes. This research provided the useful structural information regarding the atomistic 
understanding of acquired drug resistance and a rational guidance for antiviral drug design and development. 
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CHAPTER I 
INTRODUCTION 

 
Viral Hepatitis has become a public health challenge of global proportion which 

caused 1.34 million deaths in 2015, indicating a number comparable to deaths caused 
by tuberculosis and higher than those caused by HIV. However, the number of deaths 
due to viral hepatitis is increasing over time, while mortality caused by tuberculosis 
and HIV is declining. Most viral hepatitis deaths in 2015 were due to chronic liver 
disease with 720,000 deaths by cirrhosis and primary liver cancer with 470,000 deaths 
due to hepatocellular carcinoma. Although there are 5 distinct types of viral hepatitis 
(A-E), chronic hepatitis B and C cause 95% hepatitis related sickness and untimely 
deaths. Hepatitis D is less common and occurs only in association with hepatitis B. The 
other viruses (A & E) are spread via contaminated food, water and cause acute 
infections and outbreak in areas of poor sanitation and inadequate waste disposal [1]. 
Acute infections are often short-lived and resolve within a few weeks. The epidemic 
caused by hepatitis B virus (HBV) affects mostly the African Region and the Western 
Pacific Region. The epidemic caused by hepatitis C virus (HCV) affects all regions, with 
major differences between and within countries. The epidemic of both viral hepatitis 
B and C affects 325 million people globally and is 10 times larger than the global HIV 
epidemic. In Africa, chronic viral hepatitis affects over 70 million Africans (60 million 
with hepatitis B and 10 million with hepatitis C). Antiviral medicines can cure more 
than 95% of persons with hepatitis C infection, thereby reducing the risk of death from 
liver cancer and cirrhosis, but access to diagnosis and treatment is low. In addition, 
there is currently no vaccine for hepatitis C. For HBV, a vaccine has been available 
since 1982. The vaccine is 95% effective in preventing infection and the development 
of chronic disease and liver cancer due to hepatitis B. Viral hepatitis can now be treated 
with new simple oral medications which cure hepatitis C infections within 12 weeks 
and effectively control chronic Hepatitis B infection with longer term treatment. 
However, there were more new HBV and HCV infections than patients who were started 
on treatment. By the concept of target inhibition networks of antiretroviral (ARV) 
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regimen for a treatment-naive patient, two from three of drugs were nucleoside reverse 
transcriptase inhibitors (NRTIs) and protease inhibitor (PI) which targeted reverse 
transcriptase and protease of virus, respectively. These two enzyme also occurred in 
both HCV and HBV, suggesting that reverse transcriptase and protease are the major 
target for inhibiting viral hepatitis. 

 
1.1 Hepatitis C virus 

 1.1.1 Genomic organization 
HCV is a small (50-80 nm in size) enveloped RNA virus belonging to the 

Hepacivirus genus of the Flaviviridae family [2]. The HCV particle consists of a 

nucleocapsid, which contains the positive single-stranded RNA genome of 

approximately 9.6 kb, which contains an open reading frame (ORF) encoding a 

polyprotein precursor of approximately 3000 residues flanked by untranslated regions 

(UTRs) at both ends covered by a host cell-derived lipid envelope [3]. The precursor 

is cleaved into at least 10 different proteins: the structural proteins Core, E1, E2 and 

p7, as well as the non-structural proteins NS2, NS3, NS4A, NS4B, NS5A and NS5B (Fig. 

1). The E1 and E2 regions are the most variable, while the 5’UTR and terminal segment 

of the 3’UTR have the highest degree of sequence conservation among various 

isolates. The 5’UTR, which is 341 nucleotide in length, contains an internal ribosomal 

entry site (IRES), which is essential for cap-independent translation of viral RNA, from 

which four highly structured domains are produced. The 3’UTR varies between 200 

and 235 nucleotide in length, including a short variable region, a poly(U/UC) tract with 

an average length of 80 nucleotide, and a virtually invariant 98 nucleotide X-tail region. 

The X region forms three stable stem–loop structures that are highly conserved among 

all genotypes.  It appears that the 3’X region and the 52 nucleotide upstream of the 

poly(U/C) region, are crucial for RNA replication, while the remainder of the 3’UTR 

plays a role in enhancement of replication. 
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Figure 1 HCV genome organization and polyprotein processing 
 

1.1.2 NS3/4A protease complex 
NS3 is a multi-functional viral protein containing a serine protease domain in 

its N-terminal third and a helicase/NTPase domain in its C-terminal two-thirds. NS4A is 

a cofactor of NS3 protease activity. NS3/4A is a complex bifunctional molecule 

essential for viral polyprotein processing and RNA replication [2, 4]. The catalytic triad 

is formed by residues His 57, Asp 81 and Ser 139 of NS3. It catalyzes HCV polyprotein 

cleavage at the NS3/NS4A, NS4A/NS4B, NS4B/NS5A and NS5A/NS5B junctions. The 

central portion of NS4A is important for efficient processing of the nonstructural 

proteins by NS3. The central region of NS4A acts as a cofactor of NS3 serine protease 

activity, allowing its stabilization, localization at the ER membrane as well as cleaveage-

dependent activation, particularly at the NS4B/NS5A junction.  
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1.1.3 Global prevalence and genotype distribution of hepatitis C virus 

infection 

Currently, HCV infects over 185 million people and long-term HCV-infected 

patients are under an increased risk of developing liver diseases, such as cirrhosis and 

hepatocellular carcinoma.  HCV strains are classified into seven recognized genotypes 

(1 - 7 )  on the basis of phylogenetic and sequence analyses of whole viral genomes. 

Genotype 1 is the most common HCV genotype worldwide, accounting for 83.4 million 

(46.2%) with over one-third of genotype 1 cases located in East Asia. HCV genotype 3 

is the next most common and is estimated to account for 54.3 million (30.1%) cases 

globally, approximately three-quarters of which occur in south Asia. Genotypes 2, 4, 

and 6 are responsible for the majority of the remaining cases of HCV worldwide, with 

an estimated 16.5 million (9.1%), 15.0 million (8.3%), and 9.8 million (5.4%) cases, 

respectively. East Asia accounts for the greatest numbers of genotype 2 and genotype 

6 HCV cases, while North Africa and the Middle East have the largest number of 

genotype 4 cases. It has been reported that genotype 1 is the most common genotype 

in 85 of the 117 countries and is highly prevalent worldwide [5]. Genotype 2 dominated 

in West Africa, genotype 3 in south Asia and parts of Scandinavia, genotype 4 in Central 

and North Africa, Genotype 5 in South Africa, and genotype 6 in SE Asia [5]. The diversity 

of genotypes is high in China and many Southeast Asian countries 

 
1.1.4 HCV life cycle 

1.1.4.1 Attachment and entry 

Attachment of the virus to a cell followed by viral entry is the first step in the 

virus life cycle. In order to enter the host cell, the virus must first bind to a receptor 

on the cell surface. After attachment, the nucleocapsid of enveloped viruses is 

released into the cell cytoplasm as a result of a fusion process between viral and 

cellular membranes. The entry process is controlled by viral surface glycoproteins that 
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trigger the changes required for mediating fusion. By analogy, HCV envelope 

glycoproteins are believed to belong to class II fusion proteins. However, HCV envelope 

glycoproteins do not appear to require cellular protease cleavage during their transport 

through the secretory pathway. HCV entry into cells is pH-dependent and endocytosis-

dependent but the identity of the HCV fusion peptide remains unclear.  

 
1.1.4.2 Translation and post-translational processing 

Decapsidation of viral nucleocapsids releases free positive-strand genomic RNAs 

into the cell cytoplasm, where they serve, together with newly synthesized RNAs, as 

messenger RNAs for synthesis of the HCV polyprotein. HCV genome translation is under 

the control of the IRES of the 5'UTR and the first nucleotides of the core-coding region. 

The HCV IRES has the capacity to form a stable pre-initiation complex by directly 

binding the 40S ribosomal subunit without the need of canonical translation initiation 

factors. This binary complex then binds to eukaryotic initiation factor 3 [6], as well as 

the ternary complex eIF-2, GTP, to form a 48S-like complex. A second GTP hydrolysis 

step involving initiation factor eIF5B then enables the 60S ribosomal subunit to 

associate, forming a functional 80S ribosome that initiates viral protein synthesis. 

 
1.1.4.3 Polyprotein processing 

The main translation product of the HCV genome is a large precursor 

polyprotein that is subsequently processed by cellular and viral proteases into mature 

structural and nonstructural proteins (Fig. 1). From the hydrophobicity profile and 

dependence on microsomal membranes, junctions at core/E1, E1/ E2, E2/p7, p7/NS2 

are processed by host signal peptidases. Cleavage by the host signal peptidase yields 

the immature form of the core protein. The signal peptide is further processed by a 

host signal peptide peptidase (SPP) to yield the mature form of the core protein. HCV 

nonstructural proteins are processed by two viral proteases: cleavage between NS2 
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and NS3 is a rapid intramolecular reaction mediated by a NS2-3 protease spanning NS2 

and the N-terminal domain of NS3. In contrast, the remaining four junctions are 

processed by the NS3 protein. The NS3-NS5B region is presumably processed by 

sequential cleavage: NS3/4A>NS5A/5B>NS4A/4B>NS4B/5A.  

 

1.1.4.4 RNA replication 

HCV replication is assumed to start with synthesis of a complementary 
negative-strand RNA using the positive-strand genome RNA serves as a template. In 
The second step, negative-strand RNA serves as a template to produce numerous 

strands of positive polarity that will subsequently be used for polyprotein translation, 

synthesis of new intermediates of replication or packaging into new virus particles, both 

steps of which are catalyzed by the NS5B RdRp. The positive-strand RNA progeny is 

transcribed in a five to ten fold in excess compared to negative-strand RNA. NS5B RpRd 

was initially thought to catalyze primer-dependent initiation of RNA synthesis, either 

through elongation of a primer hybridized to the RNA template or through a copyback 

mechanism. 

 
1.1.4.5 Viral assembly and release 

As with related viruses, the mature HCV virion likely consists of a nucleocapsid 

and outer envelope composed of a lipid membrane and envelope proteins. The N-

terminal half of the core protein is important for nucleocapsid assembly. Nucleocapsid 

assembly generally involves oligomerization of the capsid protein and encapsidation 

of genomic. This process is thought to occur upon interaction of the core protein with 

viral RNA, and the core-RNA interaction may be critical for switching from RNA 

replication to packaging. Once a HCV nucleocapsid is formed in the cytoplasm, it 

acquires an envelope as it buds through an intracellular membrane. Interactions 
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between the core and E1/E2 proteins are thought to determine viral morphology. HCV 

particles are released from the cell through the secretory pathway [2, 4].  

 

1.1.5 Treatment of HCV infection 

The currently used anti-HCV agents are targeted inhibitors against the important 

NS3/NS4A protease, NS5B polymerase and NS5A viral proteins [7]. For the treatment 

of HCV patients, the combination of PEGylated-interferon-α and ribavirin is extremely 

expensive but only effective for ~50% of HCV patients [8, 9]. Moreover, this therapy 

causes several adverse side effects, including alopecia, rash/itching, nausea, 

thrombocytopenia and anaemia. Consequentially the NS3/4A protease has become 

one of the attractive targets for anti-HCV drug design and development [4]. Importantly, 

the NS3 proteolytic activity and the acceleration of the cleavage rate are associated 

with the NS4A cofactor [10]. The HCV therapy has been improved by the use of 

boceprevir [11-13] and telaprevir [14, 15], which specifically inhibit the NS3/4A protease 

enzyme. Although this treatment leads to an increased rate of sustained virologic 

response, such therapeutic drugs have a low success rate [16]. Recent drugs, such as 

simeprevir [17, 18] and vaniprevir [19, 20], were approved for the treatment of HCV-

infected patients in 2013 and 2014, respectively. In addition, other inhibitors are 

currently used in clinical studies such as danoprevir [21, 22], grazoprevir [23], 

faldaprevir [24], vedroprevir [8] and asunaprevir (ASV; [25, 26]). Because HCV lacks a 

proofreading activity of its RNA polymerase enzyme, high mutation rates in response 

to the treatments have been widely reported, resulting in resistance to drugs/inhibitors 

[27-30]. ASV is a second-generation NS3/4A protease inhibitor that was approved for 

use in combination with daclatasvir in Japan for the treatment of HCV genotype 1-

infected patients [31]. However, ASV has not yet been approved in the USA and Europe, 

where it is currently in phase III clinical trials [32]. This compound shows a strong 

antiviral activity against genotypes 1 and 4 of HCV [25, 26]. From in vitro studies, the 
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acquired resistance against ASV caused by the two single point mutations of R155K 

and D168A in the NS3/4A protease results in a lower susceptibility to ASV, with an ~21- 

and 23-fold reduced half maximal effective concentration (EC50), respectively [29]. 

These two mutated residues are located near the protease active site (Fig. 2) and were 

also found to reduce the binding affinities of some other anti-HCV inhibitors, such as 

danoprevir [21, 22], simeprevir [17, 18] and grazoprevir [23], by changing the 

conformation of the active site [33-35]. For instance, the absence of a Nε, which is the 

nitrogen atom at epsilon position, of residue K155 prevented the interaction between 

residues 155 and 168, which disrupted the interaction of ASV with the target protein 

[36]. 
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Figure 2 (A) Chemical structure of ASV, in which the P1', P1, P2, P3 and P4 substituents 

are shaded by black, pink, purple, blue and orange, respectively. (B) Three-
dimensional structure of the ASV-NS3/4A complex, where the acquired 
resistance caused by the R155K and D168A point mutations towards the NS3/4A 
protease is also shown.  
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1.2 Hepatitis B virus 

1.2.1 Genomic organization 

HBV is a small enveloped DNA virus that classify to the family Hepadnaviridae, 

genus Orthohepadnavirus. Hepadnaviruses are para-retroviruses which reverse 

transcription occurs in the virus-producing cell from pregenomic RNA (pgRNA) [37]. HBV 

contains an open circular DNA genome, which is partially double-stranded and contains 

overlapping protein reading frames over much of its length, corresponding to a high 

information density (Fig. 3). The partially double-stranded DNA is represented in both 

the minus- and plus-strands, with the variably extended region of the plus-strand 

shown dashed, the direct repeats marked and the RNA primer shown as a zig-zag. The 

ribosome binding sites are shown as grey arrows. The overlap over most of the genome 

and are labelled C (and preC) for the core (and pre-core), P for the polymerase, E for 

the envelope proteins (with the large, medium and small surface proteins shown 

outside as dotted lines, to show the preS1  and preS2  at the N-termini) and X for 

protein X [37, 38]. 

 

1.2.2 HBV life cycle 

 HBV infects only hepatocytes and binds specifically to an unknown receptor 

on the pre-S1  region of the surface protein which is attached on the liver cell 

membrane. Presently, the precise mechanism of viral entry has not been reported yet. 

However, the mechanism of viral entry that the viral particle passes through cellular 

plasma membrane of liver cell by fusion of the viral membrane and cellular plasma 

membrane have been proposed as potential pathway [ 3 8 ] .  The virus binds to the 

sodium taurocholate co-transporting polypeptide (NTCP) receptor on the surface of 

hepatocytes and is endocytosed, releasing its DNA-containing nucleocapsid into the 

cytoplasm. After core is released into the cytoplasm and transport relaxed circular DNA 

(rcDNA) containing nucleocapsid to the host nucleus, the rcDNA is repaired at the nick 
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in the minus-strand and the gap in the plus-strand by both viral and cellular enzymes 

to form covalently closed circular DNA (cccDNA) as shown in Fig. 4. This process aims 

to produce the cccDNA in the nucleus [39]. 

 

 
Figure 3 Genomic map for hepatitis B virus [37] 

 
Integration of HBV DNA into the host genome also takes place. The cccDNA 

functions as a mini-chromosome and template for transcription of viral RNA. Due to 

the long half-life of hepatocytes, cccDNA will persist indefinitely within the host 

hepatocyte nucleus, thereby serving as a reservoir for reactivation of viral replication. 

The cccDNA consists of the precore/core gene, the polymerase gene, the PreS1/L-, 

PreS2/M- and Surface/S-gene and the X gene. The precore/core gene is coded for the 

nucleocapsid protein and for the secreted, non-structural, precore protein, the HBV 
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envelope antigen (HBeAg). Other three genes, the PreS1/L-, PreS2/M- and Surface/S-

gene, are coded for the three envelope proteins. 

 

 
Figure 4 The hepatitis B virus and replication cycle [39] 

 
The enveloped virions bind to the host cell by an unknown PreS1 region. The 

protein X has been suggested to be involved in many control processes in the infected 

cell, resulting in increased synthesis of viral proteins and also possible inhibition of 

apoptosis of the infected cell. Unfortunately, the mechanism of X protein is still the 

least understood. The cccDNA is transcribed into subgenomic RNA (sgRNA) and 

pregenomic RNA (pgRNA). The self-assembly of the RNA-containing viral nucleocapsid 

occurred via complex formation of the pgRNA with core protein and polymerase (RT 

domain). The assembly starts when the RT binds to a short hairpin element located 
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on the pgRNA. The RT in complex with RNA acts as the nucleus for assembly of core 

protein. This enzyme also consists of a terminal protein (TP) domain containing a 

tyrosine residue which acts as the primer for addition of the first deoxynucleotide 

triphosphate during synthesis of the minus-strand of the viral DNA. As the RT bound to 

pgRNA at a specific site (ε region) near 5’-terminus in Core assembly process, DNA 

synthesis starts copying specific sequence in ε region by receiving first deoxynucleotide 

triphosphate onto a tyrosine residue in the active site of the RT [37, 38]. The synthesis 

of minus-strand DNA proceeds through the 5’-direct repeat (DR1) to the 5’-terminus of 

pgRNA where it keeps for any further template. At this process, the primer DNA shifts 

from the 5’-DR1 onto the 3’-DR1, allowing further elongation of the primer. The RNase 

H activity starts to degrade the pgRNA (template) as the minus-strand DNA grows which 

means that an RNA/DNA double helix is the substrate for RNase H. After the RT reaches 

the 5’-terminus of the pgRNA for the second time, it will have a second minus-strand 

DNA with terminal repeats in the same orientation and a short RNA fragment, degrading 

by RNase H from the template. The short RNA fragment will hybridize to the 3’-DR1 

region of the minus-strand DNA which it acts as the initial primer for the plus-strand 

synthesis. The synthesis of the DNA plus-strand begins when the end of the single 

strand DNA are close together which allow the primer (RNA fragment) to move from 

3’-DR1 onto DR2 of minus-strand. After the 3’-end of primer bind to the 3’-DR1 of the 

minus-strand, the plus-strand is now ready for elongation process catalyzed by the RT 

function. These RNA-containing cores are still immature which are not ready to envelop 

and do not normally interact with the surface protein, until double-stranded DNA has 

been formed. The nucleocapsids are not only re-imported to the nucleus but also 

enveloped and released via the endoplasmic reticulum (ER). In case of import to the 

nucleus, the pgRNA is reverse transcribed into negative-strand DNA by the RT inside 

the nucleocapsid (as describe above). Afterwards, rcDNA is created by plus-strand 

synthesis from the negative-strand DNA for cccDNA amplification in the nucleus. On 
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the other hand, in cytoplasm, RNA-containing nucleocapsids undergo a maturation 

process to DNA containing nucleocapsids by reverse transcription from pgRNA to 

pgDNA. After import into the ER lumen, the envelope proteins are secreted by the cell 

either as small, non-infectious subviral spherical (SVRs) or as infectious virions. 

Especially, the non-infectious SVPs are produced in a thousand to million fold excess 

over virions [37, 38].  

 
1.2.3 Reverse transcriptase (RT) 

 The RT is an enzyme used to synthesis the complementary ploy-DNA by 

utilizing both poly-RNA and poly-DNA as template, a process termed reverse 

transcription [40]. These enzymatic activities have been referred to as RNA-dependent 

DNA polymerase and DNA-dependent DNA polymerase activity. The two activities are 

appeared to share a common active site and have very similar heat inactivation profiles 

[40, 41]. As like known DNA polymerase, the RT also requires a primer to initiate DNA 

synthesis which both ribo and deoxyribo-oligomers can used as primer. The efficiency 

of transcription differs with the source of reverse transcriptase and the divalent cations 

used in the reaction. However, the RT lacks proofreading activity due to the absence 

of 3'-5' exonuclease activity [42]. For instance, RT from avian myeloblastosis virus [43] 

shows the large number of incorrectly paired bases when copying ribopolynucleotide 

and deoxyribopolynucleotide templates. Importantly, the frequency of error of RT 

from AMV is 1 in 600 when transcribing homopolymer templates and 1 in 6000 when 

copying alternating copolymer templates. Moreover, the RT can specifically degrade 

the RNA moiety of an RNA-DNA hybrid by RNase H activity. The degradation is 

independent on the synthesis of complementary DNA since preformed hybrids are 

susceptible to degradation [44, 45]. This enzyme acts as an exoribonuclease differ from 

cellular RNase H which is an endoribonuclease [46, 47]. A processive nuclease is 

defined as an enzyme which once bound to the polynucleotide chain substrate 
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completely degrades the substrate before being released. In addition, the digested 

RNA product has a phosphate-5' and 3'-OH, suggesting that the degraded RNA template 

can act as primer for the synthesis of the second strand of DNA. From all available 

data indicate that DNA polymerase and RNase H activities reside on the same 

polypeptide which has different functional sites [40, 41, 47, 48]. 

 
1.2.4 Diagnosis 

To diagnose the HBV infection, commercially available serological tests are 

used to detect HBV surface antigen (HBsAg), HBeAg, HBV surface antibody (anti-HBs), 

HBV core antibody (anti-HBc), HBV envelope antibody (anti-HBe), and HBV DNA [39]. 

Note that Chronic HBV infection is defined as detection of HBsAg on 2 times measured 

at least 6 months apart. Diagnosis of acute and chronic HBV infection can classify into 

4 cases: HBV infection, resolved infection, immunity and isolated core. Individuals who 

present HBsAg for more than 6 months are defined chronic infection. Individuals with 

chronic HBV infection are typically asymptomatic and are diagnosed during routine 

health maintenance or screening. In case of acute infection, anti-HBc will be detected 

in the form of immunoglobulin M (IgM). Only 5 to 10% of individuals with acute HBV 

infection will progress to chronic HBV infection. Interestingly, only one-third of 

individuals develop symptoms such as fever, fatigue, malaise, abdominal pain and 

jaundice during an acute HBV infection. Among individuals who recover from HBV 

infection, 80% will develop anti-HBs and all will develop anti-HBc which is presented 

in form of immunoglobulin G (IgG) [39]. Besides, HBsAg is now no longer detected in 

this case. Thus, testing for anti-HBc is important for identifying individuals who may 

have been previously infected. Essentially, individuals younger than 19 years should 

be vaccinated, resulting in gaining immunity. Only anti-HBs will be detected in 

immunity case. Note that individuals with anti-HBs levels less than 10 IU/L are 

considered not immune. 
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1.2.5 Phases of HBV Infection 

Individuals with chronic HBV infection can transition between periods of 

immunologic activity and inactivity several times during a lifetime. Chronic HBV 

infection is divided into 4 phases: HBeAg-positive immunotolerance disease, HBeAg-

positive immunoactive disease, HBeAg-negative inactive disease (inactive chronic HBV 

or low replicative), and HBeAg-negative immunoreactive disease. There are 2 

immunologically active phases, including the HBeAg-positive immunoactive phase and 

HBeAg-negative immunoreactive phase, and 2 immunologically inactive phases, 

including the HBeAg-negative immunotolerance phase and the HBeAg-negative inactive 

phase. Individuals in the immunotolerance and HBeAg-negative inactive disease phases 

are asymptomatic while individuals in the HBeAg-positive immunoactive and HBeAg-

negative immunoreactive disease phases can transition from asymptomatic to liver 

failure. To determine the phase of chronic HBV infection, the serological markers are 

used to detect the presence or absence of HBeAg and anti-HBe, the quantity of HBV 

DNA (HBV DNA level), level of alanine aminotransferase (ALT; known as a sensitive 

marker of liver inflammation) and the presence or absence of intrahepatic 

necroinflammation and fibrosis. The use of these biomarkers shows the presence of 

intrahepatic immunologic activity which provides a damage level of liver cell. More 

importantly, combining these biomarkers is important in determining the need for 

treatment initiation [39]. Individuals with acute HBV infection are positive for HBeAg. 

With the progress from acute HBV infection to chronic HBV infection, individuals can 

become negative for HBeAg (loss of HBeAg). The transition from positive to negative of 

HBeAg is associated with a decrease in HBV DNA level (<2,000 IU/mL) and suspension 

of liver inflammation and injury which is in the HBeAg-negative inactive disease phase. 

However, the duration of each phase is not well known, but most individuals with 

chronic HBV infection who infected perinatally have undergone HBeAg loss and only 6 

to 10% of adults older than 40 years remain positive for HBeAg. During the course of 
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chronic HBV infection, the loss of HBsAg with or without seroconversion to anti-HBs 

and an undetectable HBV DNA level in the peripheral blood may occur which is 

associated with improved survival and reduced risk of liver failure and hepatocellular 

carcinoma. 

 
1.2.6 Global prevalence and genotype distribution of hepatitis B virus 

infection 

Hepatitis B virus (HBV) is a major health public problem, infecting over 240-257 

million people worldwide. Chronic hepatitis B infection is defined as the detection of 

serum hepatitis B surface antigen (HBsAg; the viral glycoprotein) after 6 months of 

infection. By the infected with chronic hepatitis B virus, it can progress to low-grade 

liver inflammation, with episodes of transienthigh-grade liver inflammation and 

activation of fibrogenic processes, leading to liver fibrosis and cirrhosis, which may 

culminate in decompensated (symptomatic) liver disease and/or the development of 

hepatocellular carcinoma (HCC) in 25–40% of HBV carriers [39, 49]. In addition, HBV 

infection has further oncogenic potential after HBV integration into the host genome, 

which is an additional pathway contributing to HCC. Hepatocellular carcinoma and 

cirrhosis represent the fifth and the ninth most common cancer in males and females, 

causing 88,700 deaths in 2015 [50]. The prevalence of HBV infection in the general 

population depends on the region and ranges from 0.01% in northern European 

countries to 22.3% in the Pacific region (3–5). In Europe, the average HBV prevalence 

has been estimated at 1.5%, with 15 million people infected [1, 51]. 

There is 10 different HBV genotypes (A-J), according to the difference in overall 

genomic sequences or in sequences of gene coding surface antigen, with a distinct 

geographic distribution have been discovered which show the highest prevalence of 

HBV in Central and east Asia, sub-Saharan Africa and the Pacific regions [39]. Genotype 

A is most common found in northern Europe, North America, India, and Africa, while 
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genotype B and C are most prevalent in southeast Asia [51]. Genotype D is most 

prevalent in southern Europe, the Middle East, and India [43, 52]. In Europe, genotypes 

A and D were found to be most prevalent [53]. Genotype A is further divided in 

subtypes A1–A4. Subtypes A1, A3, and A4 are mainly found in Africa, whereas A2 

prevails in northern and central Europe and in North America [52]. In addition, there 

are nine known subtypes of HBV genotype D [54]. HBV subtype D1 is predominant in 

the Middle East and North Africa, subtype D2 has been found in Albania, Turkey, Brazil, 

western India, Lebanon, and Serbia, and subtype D3 in Serbia, western India, and 

Indonesia. Subtype D4 has been rare and has been reported from Haiti, Russia, the 

Baltic countries, Brazil, Kenya, Morocco, and Rwanda. Subtype D5 is common in eastern 

India, subtype D6 in Indonesia, Kenya, Russia, and the Baltic region, and subtype D7 in 

Morocco and Tunisia. Subtypes D8 and D9 have recently been discovered and reported 

from West Africa and India [54]. For other genotypes, there were present in Europe 

sporadically, with most cases being imported to Europe either as a consequence of 

immigration from the Middle East, Asia, and Africa in past decades, or imported by 

European travelers that were infected abroad. Currently, HBV infected people still 

suffer from chronic hepatitis B even though the HBV vaccine shows 95% effective 

because most of the current HBV infected patients were born before the vaccine was 

widely accessible [50]. 

 
1.2.7 Treatment of HBV infection  
There are 7 antiviral treatments for chronic HBV infection available in the 

United States which can be classify into 2 groups: interferons and nucleos(t)ides 

analogues. Interferons (alfa, beta, and gamma) are cytokines that are endogenously 

produced by immune system cells in response to viral infections and was approved in 

1991 [39, 50]. Afterwards, it will be substituted by its pegylated from (Peg-IFN). The 

mechanism of Peg-IFN therapy related on the induction of long-term immune control 
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in response to viral infections (host immunomodulation effects) including boosting host 

immune response against infected hepatocytes, facilitating viral clearance. 

Nevertheless, the exact mechanism of an antiviral effect is not clear yet, but it is also 

believed to have direct antiviral including degradation of cccDNA and viral mRNA and 

inhibition of viral DNA. Even though all type of interferons have antiviral and 

immunomodulatory effects, but only alfa and beta interferons show more potent 

antiviral actions. Regardless, this antiviral treatment still has significant drawbacks such 

as an adverse safety profile and high response variableness which is ineligible and 

unsuitable for many patients. The adverse effects include flu-like symptoms: asthenia, 

pyrexia, myalgia and headache; thyroid dysfunction; gastrointestinal symptoms: 

nausea, diarrhea and decreased appetite; psychiatric disorders: depression and 

insomnia; dermatologic disorders: alopecia and pruritus; neutropenia; 

thrombocytopenia [55]. The best treatment response of Peg-IFN occurs in patients with 

HBV genotype A infection. In randomized clinical trials, Peg-IFN achieved higher rates 

of HBeAg loss, compared with lamivudine. Long-term treatment with interferon has 

demonstrated an association between therapeutic response (with HBeAg loss and 

sustained HBV DNA suppression) and higher incidence of HBsAg loss, improved liver 

histology and a reduction in cirrhosis and hepatocellular carcinoma compared with 

untreated controls. However, overall responses remain suboptimal in that only 

approximately one-third of patients achieve HBeAg loss and fewer achieve HBsAg loss 

[50].  

NAs are widely used as anti-HBV drug agents against HBV and also HIV infections. 

The current NAs for HBV treatment include lamivudine (3TC) [56], telbivudine (TBV) [6], 

adefovir dipivoxil (ADV) [57], tenofovir disoproxil fumarate (TDF) [58], tenofovir 

alafenamide [59] and entecavir (ETV) [60]. The NAs are phosphorylated by intracellular 

kinases to form their diphosphate or triphosphate active forms. The active form of NAs 

prevents additional dNTPs from being incorporated by replacing themselves into HBV-
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RT active site instead of dNTPs in elongating DNA strand [50, 61]. As the HBV-RT is 

homologous to the human immunodeficiency virus type 1 reverse transcriptase (HIV-1 

RT), it could be reasonable to use HIV-1 RT drugs against HBV-RT [62]. The approved 

HIV drugs have been discovered, including stavudine (d4T) [63], didanosine [64], and 

zidovudine (ZDV) [65]. 3TC is the first oral NA approved by the United States Food and 

Drug Administration (FDA) for the treatment of chronic hepatitis B infection in 1998 [66] 

and has been the most experienced oral antiviral in chronic hepatitis B infection 

patients [67, 68]. However, longterm treatment of 3TC is associated with high rates of 

drug resistance, which lead to virological relapse and biochemical flare [66, 68, 69]. 

Therefore, 3TC is recommended as a secondline therapy for the treatment of chronic 

hepatitis B infection [66, 69]. d4T, known as synthetic analogue of thymidine, is a highly 

potent inhibitor of HIV-1 replication in vitro. About 40 % of d4T is renally eliminated 

by glomerular filtration andtubular secretion [63, 70]. Peripheral neuropathy, observed 

in about 12 % of patients, is the most important adverse effect of d4T [70, 71]. DDI is 

an analogue of deoxyadenosine and renally eliminated like d4T [64, 70]. The most 

significant toxicities associated with the use of DDI are pancreatitis, peripheral 

neuropathy, hepatic steatosis, and lactic acidosis, which are manifestations of 

mitochondrial toxicity. Peripheral neuropathy, observed in approximately 20 % of 

individuals, while pancreatitis may occur in 1 to 7 % of patients, resulting in rarely used 

because of toxicity [70, 72]. Next, ZDV is a pyrimidine analogue, has an azido group 

substituting for the 3’hydroxyl group on the ribose ring [65, 70]. Clinical use of this drug 

has evolved from use as monotherapy to use in combination with other antiretroviral 

drugs (ARVs). With long-term use, the predominant adverse effect of ZDV is 

myelosuppression, including neutro-penia and anemia, which have been shown to 

occur in 16 and 24 % of patients, respectively [70, 73]. This drug also is associated with 

myopathy, lactic acidosis, and hepatic steatosis, resulting from mitochondrial toxicity. 

Importantly, ZDV overdose has been observed in neonates, receiving postnatal HIV 
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prophylaxis, which there was a self-limited lactic acidosis and neutropenia in most 

cases [74, 75]. From in vitro studies, these compounds demonstrated well tolerate, 

excellent oral bioavailability, significant susceptibility to HIV [63, 65, 76] and has also 

been reported to inhibit HBV-RT activity. For instance, ZDV shows inhibition activity 

against HBV-RT by 21 to 41 percentage of inhibition of activity by two repeated 

experiments [65, 77].  
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Figure 5 A) The 3D structure of HBV-RT composing of three subdomains: finger (blue), 
palm (red) and thumb (green) in complex with double-stranded DNA (grey), 
two Mg2+  (dark green) and dTTP substrate. B) The 2D chemical structures of 
anti-HBV and anti-HIV drugs. C) The topological angle (θ), torsional angle (τ), 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 26 

distance (r) and the name of linked atoms were labeled and illustrated in 
nucleotides containing pyrimidine base. 

 
1.3 Objectives 
 i) To investigate the effect of such mutations on the ASV binding to 

NS3/4A, in terms of the inhibitor-protein interactions and binding 

efficiency towards the HCV NS3/4A protease 

ii) To understand structural properties and interaction of HIV drugs 
including stavudine, didanosine and zidovudine against HBV-RT 

iii) To study the various possible conformations change of anti-HIV drugs in 
unbound form and bound form with HBV-RT 

iv) To screen for drugs that are potentially effective as anti-HBV and anti-
HIV drugs against HBV-RT 

v) To investigate the inhibitory activity of anti-HIV drug and other drugs 
from screening against HBV  
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CHAPTER II 

THEORIES 

 
2.1 Homology modeling 

 Homology modeling is the computational approaches for protein three-

dimensional structure modeling and prediction. Homology modeling builds an atomic 

model based on experimentally determined known structures that have sequence 

homology of more than 40%. It is also known as comparative modeling. If two proteins 

share a high sequence similarity, they are likely to have very similar three-dimensional 

structures. If one of the protein sequences has a known structure, then the structure 

can be copied to the unknown protein with a high degree of confidence. Homology 

modeling is moderately accurate for the positions of alpha carbons and inaccurate for 

side chain positions and loops. The others approaches are threading for <40% similarity 

and ab initio prediction for no homolog. Homology modeling divides into 3 types: basic 

modeling, advanced modeling and iterative modeling [78].  

 
 2.1.1 The overall homology modeling procedure 

2.1.1.1 Template selection 

The template selection involves searching the Protein Data Bank (PDB) for 

homologous proteins with determined structures. The search can be performed using 

a heuristic pairwise alignment search program like BLAST or FASTA. A database protein 

should have at least 40% sequence identity, highest resolution and the most 

appropriate cofactors for it to be a template sequence. 
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2.1.1.2 Sequence alignment 

Once the template is identified, the full-length sequences of the template and 

target proteins need to be realigned using refined alignment algorithms to obtain 

optimal alignment. 

 
2.1.1.3 Backbone model building 

Once optimal alignment is achieved, the corresponding coordinates residues of 

the template proteins selected can be simply copied onto the target protein. If the 

two aligned residues are identical, coordinates of the side chain atoms are copied 

along with the main chain atoms. The average coordinate values of the templates are 

used in case of multiple templates. 

 
2.1.1.4 Loop modeling 

After the sequence alignment, there are often regions caused by insertions and 

deletions leads to gaps in sequence alignment. The gaps are modeled by loop 

modeling. The loops are generated by random many loops and searches for the one 

that has reasonably low energy and φ and ψ angles in the allowable regions in the 

Ramachandran plot.  

 
2.1.1.5 Side chain refinement 

The positions of side chains will be determined after the main chain atoms are 

built. A side chain can be built by searching every possible conformation by every 

torsion angle of the side chain to select the one that has the lowest interaction energy 

with neighboring atoms. 
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2.1.1.6 Model refinement and model evaluation 

This step includes the energy minimization procedure on the entire model, 

which moves the atoms in such a way that the overall conformation has the lowest 

energy potential. The goal of energy minimization is to relieve steric collisions without 

altering the overall structure. In these loop modeling and side chain modeling steps, 

potential energy calculations are applied to improve the model. The final model has 

to be evaluated for checking the φ–ψ angles, chirality, bond lengths, close contacts 

and also the stereochemical properties. 

   
2.2 Molecular dynamics (MD) simulation 

The study of the molecular structure is a key point in the understanding of 

biology. Biological function is based on molecular interactions, and these are a 

consequence of macromolecular structures. To observe molecular interactions by 

experimental processes is difficult, expensive, and takes a long time. MD simulation is 

used to overcome the limitations. MD simulation has advanced from simulating several 

hundreds of atoms to systems with biological relevance, including entire proteins in 

solution with explicit solvent representations, membrane embedded proteins, or large 

macromolecular complexes like nucleosomes or ribosomes. These simulations can 

capture a wide variety of important biomolecular processes, including conformational 

change, ligand binding, and protein folding, revealing the positions of all of the atoms 

at femtosecond temporal resolution. Importantly, the simulations can also predict the 

biological response from perturbations such as mutation, phosphorylation, 

protonation, or the addition or removal of a ligand at an atomic level. Moreover, MD 

simulations are often used in combination with a wide variety of experimental 

structural biology techniques, including X-ray crystallography, cryoelectron microscopy 

(cryo-EM), nuclear magnetic resonance (NMR) and electron paramagnetic resonance 

[79]. The choice of a proper potential is the most importance in obtaining accurate MD 
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simulations [80-82]. An approximate potential may be calculated from quantum 

mechanics and from the Born-Oppenheimer approximation in which only the positions 

of the atomic nucleus bonding are considered. The potentials may be divided into 

bonding potentials and long-range potentials. The bonding potentials involve 

interaction with two atoms (bond stretching), three atoms (bond bending), and four 

atoms (dihedral). Long-range interactions are associated with the Lennard-Jones 

potential (van der Waal) and the Columbic potential [83, 84]. The MD simulation 

method is based on Newton’s second law or the equation of motion, Fi = miai, where 

F is the force exerted on the i particle, mi is mass and ai is acceleration of the i particle. 

From knowledge of the force on each atom, the acceleration can be calculated by the 

first-order differential of velocity respect to time or second-order differential of the 

position respect to time. Nowadays, MD simulation is achieved on popular programs 

such as AMBER, CHARMM, ACEMD, GROMACS, or NAMD. 

 
2.3 The molecular mechanics/Poisson–Boltzmann or generalized Born surface 

area (MM/PBSA and MM/GBSA) methods 

 Computational methods that combine molecular mechanics energy and 

implicit solvation models, such as Molecular Mechanics/Poisson Boltzmann Surface 

Area (MM/PBSA) and Molecular Mechanics/Generalized Born Surface Area (MM/GBSA), 

have been widely exploited in free energy calculations [85]. Both of MM/PBSA and 

MM/GBSA allow for rigorous free energy decomposition into contributions originating 

from different groups of atoms or types of interaction [86, 87]. In MM/PBSA or 

MM/GBSA, binding free energy (ΔGbind) between a ligand (L) and a receptor (R) to form 

a complex (RL) is calculated as: 

ΔGbind = ΔH – TΔS ≈ ΔEMM + ΔGsol – TΔS    (1) 

  ΔEMM = ΔEinternal + ΔEelectrostatic + ΔEvdW    (2) 

  ΔEinternal = ΔEbond + ΔEangle + ΔEdihedral    (3) 
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  ΔGsol = ΔGPB/GB + ΔGSASA      (4) 

  ΔGSASA =   SASA + β       (5) 

where ΔEMM, ΔGsol and − TΔS are the changes of the gas phase MM energy, the 

solvation free energy and the conformational entropy upon binding, respectively. ΔEMM 

includes ΔEinternal (bond, angle and dihedral energies), electrostatic for ΔEelectrostatic and 

van der Waals energies for ΔEvdW. ΔGsol is the sum of electrostatic solvation energy 

(polar contribution), ΔGPB/GB, and non-electrostatic solvation component (non-polar 

contribution), ΔGSASA. The polar contribution is calculated using either GB or PB model, 

while the non-polar energy is estimated by solvent accessible surface area (SASA). The 

 and β with the values of 0.00542 kcal/mol·Å2 and 0.92 kcal/mol, respectively. The 

conformational entropy change –TΔS is usually computed by normal-mode analysis 

on a set of conformational snapshots taken from MD simulations. MM/GBSA or 

MM/PBSA has been successfully applied to various protein-ligand or protein-

protein/peptide complexes [88, 89]. In addition, MM/PBSA or MM/GBSA is sensitive to 

simulation protocols, such as sampling strategy of generating snapshots and entropy 

calculation methods as well as other parameters such as charge models, force fields, 

solute dielectric constant and radius parameters in continuum solvent models [90]. 

 

2.4 The quantum mechanics/molecular mechanics generalized Born surface 

(QM/MM-GBSA) method 

The quantum mechanics/molecular mechanics (QM/MM) approach is a 

molecular simulation method that combines the strengths of the QM (accuracy) and 

MM (speed) approaches, achieving the prediction of ligand binding affinity and 

substrate specificity. The QM/MM-GBSA approach was calculated in the same manner 

as the MM/GBSA but the H term was computed by a hybrid of quantum mechanics 

(QM) and molecular mechanics (MM) [91, 92]: 

   Etotal = EQM + EMM + EQM/MM     (6) 
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where EQM is energy of the QM region, EMM is the energy of the MM region and EQM/MM 

is the interaction between QM and MM region. 

 

2.5 The Replica-exchange molecular dynamics (REMD) method 

 It is usually difficult to obtain accurate canonical distributions at low 

temperatures by conventional simulation methods because simulations at low 

temperatures tend to get trapped in one of a huge number of local minimum-energy 

states. One way to overcome this multiple-minima problem is to perform a simulation 

based on non-Boltzmann probability weight factors so that a random walk in energy 

space may be realized. Random walks allow the simulation to pass any energy barrier 

and to sample a much wider phase space than by conventional methods. One recently 

approach to increase conformational sampling is parallel tempering. The parallel 

tempering, or the replica exchange MD (REMD) method, has emerged as one of the 

most widely used methods to enhance conformational sampling [93-95].  Several 

replicas of the system are simulated independently in parallel, under different 

conditions. At predefined intervals, neighboring pairs of replicas are exchanged with a 

specific transition probability. In most REMD studies, the temperature is used as the 

parameter that changes among the replicas. Exchanging temperatures allows 

conformations that are trapped in local minima at a low temperature to escape by 

passing to a higher temperature condition.  Temperature based REM (T-REM) combines 

simulated tempering and multicopy simulations in a thermodynamic correct manner. 

Using T-REM, N independent copies (replicas) of the systems are propagated 

simultaneously at different fixed temperatures. At regular intervals pairs of replicas at 

successive temperatures are exchanged according to a Metropolis criterion allowing 

individual replicas to sample a range of temperatures. The exchange probability 

between two replicas (i and j) is calculated as: 

   P(i,j) = exp(-Δ)       (9) 
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   Δ  [βi – βj] (Ei – Ej)      (10) 

   β = 1/kBT       (11) 

where E is the potential energy of the system, T is the absolute temperature, and kB 

is Boltzmann’s constant. At higher temperatures the increased thermal energy 

facilitates the exploration of conformational space and allows the system to cross 

barriers not readily crossed at the temperature of interest on a given time scale. 

 

2.6 The pharmacophore-based virtual screening 

The concept of pharmacophores is based on the assumption that the 

molecular recognition of a biological target shared by a family of compounds can be 

described by a set of common features that interact with a set of complementary sites 

on the biological target. The features are quite general such as hydrogen-bond donors, 

hydrogen-bond acceptors, positively and negatively charged or polarizable, 

hydrophobic regions, or metal-ion interactions. In addition, pharmacophore key 

elements might be a group of atoms and a part of the volume of the molecule 

together with geometrical constraint like distance, angles and dihedral angles [96]. The 

feature-based pharmacophore models have found extensive use in medicinal 

chemistry for hit and lead identification and during the subsequent lead to candidate 

optimization. A 3D pharmacophore is mainly based on the availability of the 3D 

structure of the binding site of the target. The model can be generated directly from 

the complex structure of the ligand and the target, according to the 3D structure of 

the target and a certain number of ligands. Unfortunately, pharmacophore 

representations cannot explain everything about binding of ligand to the biological 

target [97]. However, the pharmacophore approach still has proven to be successful, 

allowing the perception and understanding of key interactions between a target and a 

ligand. 
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CHAPTER III  
MATERIALS AND METHODS 

 

3.1 Software 

AMBER14 

AMBER16 

Discovery Studio 2.5 Client 

Discovery Studio 3.5 Client 

  Chimera 1.11 

  GaussView 3.09 

  Gaussian 09 

  DecoyFinder 2.0 

  MobaXterm 9.4  

  Pymol 1.1 

SSH Secure Shell Client 

VMD 1.9.2 

OriginPro 8 

VideoMach 5.9.0 

KNIME Analytics Platform 

LigandScout 4.2.6 

National Center for Biotechnology Information (NCBI) 

The European Bioinformatics Institute (EMBL-EBI) 

NGL Viewer 2.0.0 server 

Protein Data Bank (PDB) 

PDB2PQR 2.0.0 Server 

RAMPAGE server 

SWISS-MODEL server 
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3.2 Computational methods 

3.2.1 HCV NS3/4A protease 

3.2.1.1 System preparation and ligand optimization 
The three-dimensional structure of ASV in complex with the WT (PDB: 4WF8 

and R155K mutant (PDB: 4WH6)) NS3/4A forms [98] was obtained from the protein data 

bank. The enzyme variant containing the D168A mutation was built by changing residue 

168 from aspartate (D) to alanine (A) using the Discovery Studio 2.5 Accelrys Inc. [99]. 

The apo proteins were generated in all variants by removing the ligand from the 

complex structure. The protonation state of all ionizable residues was characterized 

using PROPKA3.1 [100] at pH 7.0. Note that, the cysteine (C) residue that is coordinated 

with Zn2+  was set as deprotonated state (CYM). The missing hydrogen atoms were 

added using the LeaP module [101] in AMBER14 [102]. The electrostatic potential 

charges of the ligand were computed at the HF/6-31(d) level of theory, while the 

restrained ESP charges and corresponding parameters of the ligands were generated 

using the antechamber and parmchk modules, respectively, in AMBER14 [79, 103, 104]. 

The AMBER ff03.r1 and GAFF force fields were applied for protein and ligand, 

respectively. Chloride ions were added for neutralizing the simulated systems. Each 

complex was solvated in a 80.9 X 69.5 X 77.9 Å3 rectangular box of TIP3P water [105]. 

The distance between protein and solvation box edge was 10 Å. Prior to perform the 

MDSs, the added hydrogen atoms and water molecules were minimized with 1500 

steps of steepest descents and conjugated gradient. Lastly, the whole system was 

minimized using the same procedures. 

 
3.2.1.2 Molecular dynamics (MD) simulation 

The MD simulations of all systems were performed under a periodic boundary 

condition in accord with the standard procedures [102].  All covalent bonds involving 

hydrogen atoms were fixed using the SHAKE algorithm [106].  The cutoff of 10 Å was 
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employed for nonbonded interactions, while the particle mesh Ewald summation 

method [107] was applied for calculating the long-range electrostatic interactions. A 

Langevin algorithm [108] was used to control the temperature with a collision 

frequency of 5.0 ps-1 for the first 3.5 ns and subsequently changed to 2.0  ps-1. Each 

system was heated up to 298 K for 200 ps. Afterwards, all simulations, including the 

enzyme in APO and in CPX, were treated with the NPT ensemble at this temperature 

and a pressure of 1 atm using the PMEMD module. All systems were simulated for 100 

ns at a time step of 0.002 ps [79]. In each system, 500 snapshots were collected every 

1 ns of MD simulation. The binding free energy of all systems was performed using the 

semi-empirical QM/MM-GBSA method compared with MM/GBSA and MM/PBSA [109, 

110]. The inhibitor and the two focused residues (155 and 168) were quantum 

mechanically treated, while the rest of system was performed using molecular 

mechanics. The per-residue decomposition free energy (Δ𝐺𝑏𝑖𝑛𝑑
𝑟𝑒𝑠𝑖𝑑𝑢𝑒 ) based on the 

MM/PBSA method was performed to investigate the mutated amino acids (residues 

155 and 168) associated with inhibitor binding. Additionally, the important motion of 

the protein in the WT and mutant (R155K and D168A) systems was characterized by 

PCA using CPPTRAJ module implemented in AMBER14 [102]. 

 

3.2.2 HBV reverse transcriptase 

3.2.2.1 Homology modeling, system preparation and ligand optimization 

Since the 3D structure of HBV-RT has not been available, the HBV-RT domain 

sequence (positions 349-693 based on NCBI sequence database (AY233278)) was 

submitted to SWISS-MODEL web-server [111] using a homologous HIV-RT structure 

(PDB: 4PQU) [112] as a template. Even though sequence alignment of both enzymes 

(HIV-RT and HBV-RT) showed only 20.9% of identity, the residues in the active site were 

conserved for these two enzymes. The Ramachandran plot (Fig. 13) showed the 

number of residues in favored and allowed regions of 78.4% and 20.1%, respectively. 
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Deoxythymidine triphosphate (dTTP), double-stranded DNA and two magnesium (Mg2+) 

ions were remained in HBV-RT model according to their original orientation in HIV-RT 

crystal structure (PDB: 1RTD) [113]. The functional substituents of all HIV and HBV drugs 

were modified from dTTP substrate (PDB: 1RTD) using Discovery Studio 2.5 [114]. The 

protonation state of all ionizable residues was assigned using PROPKA3.1 [113] at pH 

7.0. The missing hydrogen atoms were added using the LeaP module [101] 

implemented in AMBER16 [115]. The electrostatic potential (ESP) charges of ligand 

were calculated at the HF/6-31(d) level of theory, while the restrained ESP (RESP) 

charges and corresponding parameters of ligands were computed respectively using 

antechamber and parmchk modules in AMBER16 [103, 104]. The AMBER force fields 

ff14S, GAFF2 and OL15 were applied for protein, ligand and DNA, respectively. Sodium 

ions were added for neutralizing the simulated systems. Each complex was solvated 

using TIP3P water model [105] in a rectangular box (92.9 x 118.9 x 103.3 Å3). The 

distance between protein and solvation box edge was 10 Å. with the spacing distance 

of 10 Å. Before performing MD simulations, the added hydrogen atoms and water 

molecules were minimized using 1,500 steps of steepest descents and conjugated 

gradient. Finally, the same procedures were used to minimize the whole systems. 

 

3.2.2.2 Molecular dynamics (MD) simulations 

MD simulations of all systems were performed under periodic boundary 

condition in according to the standard procedures [115]. SHAKE algorithm [106] was 

used to fix all covalent bonds involving hydrogen atoms. The cutoff of 10 Å was applied 

for non-bonded interactions, while the particle mesh Ewald summation method [107] 

was used for calculating the long-range electrostatic interactions. Langevin algorithm 

[108] was employed to control temperature with a collision frequency of 5.0 ps-1 for 

the first 3.5 ns and subsequently changed to 2.0 ps-1. Each system was heated up to 

310 K for 1 ns. After that, all systems were treated with NPT ensemble at this 
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temperature and pressure of 1 atm using the Langevin thermostat. All models were 

simulated until the simulation time reached 200 ns with time step of 0.002 ps [79]. 

The 2,500 snapshots of each system were collected in every 10 ns along the 

simulations.  The binding free energy was predicted using the semi-empirical QM/MM-

GBSA method and classical MM/GB(PB)SA [109, 110]. The inhibitor was quantum 

mechanically treated, while the rest of system was performed using molecular 

mechanics without considering entropy. The per-residue contribution free energy 

(∆𝐺𝑏𝑖𝑛𝑑
𝑟𝑒𝑠𝑖𝑑𝑢𝑒) based on the MM/GBSA method was performed to investigate the key 

binding residue associated with inhibitor binding. 

 
3.2.2.3 Temperature replica exchange molecular dynamics (T-REMD) 

All unbound forms of ligand in explicit TIP3P solvent were obtained after 

minimizing step of the whole system using the same methods as mentioned above. 

The number of non-interacting copies (replicas) was performed at different 

temperatures depending on the temperature range and the total number of particles 

in the system [95, 116]. Only pairs of replicas corresponding to neighboring 

temperatures were exchanged according to a Metropolis criterion [95, 116]. A pair of 

replicas (i and j) at neighboring temperatures (n and m) were exchanged with the 

probability: P(i,j) = exp(-∆), where ∆ ≡ [βn - βm](E(q[i]) – E(q[j])) and β = 1/kBT, q is the 

coordinate vector, E is the potential energy of the system, T is the absolute 

temperature, and kB is the Boltzmann’s constant. To obtain a suitable temperature of 

each replica and a uniform exchange probability, the temperatures were selected 

following to this equation: Ti = T0 exp(ic) [95], where T0 is the temperature of the first 

replica and c is constant value. We have used T0 = 298 K and c = 0.0345, then 

generated the following sixteen temperatures (16 replicas): 298.0, 308.5, 319.3, 330.5, 

342.1, 354.1, 366.5, 379.4, 392.7, 406.5, 420.8, 435.5, 450.8, 466.7, 483.0 and 500.0 K. 

Before starting the T-REMD simulations, each replica was performed a short simulation 
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for 2 ns to equilibrate the systems with an individual temperature. The T-REMD 

simulations were performed in the NVT ensemble. The pairs of replicas were 

exchanged every 5 ps with 40,000 times along the simulation 100 ns. Finally, the 

trajectories obtained from the 100 ns of each temperature were assigned as the 

production phase for further characterization of the structural parameters of each 

ligand.  

To determine the probability of the conformations changes of anti-HIV drugs 

during the simulation, the trajectories were clustered based on structural analyses 

including the torsional angle (τ), distance (r) and topological angle (θ) between three 

subunits of compound (a nitrogenous base, deoxyribose sugar ring and triphosphate 

group). The conformation within a specified cutoff was categorized into the same 

cluster. The potential energy overlapping of all neighboring replicas was performed to 

verify the sufficient numbers of replica exchanges between pairs of replicas. The free 

energy surfaces (FESs) of compound were calculated from the ratio between the τ, r 

and θ in all conformations of each temperature as following: ∆𝐺𝑇 =

−𝑅𝑇log(𝑃𝑡𝑜𝑟𝑠𝑖𝑜𝑛
𝑇 / 𝑃𝑎𝑛𝑔𝑙𝑒

𝑇 )  and ∆𝐺𝑇 = −𝑅𝑇log(𝑃𝑡𝑜𝑟𝑠𝑖𝑜𝑛
𝑇 / 𝑃𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒

𝑇 ) , where 𝑃𝑡𝑜𝑟𝑠𝑖𝑜𝑛
𝑇 , 

𝑃𝑎𝑛𝑔𝑙𝑒
𝑇  and 𝑃𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒

𝑇  are the probabilities of the compound conformations, measured 

from the structural parameters of the τ, r and θ of three subunits, respectively, at the 

temperature T. 

 
3.2.2.4 3D Pharmacophore-based screening 

7,500 structures of 3TC and ZDV in complex with HBV-RT extracted from last 

30-ns MD trajectories were used as a template for 3D pharmacophore-based screening 

(3D-PBS) using LigandScout 4.2.6 [96, 97]. Prior to perform 3D-PBS, the library of 

database was generated from DrugBank [117] containing 9,671 drug-like molecules. 

Note that only approved drugs were focused. The pharmacophore models were built 

from every two MD trajectories based on chemical diversity containing essential 
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features such as hydrogen bond (H-bond) donor, H-bond acceptor, hydrophobic and 

aromatic ring [118-120]. The same pharmacophore models were clustered and one 

model from each cluster was used as an agent model for screening. Subsequently, the 

hits identified from DrugBank database were filtered by applying similarity search for 

50% of nucleoside-based scaffold. Finally, the obtained screening result was verified 

by conducting a receiver operating characteristic (ROC) plot. A set of inactive 

compounds (decoys) was created by mimicking the structures of active molecules 

obtained from PubChem database [121]. The ROC values were plotted and interpreted 

the term of sensitivity (true positive rate) and specificity (false positive rate) of screening 

results. 

 
3.3 Experiment materials 

3.3.1 Equipments 

Centrifuge: Universal 320 R, Hettich, Germany 

CO2 Incubator: Forma™ Series 3 Water Jacketed, Thermo Fisher Scientific Inc., 

USA 

 Biosafety cabinets: Purifier Logic+ Class II, Type A2, Labconco, USA  

 Micropipette: Nichipet Premium LT, Nichiryo, Japan 

 Micropipette: Nichipet EXII, Nichiryo, Japan 

 MiniSpinPlus, Eppendorf Co., Inc., Germany  

 Thermo shaker incubator: MTH-100, China 

 Microcentrifuge, Heraeus Instrument, Germany 

 Real-Time PCR System: StepOnePlus™, Thermo Fisher Scientific Inc., USA 

 Spectrophotometer, Thermo Fisher Scientific Oy, Finland 

 Spectrophotometer: DS-11 Series, Denovix®, USA 

 Tissue culture plate: 24-well plates, Falcon®, USA 

 Tissue culture plate: 96-well plates, Falcon®, USA 
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 Cell culture flask: T75 Flask, Falcon®, USA 

 Microscope: DMi1, Leica, China 

 Electronic pipetting: Easypet® 3, Eppendorf Co., Inc., Germany 

 Polypropylene (PP) centrifuge tubes: 15 mL, Axygen®, Mexico 

 Polypropylene (PP) centrifuge tubes: 50 mL, Axygen®, Mexico 

 Disposable serological pipettes: 5 mL, HCS®,China 

Disposable serological pipettes: 10 mL, HCS®,China 

Microtubes, Axygen®, China 

PCR tubes, Kisker Biotech GmbH & Co. KG, Germany 

Muse Cell Analyzer: Muse™, Merck, Germany 

3.3.2 Chamicals 

DMEM/High glucose: HycloneTM, GE Healthcare Life Sciences, USA 

 Fetal bovine serum (FBS), HycloneTM, GE Healthcare Life Sciences, USA 

Non-essential amino acids (NEAA) 100X: Gibco, Thermo Fisher Scientific Inc., 

USA 

0.25% Trypsin-EDTA (1X): Gibco, Thermo Fisher Scientific Inc., USA 

3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide (MTT): 

Invitrogen™, Thermo Fisher Scientific Inc., USA 

Tenofovir disoproxil fumarate: the Center of Excellence in Hepatitis and Liver 

Cancer, the Faculty of Medicine, Chulalongkorn University, Thailand 

 Lamivudine, Glentham Life Sciences, UK 

 Stavudine, Glentham Life Sciences, UK 

 Trifluridine, Glentham Life Sciences, UK 

 Sofosbuvir, Glentham Life Sciences, UK 

 Floxuridine, Glentham Life Sciences, UK   
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3.3.3 Kits 

 GenUPTM gDNA Kit, Biotechrabbit, Germany 

 Muse® count & viability Kit: Muse™, Merck, Germany 

 

3.3.4 Cell lines 

 The actively HBV-producing HepG2.2.15 human hepatoblastoma cell line was 

obtained from the Center of Excellence in Hepatitis and Liver Cancer, the Faculty of 

Medicine, Chulalongkorn University. 

 
3.4 Experimental methods 

 3.4.1 HBV reverse transcriptase 

3.4.1.1 Chemical reagents, cell line and culture 

The HBV-producing HepG2.2.15 human hepatoblastoma cell line and TDF were 

obtained from the Center of Excellence in Hepatitis and Liver Cancer, Faculty of 

Medicine, Chulalongkorn University. The 3TC (#GP6029), d4T (#GP1591), fluxuridine 

(FdU, #GP4098), trifluridine (TFT, #GE1913) and sofosbuvir (SOF, #GP2923) were 

purchased from Glentham Life Sciences (UK). The HepG2.2.15 cells were maintained 

at 37oC under 5% CO2 in Dulbecco's modified Eagle medium (DMEM) supplement with 

10% (v/v) fetal calf serum, 50 mg/ml G418, non-essential amino acid (NEAA) and 

antibiotics (amphotericin B, penicillin, and streptomycin). The cultured medium was 

changed every three days.  

 

3.4.1.2 Drug susceptibility assays 

 Drug stock solutions were prepared freshly in 100% DMSO as 200X stock and 

three additional 10-fold dilutions were prepared from these stocks. HepG2.2.15 cells 

were seeded into a 24-well plate at a density of 5 x 105 cells/well. Cells were treated 
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with different concentrations of drug(s) at days 1 and 3. Finally, cells were harvested 

on day 7 for real-time PCR (RT-PCR). Experiments were performed in duplicate. 

 

3 . 4 . 1 .3 Quantification of HBV DNA using real-time PCR and cytotoxicity 

assay 

For RT-PCR, cellular DNA in HepG2.2.15 cells was extracted using GenUP™ gDNA 

Kit from biotechrabbit according to the manufacturer’s instructions. Briefly, 1 ml of HBV 

DNA samples were amplified using 2X SYBR green PCR master mix (biotechrabbit) with 

the following primers for detecting intrahepatic HBV DNA: 5’-

TCCTCCAAYTTGTCCTGGTYATC-3’ and 5’-AGATGAGGCATAGCAGCAGGAT-3’ and for 

HBsAg gene and (ii) 5’-GTGCACCTGACTCCTGAGGAGA-3’ and 5’-

CCTTGATACCAACCTGCCCAG-3’ for β-globin gene. The PCR preparations of intrahepatic 

HBV DNA were incubated at 95oC for 3 minutes, followed by 50 cycles with 95oC for 

15 seconds, 55oC for 20 seconds and 72oC for 30 seconds, and 60oC for one minute. 

Note that for β-globin, the annealing step was set as 58oC for 20 seconds instead. The 

data were analyzed using StepOneTM Software Version 2.1 (Applied Biosystems) and 

threshold cycle (CT) values were obtained. To calculate copy numbers of HBsAg gene 

out of CT values, a standard curve was generated with 7-fold serial dilutions of an HBV 

plasmid (pHBVWT; 103 to 109 copies per reaction) and 7-fold serial dilutions of a β-globin 

plasmid (103 to 109 copies per reaction), and the CT values for each sample were 

converted into HBV copy numbers. The HBV DNA inhibition activity was calculated as: 

 

The HBV DNA inhibition activity (%) =
Copy numberHBsAg

Copy numberβ−globin ×  𝑆
× 100 

 

where S is the ratio of the copy number between HBsAg and β-globin of vehicle control 

(0.5% DMSO). Cell viability was assessed using the MTT assay. HepG2.2.15 cells were 
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plated in a 96-well plate at a density of 4.5 x 104 cells/well. After overnight incubation, 

cells were treated with various concentrations of a compound (1 µM to 100 µM) at 

days 1 and 3. After 7 days of incubation, the MTT solution (0.5 mg/mL) was added and 

incubated for another 1 hour. The medium was removed and 150 µL of DMSO was 

added to each well. The cell viability was detected by measuring the absorbance at a 

wavelength of 570 nm using spectrophotometer (Thermo Fisher Scientific Oy, Finland). 

The cell viability was calculated according to the following equation:    

 

Cell viability (%) =
Absorbance570(𝑑𝑟𝑢𝑔)

Absorbance570(0.5% 𝐷𝑀𝑆𝑂)
× 100 
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CHAPTER IV 
RESULTS AND DISCUSSION 

 
4.1 HCV NS3/4A protease 

4.1.1 Stability of the global structure of each simulated model 
 The all-atom root-mean-square displacement (RMSD) was calculated in order 

to estimate the stability of each simulated model (WT and the R155K and D168A single 

point mutations in APO and in CPX with ASV) along the simulation time. As shown in 

Fig. 6, the RMSD value of each system rapidly increased during the first 10 ns and then 

fluctuated at ~2.2-2.7 Å in all the studied models until the end of the simulations. 

Altogether, the MD simulation systems tended to be stable after 60 ns. In this study, 

the equilibrated MD simulation trajectories extracted from the last 15 ns were used for 

further analysis of the (i) electrostatic network at the mutation site, (ii) protein 

conformation, (iii) inhibitor-protein hydrogen bond (H-bond) interaction and (iv) effect 

of mutations on the inhibitor binding affinity. 

 

 

Figure 6 RMSD plots of the WT (black), R155K (grey) and D168A (light grey) HCV NS3/4A 
protease without (APO) and with (CPX) ASV binding for 100 ns of MD simulation 
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4.1.2 Electrostatic network at the mutation site 

It has been reported that the electrostatic network formed at residues R123---

R155---D168 plays an important role in the inhibitor binding [122]. In order to calculate 

this interaction network throughout the production phase of the simulation, we used 

the geometric criteria of: (i) a distance between the H-bond donor and acceptor of 

≤3.5 Å and (ii) a H-bond angle of ≥120o. As shown in Fig. 7, a high percentage of H-

bond occupation (%HBoc) was detected in the WT system in both the APO and CPX. 

As expected, the R155K and D168A point mutations importantly decreased the 

electrostatic network formation compared to that of the WT NS3/4A, resulting in a 

lower binding affinity of ASV towards R155K and D168A NS3/4A. The point mutations 

decreased not only the electrostatic attractions but also the van der Waal (vdW) 

interactions, indicating that vdW forces also played a role in the drug binding (Fig. 8). 

The obtained results strongly agreed with previous reports [100, 105] as well as our 

QM/MM-GBSA free energy calculation (as discussed later and Fig. 12) 

 
4.1.3 Protein conformation 

 To understand the effect of the R155K and D168A mutations on the protein 

conformational changes, PCA was performed [123]. These motions correspond to the 

correlated vibration or collective motion of groups of atoms. The scatter plots between 

the first (PC1) and second (PC2) principal components indicated the different 

distribution of protein conformations.  

The PCA scatter plots (Fig. 9A) revealed that the conformational distributions 

of the holo (CPX) form of both mutations were dramatically different from those of 

the WT, implying that the R155K and D168A mutations in NS3/4A promoted protein 

conformational changes in a contrasting manner, which can significantly affect the 

protein-ligand binding affinity (Fig. 12, as discussed later). The first 15 PC modes of all 

studied models in the CPX and APO forms showed a percentage of accumulated 
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variance of >50%, indicating that these modes represent the important motions of 

protein (Fig. 9B). 

 

 

Figure 7 H-bond network of the three important NS3 residues (R123, R155 and D168) 
in the WT, R155K and D168A systems in both APO and CPX forms. 

  

According to the porcupine plot of the WT system (Fig. 10, top), the direction of 

motion of residues R123, R155 and D168 moved towards the ligand binding, in a 

different manner from that in the APO form, suggesting that ligand binding induces the 

closed form of the protein, in which these three residues are important for ASV 

recognition. Additionally, the ligand interacted firmly in the pocket site due to the long 

side chains of two arginine residues. As expected, both R155K and D168A mutations 

caused the key binding residues 123,155 and 168 to significantly move outwards from 
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ASV, resulting in a loss of electrostatic attractions and H-bond interactions. In summary, 

these structural transformations could be the reason why ASV showed a low 

susceptibility towards the R155Kand D168A forms of the NS3/4A protease. 

 
Figure 8 Averaged electrostatic and vdW energy contribution from each residue of NS3 

protease domain in WT and mutant forms. 
   

4.1.4 Inhibitor-protein H-bond interaction 

One of the important factors involved in the stabilization of protein-ligand 

complexes is H-bonds. To measure such interactions throughout the overall simulation 

and equilibration phase (the last 15 ns), H-bond formation was calculated using the 

two geometric criteria described above, and the results are shown in Fig. 11. Among 

the five sites of ASV (P1' and P1-P4, Fig.2A), there were no H-bond interactions between 

the NS3/4A protease and ASV at the P2 and P4 moieties, in accord with the previous 

report on faldaprevir and danoprevir recognition [124]. For the WT NS3/4A (black), ASV 

showed 4 strong H-bonds (%HBoc>70), one each with G137 and R155 at the P1' and P1 

site, respectively, and two with A157 at the P3 site. With two firm H-bonds detected 

at the P3 site, the A157 residue played an important role as recognition site for anti-

HCV protease inhibitors (Fig. 11A) [79]. Notably, the number of H-bonds formed in the 

mutated NS3/4A, especially R155K, was lower than those in the WT, suggesting that 
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these mutations attenuate the H-bonds, which is consistent with the loss of 

electrostatic network formation detected in the R155K and D168A mutations (Fig. 11B). 

 

 
Figure 9 (A) The two-dimensional scatter plot of MD simulation trajectories between 

the first (PC1) and second (PC2) principal components. (B) The PCA scree plot 
of quantitative characters of the first 15 modes. 

 
4.1.5 Effect of the R155K and D168A mutations in NS3/4A on the ASV 

binding affinity 

 To evaluate and compare the binding affinity of ASV against the WT and the 

R155K and D168A mutant strains of the NS3/4A protease, the QM/MM-GBSA binding 

free energy calculations were performed on 100 snapshots extracted from the last 15 
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ns of each MD simulation. Based on this approach, the ASV inhibitor and the NS3/4A 

residues 155 and 168 were treated by the semiempirical methods (AM1, RM1, PM3 and 

PM6) compared with MM/GBSA and MM/PBSA, while the remainder was described at 

the MM level. The results of the averaged binding free energies in each system are 

compared in Fig. 12, which demonstrated that the binding free energy (Δ𝐺𝑏𝑖𝑛𝑑
𝑟𝑒𝑠𝑖𝑑𝑢𝑒) 

values obtained from all four levels of QM theory are in the same order of WT > R155K 

> D168A. The R155K and D168A single point mutations resulted in a significant 

reduction in the binding free energy by ~6 and ~9 kcal/mol, respectively, compared 

to the WT complex, in reasonable agreement with the experimentally observed 21- 

and 23-fold changes in the EC50 values, respectively. Unlike QM/MM-GBSA method, the 

free energy values between WT and both mutations obtained from MM/GBSA and 

MM/PBSA calculations were not significantly different. In addition, it should be noted 

that the calculated binding free energy does not give us an absolutely accurate binding 

free energy value in comparison with experimental data, but it evidently shows a 

relative binding affinity between WT and mutant strains toward ASV. Moreover, EC50 

values which refer to concentration of a drug that causes the half maximal effect of 

an observed effect cannot directly compare to the binding efficiency of drug toward 

targeted protein. 
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Figure 10 Porcupine plot of the PC1 of the studied systems. The arrow head and its 

length indicate the direction and amplitude of motions, respectively. 
 

 Moreover, the QM/MM-GBSA binding free energy calculations results were 

similar to previous computational studies, where the binding affinities of narlaprevir 

and vaniprevir towards the NS3/4AR155K mutant were significantly lower than that of 

the WT strain [125, 126], while the D168 A/V mutants of NS3/4A considerably 

decreased the susceptibilities of faldaprevir, danoprevir and vaniprevir [124, 125]. In 

summary, our QM/MM-GBSA binding free energy calculations not only supported the 

role the R155K and D168A mutations towards the weaker binding affinity of ASV, but 
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also strongly predicted the susceptibility of this inhibitor in same manner as the 

experimental data. 

 

 
Figure 11 A) Percentage of H-bond occupation over the last 15 ns, and B) the number 

of H-bond (versus simulation time) of NS3 residues formed with ASV in the 
WT and the R155K and D168A mutant forms of NS3/4A. 
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Figure 12 Binding free energy calculated by the MM/GBSA, MM/PBSA and the QM/MM-
GBSA method, at the AM1 (black), RM1 (red), PM3 (blue) and PM6 (green) 
levels of QM theory for the WT and R155K/D168V mutant systems.  

 
4.2 HBV reverse transcriptase 

4.2.1 System stability of global structure 

The root-mean-square displacement (RMSD) of residues around 5 Å of ligand 

in the active site was calculated to estimate the stability of all simulated models along 

the simulation times. As shown in Fig. 14, the RMSD value of protein residues in the 

active site of each system rapidly increased during the first 10 ns and then fluctuated 

at ~2.0-3.5 Å for all studied models until the end of the simulations. In contrast, the 

RMSD fluctuations of ligand were much less than those of protein by ~0.5-2.0 Å (except 

3TC system). In the present study, the equilibrated MD simulation trajectories extracted 

from the last 30 ns were extracted for further analysis in terms of: the (i) key binding 

and drug-protein interactions, (ii) ligand topology, (iii) binding affinity of anti-HIV drugs 

against HBV-RT and (iv) virtual screening based on 3D-PBS. 
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Figure 13 The Ramachandran plot of HBV-RT model which was modeled from HIV-RT. 
 

4.2.2 Key binding and drug-protein interactions 

The important amino acid residues involved in drug binding were characterized 

using ∆𝐺bind
residue  calculation based on MM/GBSA method (Fig. 15). Note that the 

negative and positive values of the energy contribution correspond to the energy 

stabilization and destabilization, respectively. From the fingerprint of all systems with 

energy stabilization of ≤ -2 kcal/mol, the results demonstrated that there were seven 

polar residues (K32, R41, D83, S85, D205, N236 and K239) and three hydrophobic 

moieties (A86, A87 and F88) associated with drug binding. These results suggested that 

electrostatic attraction is the main force inducing protein-ligand complexation, which 

is consistent well with MM calculations (Table 1). The energy destabilization at D83 
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and D205 residues was occurred by the repulsion of negative charge between aspartic 

acid residues of HBV-RT and the phosphate groups of ligands. 

 

 
Figure 14 RMSD plots of residues around 5 Å from ligand in active site of HBV-RT (black) 

and ligand (grey), anti-HBV and anti-HIV drugs, systems for 200 ns of MD 
simulations 

In order to support the role of Mg2+ as a cofactor, the ∆𝐺bind
residue of HBV-RT 

toward Mg2+ ions was calculated, and the obtained results (Fig. 16) revealed that two 

Mg2+ played an important role in stabilizing HBV-RT at D83 and D205 residues. Apart 

from amino acids residues, the double-stranded DNA, especially at 3’OH of nitrogenous 
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base, also contributed against ligand binding with the ∆𝐺bind
residue of ~-1 to -4 kcal/mol 

(Fig. 17). One of the important factors involving in the stabilization of protein-ligand 

complexes is H-bonds. To measure such interactions throughout the equilibration 

phase, H-bond formation was calculated using the two geometric criteria: (i) the 

distance between the H-bond donor and H-bond acceptor of ≤ 3.5 Å and (ii) the H-

bond angle of ≥ 120o (weak H-bond, Fig. 18A) and ≥ 150o (strong H-bond, Fig. 18B). 

The obtained results showed that the H-bond formations were highly detected in ZDV 

system, especially R41 and S85 residues (Figs 18A-B). On the other hand, the DDI 

showed the lowest H-bonds (for both weak and strong H-bonds criteria) as compared 

with the other anti-HIV drugs. In the case of d4T, there were two firmly strong H-bonds 

detected at A86 and A87 residues, which are somewhat similar to the 3TC. Interestingly, 

the HBV-RT residues K32, A86, A87 and N236 could form several H-bond interactions 

with ligands rather than other amino acids, suggesting that these four residues are 

important recognized sites for ligand binding, which is in accord with the ∆𝐺bind
residue 

calculations (Fig. 15) and H-bond analysis from previous report [127].  

 Altogether, the obtained drug-protein interactions suggested that (i) the energy 

stabilization for drug binding not only came from protein target but also derived from 

the adjacent DNA molecules and (ii) electrostatic attractions and H-bond formations 

were the crucial interactions associated with drug binding 

 

Table 1 MM calculations of anti-HBV and anti-HIV drugs for binding with HBV-RT   based 
on MM/GBSA method. 

Energy 

(kcal/mol) 

Simulated system 

dTTP 3TC d4T DDI ZDV 

∆EvdW -23.13 ± 0.45 -18.89 ± 0.53 -17.92 ± 0.62 -15.73 ± 0.57 -21.07 ± 0.61 

∆Eele -622.46 ± 4.95 -394.17 ± 4.65 -670.69 ± 4.26 -360.51 ± 4.57 -659.71 ± 5.93 

∆EMM -645.59 ± 4.96 -413.07 ± 4.59 -688.61 ± 4.18 -376.24 ± 4.63 -680.78 ± 5.92 
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Figure 15 The per-residue contribution free energy of HBV-RT for dTTP, 3TC, d4T, DDI 
and ZDV in which energy contribution values are labeled from purple to 
black with -8 kcal/mol to 12.0 kcal/mol. 
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Figure 16 Averaged total energy from each residue of HBV-RT domain with Mg2+ in all 

systems. 
 

4.2.3 Ligand topology 

To characterize the conformation of HIV (d4T, DDI and ZDV) and HBV (3TC) 

drugs as well as HBV substrate (dTTP) in complex with and without HBV-RT, the 

structural parameters τ, r and θ (Fig. 5C) were calculated and plotted as the probability 

distribution over the production phase at 310 K. In addition, the representative 

snapshots extracted from T-REMD simulation are illustrated in Fig 19B. According to 

the canonical probability distributions (Fig. 20), there were enough overlaps between 
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all neighboring pairs of distributions in all systems, indicating the sufficient numbers of 

replica exchanges between pairs of replicas. 

 

 
Figure 17 The per-residue decomposition free energy of double-strand DNA which in 

complex with HBV-RT for dTTP, 3TC, d4T, DDI and ZDV. 
 

The τ and θ structural parameters were chosen to construct the FES profile 

(Fig. 19). In the case of unbound state, the distribution of τ of all ligands showed similar 

patterns (except d4T) in which the populations of τ and θ were mostly found at -180o, 

60o and 180o and at 60o to 180o, respectively. By considering d4T system, the local 
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minima detected at τ of ~60o and at θ of ~60o to 120o was similar to that of ZDV. In 

addition, the DDI showed an almost identical conformational pattern with 3TC at the 

θ of -180o, 60o and 180o. As shown in Fig. 21, the distribution of r showed the similar 

trend with that of θ for both bound- and unbound states, in which only one population 

was detected (~5 to 13 Å for r (Fig. 21) and ~60o to 180o for θ (Fig. 19)). As expected, 

the FESs of ligands conformations in bound state were more negative than those of 

unbound ones, as evidenced by the obviously increased blue color, indicating that the 

protein-ligand complexation promoted the stable conformation of ligands. 

 

 
Figure 18 The H-bond occupation of HBV-RT formed with five ligands over 30 ns. A) 

Weak H-bond formation was calculated using angle ≥ 120o. B) Strong H-bond 
calculated using ≥ 150o. Each detected H-bond interaction was represented 
in black, red and blue. 
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Figure 19 A) FES map of dTTP, 3TC, d4T, DDI and ZDV showing the distribution of τ 

and θ in unbound and bound forms at 310.0 K. The FESs (kcal/mol) were 
ranged from 0 (grey) to -3.5 kcal/mol (black). B) The representative 
conformation of ligand in bound (green) and unbound (blue) states. 
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Figure 20 The probability distributions of the total potential energy of all ligands in all 

temperatures (replicas). Each temperature is represented in different colors. 
 

4.2.4 Binding affinity of anti-HIV drugs against HBV-RT 

The susceptibility of anti-HIV drugs against HBV-RT was predicted using the 

QM/MM-GBSA and MM/GB(PB)SA binding free energy (ΔGbind) calculations on 100 

snapshots extracted from the last 30 ns of each MD simulation. Based on QM/MM-

GBSA, all drugs were treated by the semiempirical methods (AM1 and PM6), while the 

remainder was described at the MM level. Note that (i) the binding free energies were 

calculated without considering entropy and (ii) The QM/MM-GBSA and MM/GB(PB)SA 

calculations provided the same trend. 
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Figure 21 Distribution of distance (r) of dTTP, 3TC, d4T, DDI and ZDV in unbound and 

bound form with HBV-RT at 310.0 K. 
 

The obtained results (Fig. 22) demonstrated that the ΔGbind values of anti-HIV 

drugs obtained from all methods were in the same order of ZDV < d4T << DDI. The 

binding affinity of d4T and ZDV drugs was higher than those of dTTP substrate, which 

is in good agreement with previous study demonstrating that the binding strength of 

anti-HBV drug tenofovir towards the HBV-RT was higher than that of dATP substrate 
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[61].  Although ZDV showed the highest affinity against HBV-RT (Fig. 5) and could 

potentially inhibit HBV-RT activity with the IC50 of 0.3 µM, the in vivo and clinical study 

results indicated that ZDV remains ineffective. Hence, d4T was chosen instead for 

further in vitro studies. 

  
Figure 22 The predicted binding free energies of anti-HIV drugs compared with the 

substrate and anti-HBV drug to HBV-RT using QM/MM-GBSA and 
MM/GB(PB)SA calculations. 

 
4.2.5 Virtual screening based on 3D pharmacophore modeling 

To identify the new potent candidates against HBV-RT, the 3D-PBS was applied. 

First, only 2,329 approved drugs were selected from DrugBank database. After that, 

these compounds were filtered and collected by applying the respectively 3D-PBS 

(using pharmacophore features: H-bond donor (green arrow), H-bond acceptor (red 

arrow) and hydrophobic interaction (yellow sphere) (Fig. 23)) and similarity search for 

50% of nucleoside-based scaffold; as a result, only 16 screened compounds were 

obtained. Subsequently, the anti-HBV, anti-HIV and other drugs, which already tested 

with HBV (e.g., zidovudine, telbivudine, stavudine, didanosine, tegafur and Isoprinosine) 
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[128-130], were removed from such 16 compounds, remaining only 10 drugs left as 

shown in Table 2. Finally, three of them, including floxuridine (FdU, an anti-cancer 

drug) [131], trifluridine (TFT, an anti-herpesvirus drug) [132], sofosbuvir (SOF, a high 

molecular weight drug) [133] were selected as representative compound for in vitro 

HBV DNA inhibition assay.  

The performance of 3D-PBS and the ability of identifying the structural similarity 

between (i) 4,583 decoys and 10 active compounds for 3TC and (ii) 3,583 decoys and 

10 active compounds for ZDV were determined using the receiver operating 

characteristic (ROC) plot, where the area under the curve (AUC) indicates the quality 

of ROC plot. The AUC value of > 0.50 indicated that the active molecules are reliable. 

As shown in Fig. 24, the AUC values are 0.50 (1%), 0.90 (5%), 0.95 (10%), and 0.91 

(100%) for the 3TC and 1.00 (1%), 1.00 (5%), 1.00 (10%), and 0.77 (100%) for the ZDV; 

thus, the hit compounds derived from 3D-PBS are acceptable. Altogether, FdU, TFT 

and SOF, obtained from 3D-PBS, and the d4T, acquired from free energy calculations, 

were then examined for their anti-HBV activity in vitro. 
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Figure 23 The screening workflow based on 3D-PBS and similarity search for 50% of 

nucleoside-based scaffold. 
 

4.2.6 In vitro Inhibition of HBV replication 

To evaluate the anti-HBV activity of anti-HIV drug (d4T) and the screened 

compounds (FdU, TFT and SOF) in comparison with anti-HBV drugs (TDF and 3TC), 

HepG2.2.15 cells expressing HBV were treated with all focused compounds at different 

concentrations of 1 µM, 10 µM and 100 µM for 7 days. Note that (i) the HepG2.2.15 

cells intracellularly contain HBV DNA in both forms: integrated- and episomal DNAs 

and (ii) the amount of integrated DNA was not affected by the addition of anti-HBV 

agents, while the episomal DNA would be decreased if the HBV-RT is inhibited. 
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Figure 24 ROC plot of 3D-PBS applied on HBV-RT with A) 3TC and B) ZDV. The 

enrichment factor (EF) and the AUC are given for 1, 5, 10, and 100% of 
database. 

 

Table 2 List of 10 screened compounds obtained from similarity search for 50% of 
nucleoside-based scaffold and the removal of HIV/HBV drugs.

Name Target M.W. 2D structure 

Anti-herpesvirus drug 

Trifluridine (TFT) 

- Primary 
keratoconjunctivitis 
- Recurrent epithelial 
keratitis 

296.20 

 

Idoxuridine - Herpes simplex keratitis 354.10 

 

Brivudine 
- Varicella zoster virus 
which causes herpes 
simplex virus type 1 

333.13 
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Anti-cancer drug 

Floxuridine (FdU) - Colorectal cancer 246.19 

 

Cytarabine 

- Acute myeloid leukemia 
(AML) 
- Acute lymphocytic 
leukemia (ALL)  
- Chronic myelogenous 
leukemia (CML) 

243.21 

 

Gemcitabine 

- Breast cancer 
- Ovarian cancer 
- Non-small cell lung 
cancer 
- Pancreatic cancer  
- Bladder cancer 

263.20 

 

Capecitabine 
- Breast cancer 
- Gastric cancer  
- Colorectal cancer 

359.35 

 
 

 

High molecular weight drug (M.W >400) 

Citicoline 

- Alzheimer's disease  
- Other types of 
dementia, head trauma 
and cerebrovascular 
disease 

488.32 

 

Sofosbuvir (SOF) - Hepatitis C virus (HCV) 529.46 
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FAD 
- An ophthalmic 
treatment for vitamin B2 
deficiency 

785.55 

 

 
The in vitro HBV DNA inhibition assay (Fig. 25A) revealed that anti-HIV drug d4T, 

which was obtained from free energy calculations, displayed good anti-HBV activity 

(~25%) at 1 µM, whereas the activity of this drug was dramatically decreased at higher 

concentrations (10 and 100 µM). This finding likely suggested that acquired drug 

resistance might be occurred at high doses. Interestingly, our screened drug FdU, 

derived from 3D-PBS, showed the highest anti-HBV activity (~10-20%) and suppressed 

HBV DNA in a concentration-dependent manner. However, the other two screened 

drugs (TFT and SOF) did not cause a dramatic decrease in the HBV DNA at all three 

concentrations; therefore, only FdU was selected to examine the cell viability using 

MTT assay (Fig. 25B).  

 The MTT results indicated that FdU decrease cell viability by ~40% at all 

concentrations. As compared to 1 µM HBV drug TDF, the FdU at 1 µM displayed the 

lower cell viability by ~20%, indicating that FdU can cause the toxicity toward 

hepatocytes. Taken together, FdU could possibly reduce the HBV DNA but still had 

toxicity; thus, the reduction of HBV DNA might partly come from cell death. 

Unfortunately, the cell based assay was the indirect inhibition for inhibiting RT, 

indicating that the inhibition activity of 3TC and d4T might come from other factors 

such as the ability to transport medicines into cells or the environment of cells. To 

evaluate the drug activity against HBV-RT, the enzyme assay was the one choice for 

direct inhibition, which the results would agree with binding free energy calculation. 
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Hence, the enzyme assay was an interesting method for further testing the ant-HIV 

drug against HBV-RT. 

 

 

Figure 25 A) Inhibition activity of HBV DNA in HepG2.2.15 cells with TDF, 3TC, d4T, FdU, 
TFT and SOF. Cells were treated with 1, 10 and 100 µM of each drug. B) 
Effect of FdU on HepG2.2.15 cell viability. The number of viable cells was 
determined using MTT assay. Data are expressed as mean ± SD of two 
independent experiments. 
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CHAPTER V 
CONCLUSION 

 
5.1 HCV NS3/4A protease 

In this work, 100-ns MD simulations were applied on the WT and on the R155K 

and D168A single point mutations of the NS3/4A protease in the apo form and in 

complex with ASV, a current drug in phase III clinical trials. According to the PCA, these 

two mutations dramatically converted the direction of motion of the key binding 

residues ( 123, 155 and 168)  to move outwards from ASV, resulting in a loss of 

electrostatic attraction and H-bond formation. The QM/MM-GBSA binding free energy 

calculations at different levels of QM theory (AM1, RM1, PM3 and PM6) suggested that 

both mutations caused a significant reduction in the binding affinity, ranked in the order 

of WT< R155K < D168A, which agreed with the observed experimental EC50 values. In 

addition, it can be postulated that other related mutations might have a similar pattern 

in drug binding and the loss of interactions like in our cases present here. 

Consequently, our findings can allow us to predict the effect of mutations on the 

binding affinity at least without simulations. Taken together, the theoretically obtained 

information can be used as a rational guide for antiviral drug design and development 

towards the HCV genotype 1, which is the most prevalent genotype worldwide. 

 

5.2 HBV reverse transcriptase 

 In this work, 200-ns MD simulations were performed on the HBV-RT in complex 

with dTTP substrate, anti-HBV drug (3TC) and three anti-HIV drugs (d4T, DDI and ZDV). 

According to the QM/MM-GBSA and MM/GB(PB)SA binding free energy calculation, the 

binding affinity of anti-HIV drug d4T was significantly higher than that of anti-HBV drug 

3TC, suggesting that d4T could possibly inhibit this HBV-RT. The calculations of FESs 

revealed that the ligand conformations in bound form were more stable than those 
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of unbound state. Based on 3D-PBS and in vitro anti-HBV activity, the obtained FdU 

could possibly reduce the intrahepatic HBV DNA. However, this drug still had toxicity 

toward hepatocytes. Altogether, the obtained information can be used as a rational 

guide for designing and developing a novel derivative of FdU to diminish its cytotoxicity. 
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APPENDIX A 
Amino acid sequences alignment of reverse transcriptase from HBV (NCBI 

sequence database reference AY233278) and HIV-1 (PDB code: 4PQU): 

Identity: 20.9% 

Similarity: 32.8% 
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APPENDIX B 
H-bond orientation of anti-HIV and anti-HBV drugs in complex with HBV-RT 
taken from the last MD snapshot. 
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APPENDIX C 
A standard curve of A) a HBV plasmid (pHBVWT) with 7-fold serial dilutions (103 

to 109 copies per reaction) and B) a β-globin plasmid with 7-fold serial dilutions 
(103 to 109 copies per reaction) 
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