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Chapter I 

Introduction 

1.1 Rationales 

More than half of the world’s population lives in tropical and sub-tropical 

regions that shown a high risk of dengue and Zika viral infection. This 

infection ranges from mild fibril illness to severe symptom that is one of a 

leading cause of death in children. There is no effective prevention or 

therapeutic agents to cure this disease. However, many candidates for 

inhibitors are in the process of drug discovery and development. This 

traditional procedure is time consuming in the range of 10-15 years. Due to 

this limitation, the computer-aided drug design (CADD) and structure-based 

virtual screening method (SBVS) become important techniques to perform 

drug screening to a high accuracy with a reduction of time. The binding 

pattern of an inhibitor on its target protein is necessary for virtual screening in 

order to search the new potent compound. Several computational tools, such 

as all-atom MD simulations, principal component analysis (PCA), and binding 

free energy calculations are used for determining the stability and binding 

affinity of a ligand to the viral surface at different binding sites. Moreover, 

pharmacophore based-virtual screening and molecular docking techniques are 

also essential tools to search for the novel inhibitor.  

 

1.2 Background 

The family Flaviviridae is enveloped viruses. They can be transmitted 

between people by means of a bite from an infected insect such as a tick or 

mosquito. Japanese Encephalitis virus (JEV), Yellow Fever virus (YFV), 

Chikungunya virus (CKV), dengue virus (DENV) and Zika virus (ZIKV), 

belong to the Flavivirus genus [1, 2]. These viruses and their vectors are 

spread throughout tropical and subtropical regions (Fig. 1 and 2). Southeast 

Asia is the highest risk zone. In 2018, Thailand vector-borne disease center 
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reported 84,830 dengue infections leading to 109 deaths with a fatality rate of 

around 0.13%, which is the highest percentage in the last decade. This virus is 

not only spread in Southeast Asia, but it also emerges in East Asia, including 

China, Korea, and Japan. In case of Zika viral infection, there is a huge 

outbreak over the world, while Thailand is one of the countries in the 

Southeast Asia with a high impact. The World Health Organization (WHO) 

declares people in 84 countries and territories have infected by the Zika virus.  

 

 

Figure  1  The burden of dengue virus in the world  [3] 
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Figure  2  The transmission of the Zika virus in the world   

 

A vaccine for dengue has very recently launched, however, its efficacy 

and side effects are still unclear due to the Antibody-Dependent Enhancement 

(ADE) to a viral infection. The commercial drug for dengue and Zika viruses 

is not yet available. Some inhibitors are currently in the process of drug 

discovery [4-6]. Many researchers have focused on a discovery of novel potent 

compounds from synthetic or natural products against viral targets, but it is not 

fast enough for fighting against these viruses. The computer-aided drug design 

(CADD) is very useful for high-throughput virtual screening (HTVS) of a 

large amount of compounds from databases. The CADD approach increases 

the chance of success in the drug discovery and reduces the development time 

and the cost of chemical reagents [7-11]. By the major key of drug discovery 

and design, we need to know the correct target that plays an important role in 

the organism’s life cycle. 
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1.3 Dengue and Zika viruses 

Dengue and Zika viruses cause a mosquito-borne disease, which is 

transmitted by Aedes mosquito species. Generally, the transmission of them 

cannot be directly passed from person to another. It requires the mosquitoes as 

the primary vectors of the virus. But in some case, the virus can be directly 

transmitted from mother to her fetus. These mosquitoes live in urban with the 

close-human environment during day time. Adult female infected mosquitoes 

contain viruses, in salivary glands which can exist along the mosquito's life. 

The infected mosquito bites persons who can get the viruses in the body and 

after 4-7 days, probably up to 10 days and the symptom of disease may occur 

(Fig. 3). Zika virus can directly spread through person-to-person by sexual 

transmission or through the saliva of infected animals [12]. Zika virus can be 

found in urine, vaginal fluid, blood, semen and saliva for at least 3 months [6, 

13-15]. The infection of dengue virus related to four serotypes, of which each 

has slightly different antibody interaction. The symptom of dengue fever 

ranges from mild to severe (Fig. 4a), for example, severe headache, high fever, 

fatigue, severe joint and muscle pain, rash on skin, nausea, vomiting, and 

shortness of breath [13, 16]. The severity depends on several factors age; the 

child will be more severe than adult [17]. The serotype complexity and 

Antibody-Dependent Enhancement (ADE) of dengue can lead to dengue 

severity (Fig. 4b and 4c) that caused by secondary infection with the different 

dengue virus serotypes or Zika infection. This is able to develop from dengue 

fever to dengue hemorrhagic fever (DHF) or dengue shock syndrome (DSS). 

Immunoglobulin in blood patient is specific to each viral serotype, but all 

serotypes are slightly different about 35-45%, which lead to 

immunopathogenic response coursing  the virus to rapidly replicate in multiple 

organs [18-21]. Many patients infected by the Zika virus may not reveal the 

symptom or they might show a mild fever leading to febrile illness, called 

Zika fever, but this virus may cause neurologic disorder in infants or 

microcephaly that can interrupt the fetus’ brain development in every 

pregnancy stage. The Zika might cause Guillain-Barré syndrome (GBS) and 

conjunctivitis in adults [22, 23]. 
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Figure  3  Transmission of dengue virus from person-to-person through its 

vector, Aedes aegypti mosquito  [19]. 

  

 

  

Figure  4  a) The ratio of dengue infection and its symptom illustrate as a 

pyramid diagram. b) The primary and c) secondary infection of 

dengue virus and immune response.  [21]. 
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Flaviviruses are a small spherical particles which consist of 4 main parts; 

envelope protein, lipid membrane, capsid and genome (Fig. 5a) [24]. The 

genome of flavivirus is infectious, which is approximately 11,000 nucleotides 

in length. RNA is positive-sense with a single strand that can be translated into 

a single polyprotein that can be cleaved into 10 proteins. The N-terminal 

region of polyprotein encodes 3 structural proteins; capsid (C), membrane 

(prM), and envelope (E) protein, followed by 7 non-structural (NS) proteins; 

NS1, NS2A, NS2B, NS3, NS4A, NS4B and NS5 (Fig. 5c) [1, 25]. The 

structural proteins facilitate the viral attachment, entry, assembly, and budding 

processes. The NS proteins have functions in many steps of the viral life cycle, 

including viral replication, viral assembly and viral release. The capsid protein 

is involved in RNA binding and nucleocapsid packing via the opposite 

charged residues. It consists of about 114 amino acids in a mature stage [26, 

27]. The precursor of membrane (prM) is translocated into the ER by a signal 

sequence provided by capsid. The immature virion shows a spike-like particle 

that is containing a tight complex of prM covering the fusion peptide of E 

protein trimer (Fig. 5a). The prM has been shown in immature virion until the 

virus exposed under the neutral pH. In the trans-Golgi network (TGN), the 

prM was cleaved and released out of E protein [28].  

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 9 

 

Figure  5  a) Morphology of flavivirus particle, b) envelope protein of 

dengue virus, and c) genome and function. 

  

Dengue and Zika viruses are closely related species about 56.3% identity 

and 72.6% similarity based on their genome. They belong to a member of the 

genus Flavivirus. The comparative sequence similarity of each protein 

between dengue and Zika viruses based on pairwise alignment that shown in 

Fig. 6.  The most similar protein sequence among dengue and Zika virus is 

NS3 (66.7 % identity and 80.8% similarity) and the lowest similarity is NS2A 

(27.5 % identity and 47.0% similarity). Nucleocapsid is covered by host-cell-

derived lipid bilayer and the outermost is the envelope protein (Fig. 5b) [29]. 

Capsid protein (37.1 % identity and 62.9% similarity) is icosahedral in shape, 

and protects the viral genome from toxic agents. The capsid protein is essential 

induced to specific encapsidation of viral RNA [30]. Moreover, host ubiquitin-

proteasome is the one factor for RNA release into the host cell cytoplasm [31]. 

The membrane is a key for viral maturation and role in forming part of the 

premembrane – envelope protein (prM-E) complex [32]. Envelope protein 
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(54.5 % identity and 74.9% similarity) is an anti-parallel homodimer, in which 

each monomer consists of 3 domains (I, II and III) and packed about 180 

copies as raft structure on the viral surface. There is a slight difference 

between dengue and Zika E protein at the region near the glycosylation site 

and kl loop region based on pairwise alignment (Fig. 7 and 8)[33]. The 

hydrophobic region located at the end of E protein (DII) is particularly 

conserved among flavivirus. E protein is involved with viral absorption and 

viral entry into host cells by receptor-mediated endocytosis. Therefore, E 

protein is a promising target for screening, designing and developing potent 

compounds against dengue and Zika viral infections. The acidic condition is a 

major key of E protein conformational change [25, 34-36]. While these stay in 

the endosome, the class II fusion protein at the tip of domain II exposes and 

inserts to host endosomal membrane, and then nucleocapsid is released into 

host cytoplasm. Not only pH condition, but environmental temperature also 

affects to the conformational stability of E protein [37].  

 

 

Figure  6  The comparison of a whole genome and 9 viral protein sequences 

between dengue and Zika viruses using pairwise aligment 

method. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 11 

 

Figure  7  The major difference between dengue and Zika envelop protein 

[33]. The closed conformation at kl loop region of Zika virus 

different from dengue E protein. Moreover, the Zika virus shows 

an extra loop (yellow) near the glycosylation site (orange) in 

domain III of E protein [36]. 

  

 

Non-structural proteins are associated with several roles in flavivirus’ life 

cycle. Most enzymatic functions have been identified, including protease, 

helicase, methyltransferase (MTase), and RNA-dependent RNA polymerase 

(RdRp) [38]. The secretion of NS1 may implicate in severity development of 

dengue in the patients [39, 40]. The hydrophobic proteins NS2A, NS4A, and 

NS4B participate in viral assembly and antagonize the host immune response 

[41, 42]. Surprisingly, NS4A is required for viral replication cycle [43]. NS2B 

and NS3 can be translated to serine protease; NS2B plays a role as a cofactor 

that interacts with NS3 and an actively engage in the protease formation [44, 

45]. Another function of NS3 enzymatic protein is helicase relevant to viral 
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replication. NS5 encodes to methyl-transferase (MTase) and RNA-dependent 

RNA polymerase (RdRP) which plays a vital role in virus replication [46, 47]. 

Translated viral genome and each function are shown in Fig 5c [48].   

 

 

Figure  8  The 3D structure of anti-parallel homodimer of dengue (PDB 

code: 1OKE) and Zika E protein (PDB code: 5iz7) and their 

amino acid sequence, in which each monomer comprises of 3 

domains; DI (red), DII (yellow) and DIII (blue). 

  

Several natural compounds have been found to interrupt in many steps of 

the viral life cycle as shown in Fig. 9 [49], including viral attachment (host 

receptor and E protein), entry process (E protein), replication (NS protein), and 

assembly (C protein). Viral replication is a necessary process of the virus, 

when the viruses float in the blood stream. They are attached to host cell 

receptor such as heparin sulfate, clathrin receptor, DC-SIGN, Mannose sugar, 

TIM, and TAM before entering into the host cell through receptor mediated 

endocytosis. In the endosome, the structure of envelop protein will be changed 
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to an active stage due to the proton pumping from the endosomal membrane 

(Fig. 10). The viral RNA is releasing into host cytoplasm, called entry stage. 

Host genome is manipulated by viral RNA and synthesized viral non-

structural proteins in the cytoplasm like functional enzyme, which is used in 

polymerization, transcription and translation. Then viral particles will be 

assembled before released out of the host cell and spread into the patient's 

body. Key steps of these are represented in Table 1 [50].  

 

Figure  9  Dengue and Zika viral life cycle [49]. 

  

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 14 

 

Figure  10  Schematic (A) and 3D structure (B) illustrates the conformational 

change of E protein when it lives in host endosome [51]. 

  

 

Table  1  Key steps of dengue replication and target site for 

pharmacological interaction. 

  

No. Event in viral replication Target(s) 

1. Adsorption or attachment Dengue envelope protein; host targets 

2. Endocytosis, uncoating Host targets 

3. Translation of viral 

polyprotein 

Host targets 

4. Cleavage and post-

translation 

Viral NS3 protease; (host protease); 

alpha-glucosidase 

5. Replication complex Various targets 

6. Transcription to - RNA Viral NS5 polymerase; NS3 helicase; 

NS4B 

7. Transcription to + RNA Viral NS5 polymerase and 

methytransferase; NS3 helicase; 

NS4B; host SAHase 

8. Assembly Viral capsid protein C; host targets 

9. Releasing Host targets 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 15 

Up to date, no effective vaccine or a specific antiviral drug is available for 

the treatment of dengue in human. Hence, the therapeutic application needs to 

be developed immediately [3, 28, 52].  Analgesic; NSAIDs and aspirin, should 

be abstained, therefore this drug can interfere platelet mechanism that leads to 

hemophagic symptoms. Many relevant antiviral drug research groups have 

discovered the potent compounds against dengue and Zika viruses, in which 

the antiviral drug is obviously in the process of drug discovery and design. 

Mechanism of antiviral agents against targets; virus and host-cell, has several 

approaches. The common timeline of drug discovery takes about 10-15 years 

from target selection to approved drug [53]. To overcome this limitation, the 

integration of experimental and computational approaches lead to time 

reduction and often improves quality of the process [6, 54, 55]. One of the 

challenges for drug discovery by computational method is how to search for 

the correct target. Many viral proteins have been reported about its potential to 

be a target protein for virtual screening.  

Most researches focus on non-structural proteins which are enzymatic 

targets related to viral replication and translation processes. NS2B/3 protease 

is mostly studied to discover the potent inhibitor; small molecules, short 

peptide inhibitors, analogs, and allosteric ligands, for this target of dengue and 

Zika viruses [56-65]. NS3 helicase and NS5 MTase and RdRp are also used as 

a target protein to find potent inhibitors (Fig. 11) [66-71]. On the other hand, 

the structural proteins are able to be a potential target for a broad spectrum of 

inhibitors because they show highly conserved regions among flavivirus [72]. 

Capsid is an immensely positively charged protein consists of about 25% of 

arginine and lysine [73]. Two interesting inhibiting targets of the capsid are 

the hydrophobic core and the N-terminus region which is used for drug 

development. According to Byrd et al., in 2013, ST-148 (Fig. 11) can induce 

CPE and reduces virus titer in the low concentration for all serotypes of 

dengue virus [74]. The small peptide also can be used as a capsid protein 

inhibitor [75-77]. The related researches revealed the mechanism of this small 

molecule that has an antiviral effect on the entry, assembly and viral release 
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out of infected host cells. The E protein is a structural protein without specific 

binding region. Notwithstanding, one of the known inhibiting targets for the 

viral entry mechanism of the E protein is the kl loop or n-octyl-β-d-glucoside 

(β-OG) pocket [78], the hydrophobic region between domains I and II. In 

addition, several domains of E protein can be used as the inhibiting target 

sites; stem domain, the β-OG hydrophobic pocket (kl loop) and the receptor 

binding domain III [79]. N-octyl-β-D-glucoside (β-OG) is a detergent that is 

inserted into the kl loop pocket during crystallization, but it cannot be an 

inhibitor against dengue virus. Short peptides and small molecules play a key 

role as they inhibit viral agents at E protein. The designed small peptide 

interacts with the hinge of domain II stem region, which shows an increased 

hydrophobicity and enhanced inhibitory strength [79-81]. This region has been 

suggested as a promising ligand binding site in order to inhibit dengue virus at 

the earliest step of infection [78, 82-84]. According to Wang et al., a 

pyrimidine derivative (compound 6 in Fig. 11) and quinazoline (compound A5 

in Fig. 11) can serve as molecular probes for the study of the entry of 

flavivirus into host cells. However, the experiment in mouse show that both 

compounds are agglomerated in the digestive tract [85]. Doxorubicin (Fig. 12) 

has shown an antiviral effect against dengue infected cell based on cell culture 

experiment with lower cytotoxicity. An analog of doxorubicin is not able to 

inhibit dengue serotype 4, but it can enhance antibody activity and can reduce 

the immature dengue serotype 2 [86]. According to Jadav et al., a novel hybrid 

inhibitor of β-OG pocket is reported that is developed from two hits identified 

by Zhou et al. and Li et al. [40, 87]. The receptor binding domain III of E 

protein shows adsorption on glycosylation site and viral replication. This 

binding region near glycosylation site can interact with several receptors on 

the host cell surface; heparan-sulfate proteoglycans or syndecans according to 

previous studies, which are aim at the discovery of new entry inhibitors 

mimicking heparan-sulfate moiety of these receptors [88]. The anticoagulant 

activity and low bioavailability are also the major problems of these 

compounds. Unlike, curdlan sulfate binds to the interface between domain II 

and III has shown a good level in plaque forming assay and its advantage is a 
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low anticoagulant activity [89]. In previous study, MLH40, a small peptide 

can be served as a candidate for an antiviral drug because it can reduce the 

viral infectivity to host cells in all dengue serotypes [90]. Teicoplanin 

derivative is another compound that binds to E protein and blocks replication 

observed by the experimental study (Fig. 12) [91]. Polyphenolic lipid 

compounds, cardol triene, could interrupt at kl loop of E protein of dengue 

virus, but not in the Zika virus according to Kanyaboon, et al. [36]. The 

iminosugar (UV-4) has been reported about inhibiting efficacy. This 

compound is modified from deoxynojirimycin conjugate with alkyl side chains 

that could potent to interrupt E protein of dengue virus [92]. Ismail and Jusoh 

have reported the novel binding site of dengue E protein based on the 

consensus molecules of flavonoids and derivatives. This binding region is 

located between the domain I and domain II at a different chain [93].  
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Figure  11  Chemical structure of potent inhibitors against flavivirus at the 

different target proteins [72].  
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Recently, in vitro and in silico study has shown that a flavanone derivative 

(FN5Y) can interfere and interrupt at envelope protein of dengue virus [4]. 

The FN5Y molecule (Fig. 12) attaches to 4 binding sites of dimeric dengue E 

protein. This compound could disturb the initial step of the viral infection by 

blocking the re-arrangement of E protein dimer to trimer conformation. The 

mechanism of inhibition has been proposed by computational studies [83, 84]. 

Carneiro and co-workers have reported that the Zika viruses can be inhibited 

by (-)-epigallocatechin-3-gallate (EGCG) as shown in Fig. 12. The EGCG is a 

natural polyphenol product found in green tea (Camellia sinensis) [6, 54, 55]. 

They believe that this compound may has an effect on Zika virus in the viral 

entry process. Moreover, the 50-ns molecular dynamics (MD) study on the 

Zika E protein monomer at pH 7 suggested that the binding site of EGCG is 

located between domains I and III [55]. However, the complete understanding 

on the inhibitory mechanism of EGCG on the anti-parallel homodimer of Zika 

E protein in microscopic level remains unclear.  

 

   

Figure  12 2D structure of inhibitor against flavivirus entry process. 
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This study aimed to investigate the possible binding sites of active 

inhibitors on the E homodimer using in silico methods. The possible complex 

structures between inhibitor and E protein dimer are predicted by molecular 

docking. The k-mean clustering algorithm is applied to group and predict the 

preferential binding site. Several computational tools, such as all-atom MD 

simulations, principal component analysis (PCA), and binding free energy 

calculations are used for determining the stability and binding affinity of 

ligands on the viral surface at different binding sites. The obtained results 

propose the new valuable information to assist further drug development of 

inhibitors against dengue and Zika viruses. It could also inspire similar studies 

for the other systems of the flavivirus genus, such as yellow fever virus, West 

Nile virus and Japanese Encephalitis virus.  

Moreover, the screening novel dengue inhibitors against the dimeric E 

protein is carried out via in silico methods. Flavonoid and its derivatives are 

collected from online and in-house databases based on the core structural 

similarity of flavonoid [94, 95]. In the beginning step, the pharmacophore-

based virtual screening and molecular docking methods are used for virtual 

screening of a numerous compounds in the data sets. Then, the hits need to be 

evaluated for this binding affinity by analyzing the behavior of the complexes 

through MD simulation. The solvated interaction energy (SIE) method is a less 

time-consuming and moderate accurate calculation that is commonly used to 

compare and evaluate binding free energy among the complex systems. The 

molecular mechanics generalized born surface area (MM-GBSA) and 

molecular mechanics Poisson–Boltzmann surface area methods (MM-PBSA) 

[96, 97] are used to evaluate the binding efficiency to distinguish the most 

preferable binding sites of the potent compound in the complex system. 

Insight of binding affinity of a potent compound to a binding pocket of E 

protein, can be evaluated by quantum mechanics (QM), fragment molecular 

orbital (FMO) method, that can provide the interaction energy (PIE) with the 

highest accuracy [98, 99]. The binding pattern of the active compound on E 

protein and a novel dengue viral inhibitor will be proposed. 
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1.4 Objectives 

1.4.1 To evaluate the interaction between lead compounds and dengue and 

Zika viruses via in silico study. 

1.4.2 To screen the compounds inhibit envelope protein of dengue and Zika 

viruses. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter II 

Theory and Computational details 

2.1 Molecular docking 

Molecular docking technique becomes a powerful method used for 

predicting the possible binding site on a target protein [100-102]. The common 

step of molecular docking is illustrated in Fig. 13. The conformations of ligand 

will be randomly generated by the search strategy algorithm. Then, each pose 

of ligand will be docked into the protein and computed the interaction energy. 

List of dock poses are ranked depending on binding affinity score [8, 9, 11, 

103, 104]. 

Molecular docking can be classified into two methods; blind and focused 

docking, according to the search strategy. The small molecules randomly 

search and insert into the whole macromolecule without specific binding 

region, which called blind docking. Another technique is focused docking, 

which requires the previous knowledge in order to determine the binding sites 

on the target protein. 

 

Figure  13  The schematic procedure of Molecular docking method. 

 The binding free energy, scoring function can be approximated by many 

parameters of the standard chemical potentials of the system, depended on 
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each algorithm. One of the most popular docking software is autodock vina, 

which is the flexible ligand docking method [105]. This program can be used 

to estimate the binding affinity of the ligand binds to macromolecules and it is 

also used for searching the possible binding region of structural protein by 

special algorithm that developed from various stochastic global optimization 

approaches. Ligand will be generated in various conformations including 

bonds, angles, and dihedrals. Then, the ligand will be randomly searched space 

on the surface of macromolecule (Fig. 14). All of the ligands will generate the 

binding poses and access the binding affinity. The most common binding 

region of ligand indicated the possible binding region of the target protein. In 

case of CDOCKER software, this program is the molecular dynamics (MD) 

simulated-annealing-based algorithm using CHARMm force field scoring 

function [106]. One of the key steps of focused docking is determining the 

specific binding sites of macromolecule, grid (Fig. 15). Each ligand is then 

subjected to high temperature MD. A simulated annealing method is a step of 

heating the ligand, that lead randomly generating the various ligand 

conformations in order to increase the performance of docking. Another 

focused docking program, iGEMDOCK is a flexible docking tool that uses a 

generic evolution method (Fig. 16). The combination of empirical and a 

pharmacophore-based scoring function is the key strategy of this program. The 

binding affinity of this program is considered as a Fitness score that can be 

computed by the following terms: van de Waals interaction (    ), hydrogen-

bonding potential (      ), and electrostatic (     ) (eq. 2.1) [107, 108]. 

                                   eq. 2.1 
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Figure  14  Ligands are docked to dengue E protein by blind docking 

method. 

  

 

Figure  15  Ligand bound to specific binding region of dengue E protein 

using focused docking method. 
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Figure  16  Generic evolution algorithm  [107]. 

 

2.2 k-mean clustering 

Among complexity of data without defining categories, the clustering is 

an unsupervised machine learning algorithms that used to manage and group 

the similar data into the same group. There are several algorithms for 

clustering such as hierarchical and k-mean clustering. According to blind 

docking result as shown in Fig. 14, the abundant molecules bind to dengue E 

protein are arduous to interpret [6]. Therefore, k-mean clustering algorithm can 

be used to cluster all ligands. The principal of this algorithm consists of 

several steps, beginning with determining the centroid of data and ending with 

the member of each cluster being proposed (Fig. 17). First, the number of the 

simulated center point of each group is assigned by elbow method [109, 110]. 

This method is used to validate the optimal number of clusters (k) for k-mean 

clustering by plot the sum of squared errors (SSE) that calculated from each k 

in range. The line plot will be looking like a flexor arm and the critical point or 

the best k value will be shown at the elbow. Each k value in the range of 1-50, 
is, calculated SSE and plotted as a Fig. 18. The appropriated number of 
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clusters is 18 (red arrow) which is the elbow of this graph. Second, 18 

centroids are used to be the representative centroid of each group; they will be 

clustered and updated till convergence using Euclidean distance-based method 

[110, 111]. Each cluster can be represented as a probability value to reveal the 

possible binding region on a macromolecule. 

 

 

Figure  17  The procedure of k-mean clustering algorithm in this study. 

  

 

Figure  18  Identification of the optimal number of clusters (k-value) using 

Elbow method for the k-mean clustering. 
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2.3 Molecular dynamics simulation  

The motion of atoms along the trajectory can be mimicked by molecular 

dynamics (MD) simulation in order to observe the conformational changes, 

molecular behaviors, the binding pattern, and ligand-receptor interaction 

energy. This method is very useful for improving the strategy in CADD and 

SBVS. For the classical MD simulation, particles (i) in the system are 

calculated until they converge based on the Newton’s second law of motion 

that is applied in this method related to potential energy (V) with position    

and time step (dt) (eq. 2.2).  

 
  

   
    

    

   
     eq. 2.2 

 

The potential energy of macromolecule provides the force field parameter 

that can be computed from bonded and non-bonded interaction energy. The 

quantum harmonic oscillator and Morse potential provide the description for 

bonded terms; bond stretch, angle, and dihedral (Fig. 19). For non-bonded 

interaction energy, electrostatic and van de Waals are computed by the 

Coulomb’s law and Lennard-Jones potential, respectively (eq. 2.3, 2.4) [85]. 

Much software can be used for performing the MD simulation, for example, 

GROMACS, NAMD, CHRMm, and AMBER. Periodic boundary condition 

(PBC) is applied to mimic a large system infinite by using a unit cell. The 

PBC can avoid the surface effect of each atom in the MD system. The particle 

in the simulation box can move through other box and form the interaction 

with their image. 

                           eq. 2.3 

                                           eq. 2.4 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 28 

 

Figure  19  Bonded and non-bonded interactions consider in MD simulation  

[112]. 

  

In this study, trajectory and Newton’s equation of motion can be 

generated by Verlet integrated algorithm (eq. 2.5) [113, 114]. For a time 

increment in the small step (  ), a Taylor series can be implemented in the 

function      as shown in eq. 2.5. It uses the position of the atom at time and 

the acceleration and the position of time to compute the position of time [115]. 

The position (  ) at   and       in the previous step are used to predict the 

position at the time.  

                                
   eq. 2.5 

 

Basically, the MD calculation’s process begins from the macromolecule 

structure that can be obtained from Protein Data Bank (PDB) or homology 

modeling. The parameters of the system such as the number of particles in the 

system (N), temperature (T), pressure (V), the initial velocity of each particle, 

and time step, are assigned. The biomolecules are soaked in the solvent 

according to water model. There are essential for improving the realistic 
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condition in MD simulation. Actually, it has more than 46 water models that 

can used in computer simulation. The 3 site explicit water models (TIP3P) is 

implemented in this study. The parameters of O-H distance (l), H-O-H angle 

() are 0.9572 Å and 104.52, respectively (Fig. 20) [116]. In addition, 

Lennard-Jones parameter () and charge of each hydrogen atom (q1=+0.417 

and q2=-0.834) are also considered in this model. One of the limitations of the 

explicit solvated model is the time consuming and high computational cost.  

 

 

Figure  20  TIP3P water model 

  

In the subsequent stage, the solvated structural system is heating up to the 

interested temperature, and then simulated it at constant temperature till the 

equilibrium phase. The isothermal-isobaric ensemble (NPT), temperature and 

pressure are constant during a production phase. After that, the equilibrium 

trajectory is analyzed in the term of RMSD, hydrogen bonding interaction, 

conformational structure, and binding free energy (Fig. 21). Nowadays, the 

MD trajectory can be furious simulated due to the highly computational 

performance.  
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Figure  21  The general procedure of MD simulation 

  

2.4 MD trajectory analysis 

The behavior stability, structure fluctuation, and binding affinity can be 

analyzed from the production phases of MD trajectory. In AMBER package 

program, cpptraj module is an important tool that is used for analyzing the 

simulation data.  

2.4.1 Root mean square deviation (RMSD) 

This analysis is a major tool to observe the structural stability of 

molecules in the system along the MD trajectory [117]. The RMSD value 

is calculated from the average distance between current atomic 

coordinated data and the previous step that defined as a standard (eq. 2.6).  

      √
 

 
∑   

  
       eq. 2.6 
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The RMSD is computed by the n pairs of similar atoms and distance 

(d) between two atoms in each time step. Then, the calculated RMSD can 

be plotted as a line graph between the structural fluctuations over time 

step. The stability of macromolecule in the system is indicated by this 

plot. The production phase of each system will be used to describe the 

interaction between ligand and protein receptor by binding free energy 

calculation or hydrogen bond analysis. 

2.4.2 Hydrogen bond analysis 

The strength of non-bonded interaction energy can be described by 

hydrogen bonding interaction. Hydrogen bond can be defined by the 

distance (≤ 3Å) and angle (≥ 120) between H and the hydrogen atom (the 

positive end) and nitrogen, oxygen, or fluorine atom (strong 

electronegativity with a lone pair of electrons), which is the strongest of 

dipole-dipole interaction (Fig. 22) [118]. The strength of hydrogen bonds 

depended on distance between interacted atom [119].  

 

 

Figure  22  Hydrogen bonding interaction between donor and acceptor atom. 

 

2.5 Interaction energy calculations 

The binding affinity between ligand and protein receptor can be 

approximated from various methods depended on accurate and time 

consuming (Fig. 23). Several solvated water models can be used for binding 

free energy calculation. Explicit solvation, the water molecules are applied in 

the system that can provide the realistic condition for MD simulation. 
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However, it is compensated to the high computational cost and time 

consuming. To overcome the limitation of the explicit solvation model, the 

implicit model is able to figure out the solvation term in binding free energy 

calculation          by Solvated accessible surface area (SASA), Poisson–

Boltzmann (PB), and Generalized Born (GB) model. According to the binding 

free energy equation (eq. 2.7), the different energy between bound and 

unbound states of macromolecule in the gas and solvent are used to computed 

in order to describe the interaction energy. The insight of calculation will be 

explained in each method. 

 

 

Figure  23  The comparison of accuracy and speed of each binding free 

energy calculation methods; QM, MM, SIE, and Dock. 

  

                                        eq. 2.7 

 

2.5.1 Solvated interaction energy (SIE) 

This method is a powerful post-processing tool that has been used to 

estimate the binding free energy of each snapshot from MD trajectory, and 

then it will compute the average SIE value. The intermolecular energy; 

van de Waals and electrostatic between ligand and protein receptor, and 

the different reaction field energy and molecular surface between bound 

and unbound state, are the important parameter in SIE method. In 

addition, the constant value such as dielectric constant, coefficient, and 
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entropy-enthalpy compensation, are also used to combined with this 

method (the details will be discussed in Chapter 3) [96]. This method is 

less time consuming compared to free energy simulation, however, the 

limitations of this method is the moderate accuracy level of calculation 

and some parameter in SIE equation are not really universal. 

2.5.2 Molecular mechanics (MM-PBSA and MM-GBSA)  

The molecular mechanics Poisson–Boltzmann surface area (MM-

PBSA) and molecular mechanics generalized Born surface area (MM-

GBSA) are the end-point binding free energy calculation approaches, 

which are widely used in CADD and SBVS in order to approximate 

binding free energy between ligand and protein receptor. The 

macromolecule has to be removed water molecules, and then, it will be 

solvated by continuum model that is an implicit solvation (Fig. 24). It is 

applied in these method [120]. The MM-PBSA and MM-GBSA require a 

snapshot extracted from MD simulation of ligand-protein complex in 

solvation for computing the binding free energy in solvation (eq. 2.8). The 

binding free energy of molecule in solvent, polar contribution can be 

solved by Poisson-Boltzmann (PB) or the Generalized Born (GB) 

equation. These methods are chosen for rescoring and enhancing the 

accuracy of binding free energy from SIE method [121]. The dielectric 

constant, the ligand formal charge, the initial protein structure, and MD 

sampling affect the accuracy of MM-PBSA and MM-GBSA methods. 

One of the key strategies of MM-PBSA method is Poisson–Boltzmann 

equation which is the combination between Poisson equation (eq. 2.9) and 

Boltzmann distribution. These terms are used for understanding the 

electrostatic properties of biological macromolecules [122].  According to 

eq. 2.9, where the variation in dielectric constant is  , electric potential is 

 , charge density is  , and constant value is k’, and position is r.  

                                                           eq. 2.8 

                              eq. 2.9 
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Figure  24  The illustration of binding free energy calculation of ligand 

binds to protein receptor using MM-PBSA and MM-GBSA 

methods. 

 

2.5.3 QM/MM-GBSA 

Quantum mechanics (QM) method is the high accuracy calculation 

but it is very expensive computational resources and time, which is 

commonly used for small molecular system. Molecular mechanics (MM) 

approach can be applied for a large molecule [123, 124]. The MM method 

lacks of electron density term for the calculation, which is one of the 

limitations. The hybrid QM/MM-GBSA approach is able to use to 

calculate binding free energy based on QM with GB model. 

The complex system is divided into 2 parts of the combined 

QM/MM calculation (Fig. 25). The ligand and protein in the binding 

region are computed by the QM method and the outer region is calculated 

by the classical MM technique that is treated by a force field parameter. 

Self-consistent charge density, functional tight binding (SCC-DFTB) is 

the highly efficient approximated DFT method that deserved to calculate 

the binding site of macromolecule [125]. The Kohn-Sham equation is 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 35 

similar to Hartree-Fock in terms of electron wave function and orbital 

energy, which is accounted to charge density fluctuations. 

2.5.4 Quantum mechanics: fragment molecular orbital method 

The ab initio calculation, the highest accurate binding free energy 

calculation is extremely computational time and cost consuming that 

depended on the number of atoms in the system. To deal with this 

limitation, the macromolecule is separated into small fragments 

(monomer) and computed electronic properties in parallel calculation. 

Then, each paired of monomer (dimer) is computed for the quantum 

effect. That is fragment molecular orbital (FMO) method. The critical idea 

of this approach is a Fragmentation step because of the particular time 

reduction. The FMO calculation consists of consists of several steps as 

shown in Fig. 26 [126].  

 

 

Figure  25  The schematic represents the QM and MM region identification. 
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Figure  26  The step of paired interaction energy (PIE) calculation by 

fragment molecular orbital (FMO) method. 

 

The total energy of each fragment was computed self-consistent 

field (SCF) energy (  ) until convergent. Then, each pair of fragment was 

figured the paired interaction energy (PIE and PIEDA, Δ   
   ), which is 

sum of; electrostatic (   
  ), charge exchange (   

  ), charge transfer 

(   
      ), and dispersion (   

  ), according to eq. 2.10 [99, 127]. The PIE 

can be used to explained both bonded and non-bonded interaction. FMO2 

is applied for ligand-protein interaction energy calculation because this 

level is suitable for comparing the different energy between binding 

modes of complex.  

    
         

       
       

           
      eq. 

2.10 
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2.6 Pharmacophore-based virtual screening 

A pharmacophore-based screening approach becomes one of the most 

advantageous tools, which is matching the similarity of the 3D interaction 

pattern or pharmacophore model of drug-like compounds with known ligands 

in the complexes [128-135].  

Pharmacophore model can be described from the interaction pattern 

between ligand and 3D complex structures, which is able to use it for 

screening the potent molecules from a huge compound library. The interaction 

pattern such as hydrogen bond donor and acceptor property, coordination to 

metal ions, charge, hydrophobic groups, aromatic ring of a compound that 

binding to a biological target, and the excluded volume, are included as 

pharmacophore properties (Fig. 27) [129, 134, 136-139]. The important 

strategy of this approach is the overlays-based scoring algorithm, which is able 

to enhance the performance of pharmacophore-based screening [140]. The 

pharmacophore model can be also generated from either single protein-ligand 

complex or molecular dynamics (MD) trajectory along the simulation in order 

to gather more information (Fig. 28) [137].  

 

 

Figure  27  Types of pharmacophore feature are generated by Ligandscout 

program. 
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Figure  28  The integration of MD trajectory and pharmacophore-based 

virtual screening procedure.  

 

 

  

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter III 

Material and methods 

Overview of this work 

These studies focused on both envelope protein of dengue and Zika 

viruses using computation aided drug design. Many reports suggest that 

flavonoid derivatives and polyphenolic lipids are able to inhibit dengue virus 

in the early step of viral infection [4, 93, 141-146]. In addition, 

epigallocatechin gallate (EGCG) has shown an inhibitory effect against Zika 

viral infection [54, 55]. However, the viral target proteins of known inhibitors 

are still ambiguous because of the limitation of experiments that cannot 

describe the mechanism of the inhibitor at an atomistic level. In this study, 

several computational tools are used to identify the protein target of active 

inhibitors for dengue and Zika viruses. Furthermore, a novel potent compound 

that can inhibit dengue viral infection has been proposed using multi-virtual 

screening method and molecular dynamic (MD) simulation (Fig. 29). First, the 

possible protein target of the active compound was identified by a molecular 

modeling approach. Two major methods involved in this step are molecular 

docking and MD simulation. After that, the novel potent inhibitor was 

proposed by multiple virtual screening methods, and then this compound was 

computed the binding affinity by molecular mechanics and chemical quantum 

approaches. The integration of MM and QM calculations is able to provide 

high accuracy and precise results. Moreover, this combinatory study also leads 

us to overcome the limitation of each approach. 
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Figure  29  The overview of this work. This study is separated into 2 major 

works. First, this study evaluates the binding pattern of active 

compound on target protein of dengue and Zika viruses. Second, 

the novel potent inhibitor of dengue virus is screened by several 

steps of virtual screening techniques. 

  

 

3.1 Binding pattern evaluation 

3.1.1 System preparation 

This study focused on the envelope protein, a viral-surface protein, 

which is related to the early step of viral infection [1, 2, 25, 27, 29, 34, 45, 

147]. The 3D structure is obtained from Protein Data Bank (PDB). The 

crystal structure of dengue envelope (E) protein with n-octyl-beta-D-

glucoside (β-OG) bound taken from the PDB with the entry code: 1OKE 

[78], and Zika virus E protein is 5IZ7 [148]. The hydrogen atoms and 

missing residues were added to the protein structure using Discovery 

Studio 2.5 package (Accelrys, Inc.). For the Zika virus, FN5Y and EGCG 
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can inhibit at the early step of the viral infection. Therefore, these 

compounds could inhibit at the E protein which is located at the viral 

surface [54, 55]. In order to prove the assumption, E protein of dengue 

and Zika viruses will be used as the target protein in this study.  The 

structure of flavonoid derivatives and EGCG were constructed by 

Gaussview 05. The compound structures were optimized by Gaussian 09 

with HF/6-31g (d, p) basis set [149].  

The 2D structures of all active compounds were evaluated via 

binding affinity between ligand and target protein using autodock vina 

based on blind docking method [105, 150]. This method is widely used in 

CADD for constructing the initial complex structure or estimating the 

binding affinity between ligand and protein based on its preferential 

binding conformation and scoring function. The interaction energy was 

calculated from many individual energy terms such as non-bonded and 

bonded terms [151]. In order to increase the performance of the program, 

the conformations of ligand were generated by MD-based and simulated 

annealing algorithm. Then, the ligand is randomly moved into the binding 

sites and the interaction energies were calculated [150]. Molecular 

docking method is used to identify and evaluate the binding interaction 

energy between ligand and protein. The top interaction energy score of a 

complex structure is chosen as a possible complex, which is used in the 

further steps.  

3.1.2 Binding region identification 

Most of non-structural proteins (NS) have specific binding sites, which 

are active or allosteric binding regions. Unlike, a structural protein, they 

do not show the actual active site in the protein. However, some part of 

the structural proteins may play an important role in the vital mechanism 

of the viral infection. The outermost part of flavivirus is the envelop 

protein that is related in several steps to the viral life cycle. The 

preferential binding region of flavonoid derivatives on the dimeric E 

protein was predicted via blind docking method. This method is one of the 
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molecular docking techniques that involve docking of the ligand into the 

whole protein and compute the interaction energies of each pose in order 

to discover the possible binding region of interesting ligand to the target 

protein [102, 152, 153]. For the docking procedure of the dimeric E 

protein, the missing hydrogen atoms were added, assigned and merged 

with the Gasteiger charges, and saved as a receptor. Then, FN5Y and 

EGCG were constructed following the protein receptor’s procedure. All 

rotatable bonds were accepted to rotate during the docking process. The 

grid map was computed using Autogrid module. The volume selected for 

the grid map was 62 × 126 × 126 points with grid space of 1.0 Å covering 

the whole viral surface. The binding affinity energy score, hydrogen bond 

interactions, and ligand conformations for all possible FN5Y and EGCG 

binding on each dimeric E protein surface were calculated. 

Due to the high number of ligands bound to each dimeric E 

protein, a total of 1,000 ligands was clustered and considered for the 

probability of each cluster on the E protein surface. The blind docking 

results were analyzed by k-mean clustering method applied in this study 

via Python script [6]. This algorithm process is to separate a set of 

molecules into k groups based on the Euclidean distance between each 

point in the cluster. The optimal number of groups (k) was assigned 

according to Elbow method. The steps of k-mean clustering include; 

giving the number of clusters (k) [109, 111, 154], assigning centroid of the 

data point, clustering and updating new cluster centroids, and iterating the 

procedure until centroids are converged [111]. Each cluster was calculated 

and ranked by probability value. Then the possible binding sites were 

proposed. To verify predicted binding sites and construct ligand protein 

complex structure, the active molecules were docked into each binding 

region using CDOCKER in Discovery Studio 2.5 package (Accelrys, Inc.) 

via focused docking approach [106]. 

Insight of verifying the blind docking result, the results of k-mean 

clustering were considered as the predicted binding sites. The blind 
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docking results suggested four possible binding sites (K-K’, X-X’, Y-Y’ 

and Z-Z’) of FN5Y on dengue E protein and the three possible binding 

sites (X-X’, Y-Y’ and Z-Z’) of EGCG of Zika E protein dimer. To refine 

these results and construct the initial structure for MD simulation, the 

FN5Y and EGCG were then docked into each binding site (10 Å sphere 

radius) with 100 runs using CDOCKER in Discovery Studio 2.5 package 

(Accelrys, Inc.) in according to the previous studies [155-158]. The ligand 

conformations with the best interaction energy score at each site were 

selected as the initial complex structure for MD study. 

3.1.3 Binding pattern of inhibitor 

The FN5Y/E protein complex structure from the previous step was 

set as an initial structure for MD simulation. In case of dengue virus, the 

FN5Y binding to 8 different binding regions were used as an initial 

structure for all-atom molecular dynamics (MD) simulation at neutral 

condition. Unlike, EGCG binding to 6 possible binding region of Zika 

viral E protein was separate into 3 systems. These complexes of ZIKV 

dimeric E protein with two EGCG molecules bound at the opposite site 

(X-X’, Y-Y’, and Z-Z’) were individually performed at acidic condition 

pH of 5, in order to simulate the system in endosome [37, 148, 159]. Both 

dengue and Zika E protein complexes were performed with periodic 

boundary condition using AMBER 16 package program, similar to 

previous studies. The general AMBER (GAFF)[85] and AMBER ff03.r1 

force fields[160] was used to treat ligands and E protein, respectively. The 

partial atomic charges of ligands were prepared in according to the 

standard procedure by Gaussian 09 (Gaussian, Inc.). The protonation state 

of FN5Y and EGCG were determined at neutral and pH 5 for post-fusion 

conformations of E protein using pKa calculation implemented in 

ChemAxon software[161, 162]. In addition, all ionizable residues in 

protein structure were assigned by PDB2PQR version 2.0.0 [163]. All 

missing hydrogen atoms were added to the complex structure using the 

tLeaP module implemented in AMBER16. A cut-off value of 10 Å was 
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assigned for non-bonded interactions. The counter ions were consequently 

added in order to electrical neutralization. Finally, each complex was fully 

solvated in TIP3P water box extending 12 Å from the protein surface. The 

added hydrogen atoms, water molecules and the whole system were 

subsequently minimized with 1,500 steps of both steepest descents (SD) 

and conjugated gradient (CG) using the SANDER module. Each system 

was then heated up to 300 K for 200 ps, and consequently simulated at the 

same temperature till 100 ns and 500 ns for dengue and Zika system, 

respectively. The MD trajectories were collected at every 0.2 ps from the 

production phase. 

Using the CPPTRAJ module [164], the convergences of energies, 

temperature, and global root mean-square displacement were used to 

verify the stability of the FN5Y/E complex. The MD snapshots extracted 

from the last 50 ns were used for total binding free energy analysis based 

on MM/GBSA method [121, 123, 157, 165] and its per-residue 

decomposition energy contribution. 

The system stability of EGCG/E complexes was determined by 

root mean square displacement (RMSD). The MD snapshots extracted 

from the last 200 ns were used for analysis in terms of per-residue 

decomposition free energy based on the MM/GBSA method and 

intermolecular hydrogen bonding between EGCG and E protein. The total 

binding free energy of complex was predicted using 4 different methods 

of calculation, including solvated interaction energy (SIE) method by the 

following equation (eq. 3.1)[96, 97], molecular mechanics generalized 

Born surface area (MM-GBSA), and QM/MM-GBSA. For QM/MM-

GBSA, the EGCG molecule was only treated with PM3 or SCC-DFTB 

[123, 125]. 

Gbind( , Din,  ,  ,  ) =   •[      (Din)+ G
R
 ( , Din )+     +   (ρ, 

Din )       (ρ)]+  .           eq. 3.1 
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ρ is a van der Waals radii linear scaling coefficient of AMBER, Din 

is the solute interior dielectric constant,   is a molecular surface area 

coefficient and   is a constant. The parameter   is a global scaling factor 

of the total raw solvated interaction energy relating to the scaling of the 

binding free energy due to configurational entropy effects. Both terms of 

Coulomb (     ) and van der Waals (     ) interaction were calculated 

using AMBER ff03 force field. The change in the reaction energy of 

complex between bound and unbound states (G
R
) was calculated from 

the Poisson equation with a boundary element method using BRI BEM 

program [96, 121]. In term of        relates with the change in the 

molecular surface area upon binding. These parameters were used as the 

default values;   = 0.104758, Din= 2.25,   = 0.012894 kcal/(mol Å2
), ρ = 

1.1 and   = -2.89 kcal/mol, respectively [96, 121]. Moreover, the 

correlation between 4 approaches of binding free energy calculation was 

evaluated using Pearson correlation coefficients. 

3.2 Virtual screening 

Several screening techniques were used in this study, in order to search for 

novel potent molecules from a large number of compounds from several 

databases including the flavonoid database using MD trajectory-based virtual 

screening. The hit compound was then synthesized and tested biological 

activity by experimental assays. 

3.2.1 Pharmacophore-based virtual screening 

For the preliminary screening, the intermolecular interactions of 

the FN5Y/E complex were used to create the pharmacophore models 

based on steric and electronic features. The pharmacophore feature of 

each of the 4 binding site and FN5Y was automatically generated from 

MD trajectories by LigandScout 4.2 program [129]. A total of 10,000 

frames from a trajectory over the last 20-ns simulation were used to 

establish pharmacophore models at individual binding site. All 
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pharmacophore models were clustered, filtered and selected to set as a 

representative pharmacophore model (RPM) for further virtual screening. 

In this study, we focused on the flavonoids reported in the 

previous study. The first compound library was constructed by similarity 

search method. Six subclasses of flavonoid structure were used as 

templates to search for similar molecules from Zinc database by 80% 

Tanimoto-based similarity [166, 167]. The second compound dataset was 

downloaded from TimTec compound library [168]. In total, the compound 

library consists of 996 compounds; 450 molecules from Zinc, 507 

molecules from TimTec, and 39 in-house designed molecules. For each 

molecule, conformers up to 400 conformations were generated with “icon 

best” feature. Therefore, a total of 398,400 ligand conformations was 

saved as the local database for further step.  

Virtual screening was performed by pharmacophore-based 

screening technique [169]. All compounds in library were screened for 

each RPM by using “get best matching conformation” in retrieval mode 

and check exclusion volume based on pharmacophore-fit scoring function 

(eq.3.2 and 3.3). The hits from each screening iteration were collected and 

refined by common hits approach (CHA) developed by merging and 

rescoring each RPM run to generate the single hit-list of screened ligands. 

The steps between pharmacophore generation and final hit-list were 

implemented by KNIME workflow program [170]. The final hit-lists were 

created in SDF file format and visualized by LigandScout 4.2 program 

[129].  

                          eq. 3.2 

                    eq. 3.3 

 

In eq. 1 and 2,      is the feature count/RMS distance score, 

      is the root mean squared (RMS) of the matched feature pair 

distance,      is the matched feature pair RMS score,   stands for the 

weighting factor for the number of matched feature pairs, and      is the 
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number of geometrically matched feature pairs [129]. 

The robustness of screening results was diagnosed and validated 

by receiver operating characteristic curve and the area under this curve 

(ROC-AUC). This curve illustrates the performance of pharmacophore 

screening by comparing the results between active ligands and decoy in 

the datasets. The area under ROC curve (AUC) was used for method 

validation [171]. For comparison, a set of inactive compounds (decoys) 

designed by mimic from the active molecule structure was obtained from 

Zinc database [172]. The ROC values gathered from the individual RPM 

screening with active and decoy datasets. Then, the values were plotted, 

analyzed and interpreted the term of sensitivity (true positive rate, TPR) 

and specificity (false positive rate, FPT) of screening results. Sensitivity 

(eq. 3.4) and specificity (eq. 3.5) measurements were used to validate the 

pharmacophore-based screening results. 

 

            
                       

                    
   eq. 3.4 

              
                         

                    
  eq. 3.5 

 

3.2.2 Molecular docking 

The 26 screened compounds were then separately docked into the 

four binding sites (K, K’, X’ and Y’, Fig. 1c) on dimeric E protein with 

100 runs based on two different algorithms, simulated annealing algorithm 

[106] in CDOCKER software of Discovery Studio 2.5 package and 

Genetic algorithm (GA) in iGEMDOCK 2.1 [108]. The protein structure 

for molecular docking was extracted from the last snapshot of FN5Y/E 

simulation from the previous study  [4] without ligands, ions and waters, 

while the  screened compounds with protonation state determined at 

neutral pH by ChemAxon software [161, 162] were optimized by HF/6-

31G* level of theory using Gaussian 09 (Gaussian, Inc.). More details of 
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molecular docking can be found in the recent studies [4, 6, 36]. The 

docked conformation with the best interaction energy and fitness score at 

each specific binding site was selected as an initial complex structure for 

all-atom MD simulations. 

3.2.3 Binding energy calculation 

The top three docked complexes ranked from CDOCKER 

interaction energies and iGEMDOCK fitness scores were used for 100-ns 

MD simulation with periodic boundary condition using AMBER 16 

program [85]. The partial charges of each ligand were prepared in 

according to the standard protocol [156-158], while the other parameters 

were taken from the general AMBER force field [85]. The AMBER 

ff14SB force field [160] was applied on the E protein. All system 

preparation, minimization and MD simulation at 300 K were set as in our 

previous studies on FN5Y and cardol triene in complex with DENV E 

protein [4, 36]. The system stability of each complex was accessed by root 

mean square displacement (RMSD). The solvated interaction energy (SIE) 

method [96, 121] was applied on the 100 snapshots taken from the last 40 

ns in order to determine the binding free energy of the complex. Among 

the three simulated complexes, the simulation of the best complex with 

lowest SIE binding free energy at all four sites was extended to 500 ns.  

The conventional approach, MM-PBSA and MM-GBSA [121, 

157, 158, 165] was used to identify the most preferential binding site and 

to figure out the key binding residues using per-residue decomposition 

free energy analysis, as well as the interaction profile of the best complex 

system. Furthermore, chemical quantum mechanics approach was used to 

compute the insight of binding affinity between ligand and protein. The 

 ab initio total energy values calculated at the second-order Møller–Plesset 

(MP2) level [99, 173, 174] with the 6-31G* basis set. This calculation 

was performed with General Atomic and Molecular Electronic Structure 

System (GAMESS) [175, 176]. The most possible binding region, only 8 
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Å of residues bound to each ligand were chosen and separated into small 

fragments at Cα – C atom by one residues per one fragment [177]. Charge 

and parameter of each fragment (monomer) were assigned into an input 

file using Facio software [178]. Paired interaction energy (PIE) was 

computed in the term of electrostatic, charge exchange, charge transfer, 

and dispersion, in order to describe the interaction of key residue in the 

binding region. 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter IV 

Results and discussion 

4.1 Binding pattern evaluation 

4.1.1 Binding region identification 

The blind docking method was applied to identify the potential 

binding regions of FN5Y on the surface of the dengue dimeric E protein 

using AutoDock Vina version 1.1.2. [105] From a total of 1,000 docking 

poses, the interaction energies of FN5Y/E complexes were in a range from 

-6.2 to -8.4 kcal/mol, in which the ligands were found to interact either on 

each monomer or in the groove of E protein homodimer as shown in Fig. 

30a. The docked FN5Y conformations were then grouped into 18 clusters 

by the k-means clustering algorithm based on the Cartesian coordinates of 

their points. It is worth noting that this method is a novel solution for 

clustering and counting the number of ligands in the complex structure, 

which is very useful for high throughput docking method. The clusters of 

FN5Y located under or on the side of the dimeric E protein were ignored, 

because the raft structure of E protein was placed on the lipid membrane 

and thus ligand cannot bind into these regions. Fig. 30a shows the 8 

possible binding regions on dengue E protein homodimer for FN5Y. 

There is the kl loop or β-OG pocket (21.25% for K and K') [78], the X and 

X' sites located on domain I/III hinge region
 

with 9.5% binding 

probability [179], the Y and Y’ conserved regions among flaviviruses 

(25.25%) [93], and the Z and Z’ interfaces between the two monomers 

(11.25%) [180]. The K’, X’, Y’ and Z’ sites represented the opposite 

positions relative to the K, X, Y and Z sites. All binding sites were 

involved with the conformational change from dimer to trimer [25, 29, 34, 

78, 81-83, 179]. The X and X’ sites were only located on the E protein 

monomer, while the other sites were located on the groove of protein 

dimer.  
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Figure  30  The 3D structure of dengue (a) and Zika (b) dimeric E protein 

with 1,000 ligand points grouped into 18 clusters as shown in 

different colors. a) Eight possible binding sites of FN5Y on 

molecular surface of dengue E protein: kl hairpin (K), domain 

I/III hinge region (X), conserved region among flaviviruses (Y) 

and interface between the two monomers (Z) and their opposite 

sites (K', X', Y' and Z')., which is evaluated by molecular docking 

and analyzed by k-mean clustering algorithm. Domains I, II and 

III are colored by red, yellow and blue, respectively. b) Six 

preferential binding regions of EGCG on Zika E protein. 

  

To identify the possible binding region of EGCG on the Zika E 

protein and confirm the inhibiting mechanism of these inhibitors [6, 54, 

55], the binding affinity of EGCG binding to E protein were in a range 

from -6.0 to -9.2 kcal/mol according to autodock vina program. The blind 

docking result was analyzed by k-mean clustering, demonstrated the 6 

possible binding regions on the Zika E homodimer for EGCG (Fig. 30b): 

there are the domain I/III hinge region (2.5% for X and X') [179], 
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conserved region among flaviviruses (42.2% for Y and Y') [93] and 

interface between the two monomers (5.9% for Z and Z') [180]. Note that 

the rest placed in the E protein surrounding lipid membrane [29, 79], 

which may not be suitable for drug binding. The previous MD study 

described of EGCG binding at the X site on the Zika E protein 

monomer[55]; however, the ligand binding at the interfaces especially at 

the Y and Y’ sites (domain I of one chain and domain II of the another) 

were favorably > 10-fold higher than the others. The residues 98-113 of 

the fusion loop at these sites were highly conserved among flaviviruses [1, 

29, 34, 37, 148, 181]and were used to fuse to host endosomal membrane. 

In addition, the virtual screening of chemical libraries showed two 

preferential binding sites relevant to our results in the X-X’ and Y-Y’ sites 

[22]. 

Although, dengue and Zika virus belong the same genus which is 

flavivirus [22, 23, 27, 31, 36], there are slightly different amino acid 

sequence and protein structure. According to the previous study, the 

structures of envelop protein of dengue and Zika virus were compared by 

computational and experimental study [36]. The Zika E protein is lacking 

kl loop region in its structure or it might be closed conformation (Fig. 7). 

From the all-atom MD simulation of the E protein in complex with 

eight FN5Y molecules (Fig. 31a), the ligands binding at the K, K', X' and 

Y' sites were likely stable along the 100-ns simulation, whereas the others 

were moved out from their pocket. MM-GBSA binding free energy values 

(Fig. 31b) suggested that the FN5Y preferred to bind at the kl hairpin in 

two different orientations. The phenyl ring (B-ring) of FN5Y favors its 

insertion into the kl loop (-28.4 kcal/mol at K site), while less binding was 

detected at the K' site (-23.5 kcal/mol) where the benzopyran ring (A-ring) 

is positioned in the loop instead. In addition, FN5Y is relatively less able 

to interact with E protein target at X' and Y' sites (-16.5 and -21.0 

kcal/mol). The per-residue decomposition energy results in Fig. 31c 

provide the important residues associated with FN5Y binding as follows: 
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K (P83, L107, K128 and L198), K' (T48, E49, A50, L198, Q200 and 

L277), X' (Y138, V354 and I357) and Y' (V97, R99, N103 and K246). 

Taken altogether the binding affinity of FN5Y at either kl hairpin or 

protein surface could help to prevent the low-pH conformational change 

after the viral entry. In addition, the role of 6-methyl group of FN5Y 

towards the binding efficiency of dengue envelope proteins was studied. 

Overall, the presence of a 6-methyl group in FN5Y strengthened the 

binding efficiencies towards dengue E protein.  

 

4.1.2 Binding pattern of inhibitor 

Additionally, FN5Y could interact with protein at the Y’ site, the 

conserved region among flaviviruses, in somewhat consistent with the 

previous MD study of the binding of flavonoids such as baicalein, 

quercetin and EGCG [93], and with the X’ site, the domain I/III hinge 

region involved with the dengue vaccine development [179, 182]. This 

study bridged the gap between molecular simulation and biological 

function by showing that FN5Y bound consistently to these all three-

target sites and inhibited fusion in cell-based study.  
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Figure  31  Binding mechanism of FN5Y towards dengue envelope 

homodimer. a) The initial complex structure of FN5Y/E protein 

generated by molecular docking method. b) Binding free energies 

of FN5Y/E complex (∆GFN5Y binding) at the K, K', X', and Y' 

sites c) Closed-up of FN5Y binding orientations at the K, K', X', 

and Y' sites, where the interacting residues are colored according 

to energy values as shown in color scale. The residues with 

energy contribution lower than -0.5 kcal/mol are labeled. 

 

Based on the simulated annealing algorithm [106], EGCG was 

separately docked into the six identified sites (X, X’, Y, Y’, Z and Z’) of 

the Zika E protein homodimer using the CDOCKER module implemented 

in Accelrys Discovery Studio software. From 100 docking runs at each 

site, the lowest interaction energy of EGCG and its intermolecular 

hydrogen bonds with the E protein were summarized in Table 2. The 
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strongest EGCG binding was found at the X site with six formed 

hydrogen bonds with the chain-A residues Q147, H148, D161, Q162, 

R164 and K301. The other cases showed relatively similar binding 

strength (from -43.1 to -46.6 kcal/mol) and were stabilized by two to five 

hydrogen bonds (Table 4.1). The EGCG conformation was selected based 

on the best pose generated by CDOCKER interaction energy score. In 

order to construct the initial structure, the three different complexes are 

containing the dimeric E protein with two EGCG molecules bound at the 

opposite site (X-X’, Y-Y’ and Z-Z’) were used for MD study.  

 

Table  2  CDOCKER interaction energy (kcal/mol) and hydrogen bonds of 

EGCG binding at the six possible binding sites on the Zika 

dimeric E protein. 

Predicted binding regions X X’ Y Y’ Z Z’ 

CDOCKER interaction  

energy score (kcal/mol) 
-58.7 -46.6 -43.1 -45.1 -43.6 -46.4 

Residues 

involved in 

hydrogen bond 

interaction 
Chain A 

Q147 

H148 

D161 

Q162 

R164 

K301 

- R2 

G5 

N154 

G102 

N103 

K251 

H210 

Q274 

A275 

Q276 

T254 

Chain B 

- Q147 

H148 

R164 

N103 

R99 

G5 V255 K209 

 

The binding pattern of EGCG at different sites on surface of Zika 

dimeric E protein was calculated by per-residue decomposition free 

energy based on MM-GBSA using the 100 snapshots extracted from the 
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last 200 ns of 500-ns MD simulations. The resulted per-residue 

decomposition free energies (ΔG
residue

) for all complexes are given and 

compared in Fig. 32, where the EGCG orientation inside each binding site 

is depicted in Fig. 33. The residues with negative ΔG
residue

 value less than 

-1 kcal/mol are only labeled. The simulated results suggested that EGCG 

was able to bind at all the identified binding sites but differed in binding 

orientation and strength. 

 

Figure  32  Per-residue decomposition free energy based on MM-GBSA 

method for EGCG binding at the different sites in acidic 

condition where the residues with energy contribution ≤ -1 

kcal/mol are labeled. 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 57 

 

Figure  33  Close-up of EGCG binding orientations at all binding sites 

shown in grey circle, where the interacting residues are colored 

according to energy values from Fig. 4. The principal component 

analyses reveal in green circle of each binding region. The 

porcupine plots consist of arrow (green) and length that represent 

the direction of motion and amplitude of residue mobility. 
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Fig. 33 shows the possible binding orientations of EGCG at domain 

I/III hinge region in chain A (X) and chain B (X’) were different. At X 

site, the gallate ester inserted into the pocket, while chromane and 

trihydroxyphenyl rings of EGCG were stabilized by S146, Q147, H148, 

V364, and T366 with energy contributions from -1.1 to -1.9 kcal/mol. The 

impact of electrostatic interaction from E162 was supported by the 

previous MD study of EGCG and small screened molecules binding at 

this site of Zika E protein monomer and dengue E protein dimer, 

respectively [6, 54, 55]. In contrast, the higher ligand-protein interactions 

were found at the X’ site with M151, I152, V153, N154, E162 and R164 

(from -1.3 to -3.7 kcal/mol) [183]. 

More residue contributions for EGCG binding were observed (Fig. 

32b and 33) at the conserved regions among flaviviruses (Y and Y’ sites). 

With an insertion of the chromane ring into the interface between domain 

I of chain A and domain II of the another, the EGCG molecule was 

stabilized in a range from -1.0 to -4.2 kcal/mol by the five more residues 

that preferentially contributed for EGCG binding at Y (V97, W101, G104, 

C105, G106, L107, A250, K251, R252, and Q253 from chain A) Y’ (R99, 

N103, A250, and K251 from chain A, and R2, C3, V6, V153, and D155 

from chain B) sites. These binding residues at Y site were located in the 

fusion loop of E protein (residues 98-109), which were highly conserved 

among flaviviruses [22, 179, 184]. The Zika E protein residue V153 was 

congruent with the V151 residues of dengue E protein based on protein 

sequence alignment between Zika and dengue involved with the EGCG 

binding at this site [184]. Moreover, the residue N154 near X-X’ binding 

site was found to be the key residue in the glycosylation site for viral 

adsorption to receptor on the host cell surface vaccine besides 

development target region [106, 151]. For the gallate ester placed on 

external surface of E dimer at the interface between the domains II of the 

two chains, five major interacted residues of chain A (K209, H210, W211, 

E274, and A275) and four contact residues of chain B (M68, T254, V255, 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 59 

and V257), stabilized EGCG at the Z binding region in a range of -1.0 and 

-2.6 kcal/mol, whilst ligand in the another site was stabilized by -1.0 to -

2.5 kcal/mol from both monomers: H249, A250, and K251 of chain A and 

T47, E274, A275, E276, R283, and L284 of chain B. 

To understand the dynamics of E protein in complex with EGCG, 

principal component analysis (PCA) was applied in this study [6, 185]. 

This method employs the coordinate covariance matrix of the protein Cα 

atoms along the average structure in the trajectory at last 100-ns 

simulation. The 2D projection of each simulated system on the first two 

PCs acquired from diagonalizing the covariance matrix of atomic 

fluctuation (Fig. 34, left) showed that both PC1 and 2 of all three 

complexes had the uniform distributions and no significant difference. It 

can be clearly seen from the Scree plot of variances and accumulated 

percentage by the first ten PC modes (Fig. 34, right) that PC1 is dominant. 

The crucial motion of three complex systems was represented by the first 

two PC modes ratio; 2.27 (X-X’), 1.82 (Y-Y’) and 2.29 (Z-Z’), and the 

first ten PC modes of X-X’, Y-Y’ and Z-Z’ systems revealed the 77.00%, 

68.05%, and 69.03% of accumulated variance, respectively. 

In addition, the protein motion of the top PC mode for each system 

was visualized by porcupine plot (green arrow) and length of arrow shows 

the direction and amplitude of selected eigenvectors for Cα atoms in 

protein structure (Fig. 33) [35, 186]. It can be seen that the motion of 

residues in E protein at domains I (red) and III (blue) around X and X’ 

binding sites presented in a similar motion that the loops slightly shifted 

close to the EGCG molecule. These regions are involved to a 

conformational change of E protein in the acidic environment [181]. For 

the binding sites between the chains A and B of E protein, the dynamics 

of residues at Y-Y’ and Z-Z’ sites reveal the different patterns of motion. 

For Y and Y’, the loop at the tip of domain II (yellow) and the loop of 

domain I in the opposite chain (red) partially moved towards EGCG. 

There was not found in the Z-Z’ site.  
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Figure  34  The 2D projection of MD trajectories on the first two PCs (left) 

and the Scree plot of variances and accumulated percentage by 

the first ten PC modes (right) of each complex system. 
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As known, the formation of ligand-protein complex and the ligand 

binding specificity is importantly involved with intermolecular hydrogen 

bond. Herein, hydrogen bond analysis was performed to determine the 

intermolecular interactions between EGCG and the viral Zika E protein 

residues of at each site based on criteria of: (i) distance between hydrogen 

bond donor (HD) and acceptor (HA) less than 3.5 Å, and (ii) hydrogen 

bond angle of HD_H…HA more than 120°. The hydrogen bond 

occupation calculated over the production phase of simulation was 

summarized in Fig. 35. The results were discussed in terms of hydrogen 

bond strength [155, 157, 158]. The probability of hydrogen bonding 

interactions represented by the gradient of greenish, reddish and bluish 

grid cells from low to high hydrogen bond strengths.  

Fig. 35 shows that EGCG is able to form hydrogen bond with E 

protein but mostly with low occupation (<30%). EGCG was stabilized by 

medium hydrogen bond formation (>30%) at X’ site (S146 and Y305), X’ 

site (V153 and E162), Y site (D98 and H248), and Y’ site (D98, V153 and 

D155). The stronger hydrogen bonding with E protein was detected at Z 

site (H210 and A275) and Z’ site (H249 and E274). E162 was found to be 

a crucial residue for EGCG [55] and small molecules [93] binding at the 

domain I/III hinge region
 
in E protein monomer of Zika and dengue 

viruses, respectively. At Y-Y’ site, EGCG is able to interact with the 

residues D98, R99 and G104 of fusion loop, which are conserved residues 

among flaviviruses [22, 93, 184]. From the Fig. S3 in the Appendix, the 

distance between the centers of mass of domain II of Zika E protein 

homodimer was measured from EGCG/E protein complexes along the 

500-ns simulation. The distances were ~28-31 Å, ~26-28 Å, and ~27-29 Å 

for X-X’, Y-Y’, and Z-Z’ systems respectively. Such shorter distance 

found in the system with EGCG binding at Y-Y’ sites relative to that of 

apo-form (28-30 Å) [35] suggested that EGCG could inhibit the Zika viral 

infection by inactivating the function of E protein at the fusion loop of 

domain II on E protein. 
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Figure  35  Hydrogen bonding interactions of EGCG at each site are 

presented by grid map, while hydrogen bond strength is defined 

by label and color in the grid cells. 
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The binding free energy (Δ     ) of EGCG binding on the surface 

of Zika E protein homodimer was calculated based on 4 different binding 

free energy calculation methods including SIE, MM-GBSA, QM/MM-

GBSA with PM3 and SCC-DFTB methods [123, 125, 187] treated on 

EGCG molecule only. These approaches have different limitations and 

computational consumptions [97, 121]. The Δ      based on SIE method 

was calculated using sietraj program [165].
 
This method estimates binding 

free energy in solvation (Δ     ) by a summation of Coulomb (Δ     ) 

and non-polar components (Δ    ) of interactions as well as desolvation 

free energy contribution [96]. The MM-GBSA and QM/MM-GBSA 

binding free energy calculations were performed using MMPBSA.py 

module. The binding free energy calculation of complex was performed 

on the 100 snapshots taken from the last 200-ns of MD simulation. The 

Δ      values comparison of complexes were calculated by using 

different techniques, which are plotted in Fig. 36, while the energy 

components are given in Tables S1-3 (Appendix). The correlation of 

binding free energy results is analyzed by Pearson correlation (Fig. 36). 

From Fig. 36, the Δ      values calculated by various methods 

show the similar trend for all complexes. According to these results, the 

favorable binding region of EGCG shows at Y and Y’ sites that evaluated 

by SIE (~ -8.50±0.1 kcal/mol), MM-GBSA (~ -27.50±0.7 kcal/mol) and 

QM/MM-GBSA (PM3 and SCC-DFTB) calculations (~ -42.2±1.0 and -

35.00±0.8 kcal/mol).  However, EGCG can also bind on E protein surface 

at the other sites suggested by negative Δ      values. Again, it is a worth 

stating that the preferential binding sites of EGCG are found in between 

the domain I of one chain and domain II of the another (Y-Y’ site). Such 

strong binding affinities were contributed from vdW interaction, which 

was greater than EGCG binding at the domain I/III hinge region (X-X’ 

site) and Z-Z’ site, supported by ligand-protein interactions and PCA 

results as mentioned earlier.  
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The Pearson correlation coefficient ranged from 0.69 to 1.00 for 4 

end-point free energy calculation methods indicated that both MM-GBSA 

and QM/MM-GBSA methods are congruent with p=0.006 (PM3), and 

p=0.00 (SCC-DFTB), whereas the SIE method show the lower correlated 

with other calculations with p=0.129 (MM-GBSA), p=0.076 (PM3), and 

p=0.125 (SCC-DFTB) as shown in Table S4 in the Appendix 

 

 

Figure  36  Comparison of the average binding free energy (Δ     ) in 

kcal/mol of each EGCG binding at the different sites on Zika 

dimeric E protein at acidic environment and the Pearson 

correlation analysis (heat map) by using four different biding free 

energy calculation methods; SIE (triangle), MM-GBSA (square), 

QM/MM-GBSA with SCC-DFTB (black circle), and QM/MM-

GBSA with PM3 method (gray circle). 
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4.2 Virtual screening 

According to the previous study, a flavanone derivative (FN5Y) has been 

reported for the inhibiting effect on dengue infected cell by cell-based assay 

and time of addition method. This inhibitor might be possible to interrupt at 

the early step of dengue viral infection, which is related to E protein [4]. In 

this step, we would like to screen the novel potent flavonoid molecule that 

could inhibit dimeric dengue E protein and we also illustrate the binding 

pattern and interaction profile of potent molecules at an atomic level by 

computational study. 

4.2.1 Pharmacophore-based virtual screening  

To increase the virtual screening performance, every snapshot 

during equilibrium phase of FN5Y/E complex trajectory was computed by 

means of representative pharmacophore model (RPM). The system 

stability of all ligand-protein complex structure is determined by the root 

mean square displacement (RMSD) as plotted in Fig. 37. A total of 10,000 

MD-snapshots extracted from equilibrium phase at the last 20 ns were 

used to generate pharmacophore features of FN5Y bound to each binding 

site of dengue E protein based on RMSD of the complex system using 

LigandScout 4.2 program [129]. A total of 10,000 MD snapshots 

extracted from production phase of the DENV2 FN5Y/E complex [4] 

were used to generate pharmacophore features using LigandScout 4.2 

program [129] (Fig. 38). All RPMs were aligned and merged, then, they 

were used as the template for pharmacophore-based virtual screening 

[169]. According to Fig. 4, the major pharmacophore features among the 4 

binding regions are mainly described by hydrophobic properties of the 

aromatic ring system of the FN5Y molecule (yellow sphere). 

Additionally, the 3D interaction pattern reveals hydrogen bond donor 

(green arrow), hydrogen bond acceptor (red arrow), and an excluded 

volume (grey sphere). These properties are collected and aligned into 

40,000 RPMs and filtered into 136 RPMs in order to reduce the 
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computational afford. All of these RPMs are obtained from each binding 

site: K (31), K’ (26), X’ (42) and Y’ (3), with 1,536 pharmacophore 

features. The pharmacophore-based virtual screening method is performed 

on each RPM using Hungarian matching algorithm implemented in 

LigandScout 4.2 program [129]. 

 

 

Figure  37  RMSD graph of ligand/E protein (above) and F18/E protein 

complex based on molecular dynamics simulation trajectories 

during 100-ns simulations.   
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Figure  38  The 2D and 3D pharmacophore models of active ligand/E protein 

complex and the interacted residues in each pocket (K, K’, X’ 

and Y’) were extracted from the first snapshot of a last 20 ns-md 

trajectory. The pharmacophore features are represented as green 

arrow (HBD), red arrow (HBA), yellow sphere (hydrophobic 

property) and grey sphere (excluded volume). The interacted 

residues from chain A and B were labeled in black and red box, 

respectively. 
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The screening results from 136 different RPMs are merged and 

rescored. The consensus molecules are ranked by common-hits approach 

(CHA) [169]. From the 996 compounds in the focused library, the result 

shows that only 26 flavonoids have a higher CHA score than 50 (Fig. 40, 

right): from in-house (F) 17 molecules including FN5Y, TimTec (ST) 7 

molecules, and Zinc (ZINC) 1 molecule (Fig. 39). F15 reveals the highest 

CHA score of 77, whereas ZINC000236568961 shows the lowest CHA 

score (50). F15 is obtained from 82 from 136 pharmacophore-based 

virtual screening run (60%) with 57 different conformations. 
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Figure  39 The 2D structures of 25 molecules were obtained from 

pharmacophore-based screening method. Twenty-five flavone 

derivatives were derived from 3 compound databases; in-house 

(F), TimTec (ST) and ZINC database. a): F3-6, 9-18 and 20-21, 

b): F4, c) F30, d): ST080183, e): ST077115, f): ST070287, g): 

ST070182, h): ST090053, i): ST080306 and j): ST080278 and k): 

ZINC236568961 
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Figure  40  Comparison between CHA score of screened molecule bound to 

all binding sites (right) and CDOCKER interaction energy score 

(left). The screened molecules which have CHA score over 50, 

are chosen and plot as a bar graph. All of these molecules were 

docked into 4 binding sites of dengue E protein using 

CDOCKER software. 
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4.2.2 Molecular docking 

A total of 26 screened molecules including FN5Y were docked into 

the 4 specific binding sites (K, K’, X’, and Y’) of DENV2 E protein. The 

results show all of the flavonoid derivatives from 3 databases can fit well 

into every binding pocket based on CDOCKER interaction energy score 

(Fig. 40, left), which is similar to the pattern of iGEMDOCK’s fitness 

score (Fig. 41). Particularly, in-house flavone derivatives F16, F17 and 

F18 are ranked in the top three with the lowest CDOCKER interaction 

energy score (from -53.24 to -68.93 kcal/mol). These molecules can be 

potent ligands for designing broad-spectrum inhibitors against DENV at E 

protein target. The common structure of the top three candidate molecules 

contains long hydrophobic tails -(CH2)8, -(CH2)10 and -(CH2)12 (Fig. 39) 

highly interacting with the hydrophobic region in the binding site of E 

protein (Fig. 40). Moreover, the relevant contact residues of hit/E protein 

complex at each site are described in Table 3. The important residues of 

all binding sites are non-polar (I6, V130, and F193), polar (T155 and 

T359), and charged (K247 and K295) amino acids. In order to 

characterize the behavior of ligand in the complexes, the conformations of 

F16, F17 and F18 at individual binding sites (K, K’, X’ and Y’) were 

studied by MD simulations. 
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Figure  41  Tendency plot of screened molecule interaction energies compere 

between CDOCKER (black) and iGEMDOCK (grey) programs 

which is computed using different algorithms. The dash line represents the 

minimum iGEMDOCK’s fitness score as a standard of this study. 
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Table  3  Contributed residues of lead molecules bound to four binding 

sites on the dengue dimeric E protein, compare to FN5Y 

molecule. The CDOCKER interaction energy is represented 

follow by Figure 4. The conserved residues of each binding 

regions revealed as bold letter. 

 K K’ X’ Y’ 

FN5Y 

T48 

A50 

V130 

L135 

L191 

F193 

L198 

L207 

L277 

A50 

K128 

L135 

F193 

L198 

I270 

K295 

Y299 

I357 

T359 

I6 

T155 

V97 

K247 

F16 

T48 

E49 

A50 

V130 

F193 

L198 

L207 

I270 

L277 

T48 

E126 

K128 

L135 

F193 

I270 

L277 

 

K295 

Y299 

I357 

T359 

 

I6 

T155 

T70 

K247 

F17 

T48 

E49 

A50 

V130 

L135 

T189 

L198 

K47 

A50 

V130 

L135 

F193 

L198 

K295 

Y299 

I357 

T359 

I6 

T155 

T69 

T70 

I113 

K247 

F18 

V130 

L191 

F193 

Q200 

L207 

L277 

K47 

A50 

V130 

F193 

L198 

K295 

T303 

T359 

I6 

T155 

T69 

T70 

K247 
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The performance of pharmacophore-based screening results and the 

ability of identification between 6,190 decoys and 26 active compounds 

were achieved by the Receiver operating characteristic (ROC) plot. Note, 

that the area under the curve (AUC) represents the quality of ROC plot. 

The AUC value > 0.50 suggests that the results from this method are 

reliable in which the active molecules are likely screened [169]. In Fig. 

42, for the present work the AUC values are 0.82 (1%), 0.96 (5%), 0.97 

(10%), and 0.88 (100%), therefore, the hit compounds from this 

pharmacophore-based screening are acceptable for further antiviral drug 

development.  

 

 

Figure  42  Receiver operating characteristic (ROC) plot of pharmacophore 

model applied to dengue E protein. The enrichment factor (EF) 

and area under the curve (AUC) are represent at 1, 5, 10, and 

100% of database. 
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4.2.3 Binding energy calculation 

To identify the most potent flavone derivative binding to DENV E 

protein, the binding free energy calculation based on solvated interaction 

energy (SIE) method was applied on the three complexes (F16, F17 and 

F18) using the last 40-ns trajectories, in comparison to the known 

compound, FN5Y. The SIE binding free energy in solvation (ΔGbind) is 

estimated by a summation of non-polar components (ΔEvdW) and 

Coulomb interactions (ΔEelec) as well as desolvation free energy 

contributions [96, 121].
 
The ΔGbind values of the considered complexes 

are plotted in Fig. 7, while the energy components are given Table S5 

(Appendix). 

In Fig. 43, the calculated bindG values of F16, F17 and F18 

complexes are in a range of -10.48 to -13.06, -8.56 to –10.81, and -11.11 

to -14.42 kcal/mol, respectively. These predictions suggest a binding of 

these halogenated flavones with the E protein significantly stronger than 

that of FN5Y (-3.43 to -4.35 kcal/mol). In addition, vdW interaction is the 

major contribution for ligand/E protein complexes (ΔEvdW, Table S4). F18 

has the highest efficacy to bind on surface of the E protein at all sites than 

other ligands, and its most preferential binding site is located at the kl loop 

region, K and K’. The bromine substitutions in F18 could strengthen the 

interactions at all pockets [188-191], which may lead to an improved 

drugability of this potent molecule [192]. 
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Figure  43  Comparison of the average SIE binding free energy (Δ     ) in 

kcal/mol of each flavone derivative binding (FN5Y, F16, F17 

and F18) at the different sites on dengue dimeric E protein (K, 

K’, X’ and Y’). 

 

The insight of each binding region in the F18/E complex is figured 

out by end-point binding free energy calculation; MM-GBSA and MM-

PBSA method, and QM calculation (FMO). The MD simulation of this 

complex was extended into 500 ns, then only last 100 ns-MD trajectory 

was analyzed the binding free energy of each binding sites (Table 4.3). 

The stability of system can be described by RMSD plotted (Fig. 44). In 

the kl loop pocket, both vdW and electrostatic interaction based on MM-

GBSA/PBSA calculation are mainly contributed energy with contact 

residues in these sites (Fig. 45). The halogen, bromine atoms of F18 

interact to bound residue that might increase the interaction at all pockets 

[188-191]. Moreover, this interaction is able to improve a drug ability of 

potent molecule, as well [192]. The average binding free energy suggests 

that F18 molecules preferentially bound to K and K’ sites at -45.81±0.3 

and -44.57±0.2 kcal/mol according to MM-GBSA calculation (Table 4). 

However, X’ (domain I/III hinge region) and Y’ (conserved region among 

flaviviruses) also serve as a binding region for F18. 
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Table  4  Comparison of the averaged binding free energy and its 

components (kcal/mol) of F18 ligands bound to each binding 

region; K (blue), K’ (red), X’ (grey), and Y’ (black) on dengue 

dimeric E protein, which is calculated from last 100 ns-MD 

trajectory. 

 

 K K’ X’ Y’ 

ΔEvdW -50.25±0.3 -47.72±0.2 -36.86±0.4 -47.8±0.3 

ΔEelec -40.69±0.7 -30.42±0.8 6.83±1.0 -9.83±1.2 

ΔEMM -90.94±0.8 -78.15±0.7 -30.03±1.1 -57.69±1.4 

PB 

ΔGpolar solvation -6.79±0.0 -6.37±0.0 -5.81±0.1 -6.65±0.1 

ΔGnon-polar solvation 51.66±0.7 42.41±0.7 9.72±1.0 32.13±1.2 

ΔGsolvation 44.87±0.6 36.04±0.7 3.91±1.0 25.48±1.2 

ΔGMM-PBSA -46.06±0.2 -42.11±0.2 -26.12±0.3 -32.21±0.3 

GB 

ΔGpolar solvation -4.72±0.0  -4.49±0.0 -3.36±0.0 -4.20±0.0 

ΔGnon-polar solvation 49.85±0.7 33.58±0.2 6.82±1.0 26.20±1.2 

ΔGsolvation 45.13±0.7 38.06±0.7 3.46±1.0 22.00±1.2 

ΔGMM-GBSA -45.81±0.3 -44.57±0.2 -26.57±0.3 -35.69±0.3 

 

 

Figure  44  RMSD plots of F18 ligand (blue) bound to 4 different sites; K, 

K’, X’, and Y’, on the dengue E protein (black and grey) over 

500 ns-MD simulation. 
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Figure  45 2D Pharmacophore model of potent compound (F18) interacts to 

residues in chain A (black box) and chain B (red box) at each 

binding site of dengue E protein. Pharmacophore properties are 

represented in each moiety of molecule structure that consist of 

hydrophobicity (yellow), hydrogen bond interaction (red arrow), 

and electrostatic interaction (rayed red). 

 

Simulation on the F18/E complex was then extended to 500 ns to 

investigate the binding pattern and interaction profile of F18. Per-residue 

decomposition free energies (ΔGresidue) for F18 at the four different 

binding sites over and along the last 100-ns simulation are given in Figs. 

8a and 8b, respectively. The F18 orientations inside each binding site are 

depicted in Fig. 47, where the surrounding residues with ΔGresidue ≤ -1 

kcal/mol are labeled. There are several residues important for F18 binding 

at K (E49, A50, P53, K128, L135, L198 and Q200), K’ (T48, E49, A50, 

L135, L198, I270, Q271 and T280), X’ (H149, K157, H158 and Y299), 

and Y’ (V97, I113, P243, K247 and Q248). By considering the 

contributed residues and their stabilization energies, again F18 likely 
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prefers to interact at the K and K’ binding regions. Then, the FMO 

calculation was used to rigorously reveal the strong paired interaction 

energy (   ) [127] between F18 and the residues at K site. 

At the K site, the residue K128 provides the highest stabilization 

(ΔGresidue of -3.24 kcal/mol in Fig. 46a) mainly through electrostatic 

attraction with the negatively charged oxygen and partially dispersion to 

bromine [193] on F18 flavone (-85.24 and -3.99 kcal/mol from FMO 

MP2/6-31G(d) calculation, Fig. 48). Although the two residues Q200, 

previously reported as the key amino acid for cyanohydrazone (3-110-22) 

binding [5], and E49 favorably stabilized F18 (Fig. 46), they showed 

electrostatic repulsion (34.03 and 31.37 kcal/mol, Fig. 48) with the two 

bromine atoms (Fig. 47). The other residues A50, P53, L135, and L198 

contributed for stabilizing the non-polar tail of F18. 
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Figure  46  Interaction profile of F18 bound to each binding sites (K, K’, X’, 

and Y’) on dimeric dengue E protein along last 100 ns-md 

trajectory based on MM-PBSA and MM-GBSA method. The 

monomeric E protein shows in 3 different domains; DI (red), DII 

(yellow) and DIII (blue). a) Per-residue decomposition free 

energy where the residues with energy contribution ≤ -1 kcal/mol 

are labeled with average within trajectory. b) The energetic 

component of each residue within 8 Å around F18 was plotted 

per time labeled with red-white-blue spectrum color represented 

as a heat map. 
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Figure  47  F18 binding orientations at the four binding sites, where the 

interacting residues are colored according to the energy values 

from Fig. 46a. The residues with decomposition free energy 

contribution lower than -1 kcal/mol are labeled. 
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Figure  48  a) FMO2-MP2/6-31G(d) binding energy component between the 

K-site residues and F18. (b) Electrostatic attraction (red dashed 

line) and dispersion (blue dashed line) between K128 and flavone 

moieties. 

  

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter V 

Conclusion 

5.1 Binding pattern evaluation 

The binding pattern of ligand on its binding region is able to describe the 

mode of the inhibitory mechanism of active molecules. Moreover, the 

information of ligand and protein is also used as a template to search for the 

novel potent inhibitor by the virtual screening method. The binding pattern of 

FN5Y on dimeric dengue envelop protein was predicted by molecular 

modeling approach. The molecular docking study revealed 8 possible binding 

regions of FN5Y on dengue viral surface, which are the K and K’ sites located 

on the domain I/II or kl loop region, the X and X' sites located on the domain 

I/III hinge region, the Y and Y’ conserved regions among flaviviruses, and the 

Z and Z’ interfaces between the two monomers. After 100 ns-MD simulation, 

the ligand at only 4 binding sites can bind well along the MD trajectory that 

are K, K’, X’, and Y’ binding regions according to the binding free energy 

calculation; SIE. Therefore, the drug elicited strong bindings to K, K’, X’, and 

Y’ sites of dengue envelope protein and prevented the pH-dependent fusion.  

In order to elucidate the binding region of EGCG on Zika viral surface at 

E protein homodimer by computational simulations, the docking results 

suggested that there are 6 possible binding regions for EGCG that the same as 

FN5Y binding to dengue E protein except kl loop binding region. The ligand-

protein binding interaction and total binding free energy of the complexes 

were then studied by all-atom MD simulation for 500 ns at acidic pH 

environment. The results suggested that EGCG bind at all sites on the surface 

of E protein. However, the orientations, contacted residues, and binding 

affinities of EGCG were different. The more favorable binding region for 

EGCG was found at the Y and Y’ sites than others compare to X-X’ and Z-Z’ 

sites. The binding of EGCG towards E protein homodimer may prevent its 

conformational change induced by acidic condition, and thus the activation of 

fusion process of Zika virus is interrupted. These finding are useful for the 
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further designing better inhibitor against flavivirus envelope protein, which 

can block the entry process of the Zika virus and the other viruses in the 

flavivirus genus. 

5.2 Virtual screening 

About 40,000 pharmacophore models were filtered into non-redundant 

136 RPMs. The common-hits approach was used to refine the result from 

pharmacophore-based virtual screening. Molecular docking results from both 

algorithms are mostly congruent to the results from previous step. The binding 

free energy calculations; SIE, MM-PBSA, and MM-GBSA, are used to carry 

out the strength and stability of potent compound bound to each binding site 

on dengue E protein. The binding pocket with the lowest binding energy was 

obtained via FMO approach. The potent compound was synthesized and tested 

the inhibiting efficiency by in vitro study. This potent compound will be tested 

in the animal for the further step. 

Moreover, the hydrophobic tail modification of halogenated flavone 

derivative (F16-18) increases the ability of binding on the viral surface. 

Furthermore, the halogen interaction of bromine atom is vital for stabilizing 

the potent molecule in its binding region. The binding pose of potent 

compound at the best binding region of dengue E protein, kl loop, has been 

proposed. The binding pattern and interaction profile will be used for 

designing the inhibitor against dengue viral infection. Moreover, the potent 

compound might need to optimize for finding the novel inhibitor using 

combination between the key residue interaction profiling and potent scaffold.  

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 85 

APPENDIX 

 

Figure S1.  Progressive pairwise sequence alignment of ZIKV E protein 

sequences from French Polynesia strain H/F/2013, PDB entry 

code: 5IZ7 and Brazilian (BeH 828305, GenBank accession 

number: KU729218 [12]
 
using ClustalX 2.1. 

 

 

Figure S2.  RMSD plots for all atoms of EGCG and E protein chains A and 

B for all three complexes with two EGCGs binding to E protein 

homodimer at X-X’, Y-Y’ and Z’-Z’ sites versus simulation time 

under pH 5.  
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Figure S3.  Distance plot between the centers of mass of domain II on each 

monomer along the simulation time. 

 

Table S1.  Comparison of the average binding free energy (Δ     ) and its 

components (kcal/mol) of each EGCG binding to ZIKV E protein 

at acidic pH condition based on SIE method. The calculation 

occurs with several terms; van de Waals interaction (Δ    ), 

electrostatic interaction (Δ     ), the change of reaction energy 

(Δ  ), the change of molecular surface upon binding (  

    ), conformational upon binding ( ), constant ( ) value and 

molecular surface area coefficient ( ) [96, 97, 121]. 

 

 

 X X’ Y Y’ Z Z’ 

Δ     -35.2±0.5 -28.1±0.8 -45.6±0.6 -48.4±1.2 -33.1±0.7 -40.2±0.5 

Δ      -15.2±0.7 -27.3±0.9 -28.3±0.9 -15.5±0.6 -26.6±0.7 -15.9±0.5 

Δ   21.6±0.6 20.3±0.6  28.9±0.6  18.1±0.4 21.0±0.5 19.8±0.3 

       -6.9±0.9 -5.0±0.1  -8.2±0.1  -7.3±0.2 -5.4±0.1 -7.4±0.1 

  -2.89 

  0.104758 

  0.012894 

Δ      -6.63±0.1 -7.1±0.1 -8.5±0.1 -8.5±0.2 -7.5±0.1 -7.5±0.1 
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