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STRUCTURE-BASED INHIBITOR DESIGN  

OF NEW POTENT HIV-1 REVERSE TRANSCRIPTASE,  

ACTIVE AGAINST MUTANT TYPE 
 

INTRODUCTION 

 

Acquired immunodeficiency syndrome (AIDS) is caused by the human 

immunodeficiency virus (HIV). The reverse transcriptase (RT) of human 

immunodeficiency virus type-1 (HIV-1) is the essential enzyme converting the single-

stranded viral RNA genome into double-stranded proviral DNA prior to its integration 

into the host genomic DNA (Jacobo-Molina et al., 1991; De Clercq, 1995a, b). 

Nowadays, a lot of crystals of a ternary complex that consists of a complex between 

the HIV-1 RT and the inhibitors, or between the HIV-1 RT and a double-stranded 

DNA template/primer or free form HIV-1 RT have been deposited at RCSB protein 

data bank (PDB) (Lawtrakul et al., 2004). HIV-1 RT is an asymmetric heterodimer 

consisting of a 560 residue chains (p66 subunit) and a 440 residue chains (p51 

subunit), as shown in Figure 1. Each subunit can be anatomically compared with a 

right hand and consists of four subdomains, namely the fingers, the palm, the thumb, 

and the connection domains. The N-terminal 440 amino acids of p66 constitute the 

polymerase domain, and the C-terminal 120 amino acids comprise the RNase H 

domain, which is present in the p66 but not in the p51, subunit (Balzarini, 1999). The 

active (substrate-binding) site of p66 consists of the catalytically essential D110, 

D185, and D186 triad, which is further surrounded with several highly conserved 

amino acids.  

 

Nucleoside inhibitors (NRTIs) and non-nucleoside inhibitors (NNRTIs) are 

two types RT inhibitors that are widely used for the treatment of AIDS. Nucleoside 

analog inhibitors, such as AZT, ddI and ddC, are competitive inhibitors causing 

termination of the growing DNA chain (Figure 2a). NRTIs inhibit viral replication 

because they lack a hydroxyl group of the ribose ring and, when incorporated into 

viral DNA, act as chain terminators. Mechanism of action of AZT interfering with 
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HIV-1 RT is shown in Figure 2b (De Clercq, 2004c). AZT needs to be 

phosphorylated, in three steps, to the triphosphate form before it can interfere with the 

reverse transcription reaction. Although these nucleoside inhibitors are selective for 

HIV-1 RT, they are not highly specific and make cellular polymerases to translate into 

toxic effects (Tantillo et al., 1994; De Clercq, 1995a, b; Sarafianos et al., 2004). Non-

nucleoside analog inhibitors, such as nevirapine, TIBO and efavirenz, are non-

competitive inhibitors binding in a hydrophobic pocket that is about 10 Å away from 

the enzyme’s active site in the p66 subunit, shown in Figure 3. Unlike NRTIs, the 

NNRTIs are not incorporated in the growing strand of HIV DNA, but directly inhibit 

the HIV-1 RT by binding in a reversible and non competitive manner to the enzyme. 

These lead to a significant slowing rate of polymerization catalyzed by the enzyme 

(Joly and Yeni, 1999). Because of the use at low concentration and the high 

specificity, non-competitive inhibitors are interesting for developing novel potent 

inhibitors (De Clercq, 1997, 1998 and 2004a, b). NNRTIs interact with a specific 

binding site on the enzyme, therefore any slight variation brought about by a single 

point mutation can have a significant impact on high-level resistance. The efficiency 

of these inhibitors is limited by drug resistant mutations, such as K103N, Y181C and 

V106A (Menendez-Arias, 2002). In the clinic, the most important mutations are 

K103N and Y181C (De Clercq, 2004a, b). From the crystal structures complexed 

between HIV-1 RT and NNRTIs, it has been suggested that most of the NNRTIs can 

adopt the similar conformation, as called ‘Butterfly-like’ shape. Most of them consist 

of two wing sections. Their wings usually contain significant ¶-electron systems that 

can interfere efficiently with amino acid functional groups of the binding pocket 

(Balzarini, 1999). In the pocket of wild-type HIV-1 RT (Figure 4), the necessary 

interactions with NNRTIs are staking interactions with the aromatic amino acids 

Y181, Y188, W229 and Y318, electrostatic interactions with K101, K103 and E138, 

van der waals interactions with L100, V106, Y181, G190, W229, L234 and Y318 and 

hydrogen bonding with the main-chain peptide bonds (Smerdon et al., 1994; De 

Clercq, 2002). Therefore, the mutations can affect NNRTIs binding by losing the 

important contacts between the binding pocket and NNRTIs, changing the size of the 

binding pocket and interfering the NNRTIs entry into the binding pocket. From the 

previous work (Hsiou et al, 2001) they indicated that the inhibitors active against 
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K103N mutation would be expected to have favorable interactions with the mutated 

asparagine side chain. This suggested that design of novel NNRTIs active against 

protein mutants should make favorable interactions with that mutant residue.    

 

Nevirapine (Viramune®) was the first generation of NNRTI that has been 

approved by the FDA for the treatment of HIV-1 infection. The binding affinity of 

nevirapine against wild type and mutant types RT are shown in Table 1 (Dyatkin et 

al., 1998). Unfortunately, nevirapine showed a lack of affinity upon two important 

mutations, the K103N and Y181C mutations. From the available the X-ray structures 

of K103N and Y181C HIV-1 RT mutants in complex with nevirapine, these revealed 

that the lack of affinity was caused by the lost of important interaction between 

nevirapine and mutant residues. The orientation of nevirapine in K103N and Y181C 

HIV-1 RT binding pockets comparing with that in wild-type HIV-1 RT are shown in 

Figure 5. These structures were taken from pdb code 1vrt (Ren et al., 1995) 1fkp (Ren 

et al., 2000) and 1jlb (Ren et al., 2001) for wild-type, K103N and Y181C HIV-1 RT 

structures, respectively. In Figure 5a, the structures supported that the reduced 

inhibitory efficacy of nevirapine in K103N mutant was caused by the changes in the 

chemical environment of N103 substituted binding pocket. Between wild-type and 

K103N mutant complexes, hydrophobic and electrostatic interactions were changed. 

In Figure 5b, the Y181C binding pocket revealed that ¶-¶ interaction between phenyl 

groups of nevirapine and tyrosine 181 in wild-type binding pocket was lost when 

tyrosine was mutated to be cysteine in Y181C.  

 

In the present, several NNRTIs, i.e. PNU-142721, MSC194 and efavirenz, 

were more potent against the K103N mutation than nevirapine (Lindberg, et al., 

2002). PNU-142721 is the most active inhibitor of these inhibitors against the K103N 

mutation. The potent activity of these inhibitors toward the K103N mutation is 

explained by new interactions with the N103 (Figure 6). From the X-ray structure of 

PNU-142721 complexed with the K103N mutant, the substituted amino group at the 

pyrimidine ring revealed the important H-bonds to K101 and N103. Consequently, 

this structural information of the complexed structure may lead to the discovery of 

new efficacious NNRTIs against resistant HIV-1 RT.  
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Once the knowledge of 3D-structure of receptor is known, an approach of 

drug design searched for a ligand whose orientation and conformation achieves the 

highest degree of complementarity with respect to all details of the receptor’s steric 

constraints and interaction geometries is called structure-based drug design (Bajorath, 

2002; Lengauer et. al., 2002; Oprea, 2002; Seifert et. al., 2003; Shoichet, 2004). 

 

Structure-based drug design is one of the most powerful method in drug 

discovery process in recent year because the explosion of genomic, proteomic, and 

structural information has provided hundreds new targets and opportunities for future 

drug lead discovery (Car and Jhoti, 2002; Lyne, 2002; Schneider and Böhm, 2002; 

Anderson, 2003). The target’s structure reveals the important binding mode of 

inhibitor, indicates the essential aspects determining its binding affinity and generates 

new ideas about ways of improving drug efficacy (Klebe, 2000). 

 

In recent year, several successes using structure-based drug design in 

discovery of new more potent drugs has been published, for example, amprenavir 

(Agenerase) and nelfinavir (Viracept) (Kaldor et al., 1997). They are two of the first 

drugs to reach the market by using structure-based drug design method to design 

them. Structure-based drug design includes several methods, i.e. molecular docking, 

fragment methods, 3D database techniques, etc (Marrone et al., 1997). Docking 

compounds from databases to targets of known structure can be utilized to discover or 

refine new leads. Structures from a database of small-molecule compounds are fit into 

the target structure using a docking program. The energies of the resulting complexes 

are evaluated and those that show the most promise can be experimentally tested as 

possible lead compounds. For 3D database searching, the pharmacophore model was 

used to search a database of 3D molecular structures and resulted in a molecule 

having the same pharmacophore of the model. 

 

In this study, virtual screening by means of 3D pharmacophore searching and 

molecular docking were used to screen the hits from the database. Virtual screening 

can be defined as the process of reducing a library containing an unmanageable 



 5

number of compounds to a limited of potentially promising compounds for the target 

of interest (Mestres, 2002).   

 

 Nowadays, because of advances in quantum chemical methods and together 

with impressive improvements in computer speed, quantum chemical calculations are 

widely used to calculate the electronic structure, structural property and energetic 

properties (such as geometries, energies, NMR properties, etc.) (Bell, 2004). The 

details of quantum are described in Appendix A. In quantum chemical calculations, 

semi-empirical, ab initio, and density functional methods can be performed to 

determine the interaction energy between ligand and surrounded amino acid residues 

in the binding pocket (Kuno et al., 2003; Nunrium et al., 2005; Mei et al., 2005; Saen-

oon et al., 2005). The results can provide the clearer elucidation in protein-ligand 

binding. 

 

For improving the efficiency of inhibitors insensitive to the K103N and 

Y181C mutations, structure-based drug design approaches by using 3D-

pharmacophore searching and molecular docking were used to find novel inhibitors. 

In addition, quantum chemical calculations were used to calculate the interaction 

energy between the designed compound and mutated residue. The works have been 

separated into two parts. 

 

In chapter I, virtual screening procedures based on the pharmacophores of 

nevirapine, PNU-142721 and some NNRTIs are used to find novel inhibitors 

insensitive to the K103N and Y181C mutations from an ‘in-house’ or ‘Bioinfo’ 

database of a set of 500k commercially available drug-like compounds. The details of 

virtual screening procedures are explained as following. Firstly, some docking 

methods, i.e. FlexX, GOLD and Surflex, have been performed with the nevirapine-RT 

complex to validate and select the best possible strategy. Secondly, before performing 

the molecular docking with the database, the compounds in the database were filtered 

by using pharmacophore searching. The 3D pharmacophore models were constructed 

based on the known important interactions between the amino acid in the binding 

pocket and NNRTIs. Then, after filtering the database, the selected compounds were 
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applied to docking. The hits from docking were selected and classified by scaffold 

diversity using ClassPharmer program. Finally, the selected compounds from the 

classification were tested for HIV-1 RT inhibition. 

 

In chapter II, for finding novel nevirapine analogue insensitive to the K103N 

and Y181C mutations, Nevirapine derivatives were designed using a combinatorial 

library design approach (Krier et al., 2005). In this study, the GOLD program was 

used to dock nevirapine derivatives the binding pocket of K103N and Y181C HIV-1 

RT. The hits from docking were further submitted to a post-docking filtering by 

topologically analyzing predicted interactions with the SILVER program. The hits 

presented a significant percentage of their surface buried upon binding (>80%) and 

exhibiting H-bonds to either N103 or C181 residues of the HIV-RT were finally 

selected. Furthermore, quantum chemical calculations were performed to calculate the 

interaction energy between nevirapine derivatives and mutant residues. The results 

will give more information on the interaction between nevirapine derivatives and 

N103 or C181. 

 

Therefore, structure-based drug design approaches by using 3D-

pharmacophore searching, molecular docking and quantum chemical calculations 

were applied to screen and design new inhibitors insensitive to the K103N and Y181C 

mutations with the aims of: 

 

1. To find the novel inhibitors active against the K103N and Y181C mutations 

by performing the virtual screening procedures with ‘Bioinfo’ database.  

  

2. To design the new nevirapine analogues active against the K103N and 

Y181C mutations by using combinatorial library design approach, molecular docking 

and quantum chemical calculations. 
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Figure 1 Structure of HIV-1 RT (taken from PDB entry 1vrt). 
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AZT ddI ddC 

 a)  

 

 
b) 

Figure 2 a) Structures of nucleoside reverse transcriptase inhibitors (NRTIs). 

b) Mechanism of action of AZT interfering with the HIV-1 RT reaction. 

Source: De Clercq (2004c). 
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Figure 3  Structures of non-nucleoside reverse transcriptase inhibitors (NNRTIs). 
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Figure 4  Binding pocket of wild-type HIV-1 RT complex with nevirapine (taken 

from PDB entry 1vrt). 

 

 

 

Table 1 Binding affinities of nevirapine against wild type and mutant types RT. 

 

IC50 ( μM) 
Compound 

Wild Type Y181C P236L K103N L100I 

Nevirapine 0.06 3.2 0.18 1.3 0.17 
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a) 

b) 

 

Figure 5  Binding pocket of wild-type, K103N (a) and Y181C (b) HIV-1 RT 

complex with nevirapine. The electrostatic potential of nevirapine and the 

mutant residues are shown on the van der Waals surface as red for 

negative and blue for positive values. 
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Figure 6  Orientation of PNU-142721 (displayed in ball and stick model) in the 

K103N binding pocket (taken from PDB code 1ikx (Lindberg, et al., 

2002)). 
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LITERATURE REVIEW 

 

Non-nucleoside reversetranscriptase inhibitors (NNRTIs) 

 

Despite the advances in the available regimen of drugs to treat HIV-1 

infection, there remains vital need to improve patient compliance, cost-of-goods and 

resistance profiles of each of the classes of anti-retroviral drugs (Hopkins et al., 

2004). One of the four main classes of licensed antiretroviral drugs are the non-

nucleoside reverse transcriptase inhibitors (NNRTIs), the other three classes being 

nucleoside reverse transcriptase inhibitors (NRTIs), protease inhibitors (PIs) and cell 

fusion inhibitors. NNRTIs represent a class of structurally diverse, potent and highly-

selective anti-HIV agents that were first discovered in the early nineties as a result of 

large scale compound library screening in antiviral and/or biochemical assays, 

followed by extensive chemical lead optimization. Because NNRTIs that are used the 

low concentrations and less toxic, they are considered as the preferential candidate 

compounds to be included in a double, triple, or quadruple drug combination therapy 

with NRTIs and protease inhibitors.  

 

The first-generation NNRTIs consist of nevirapine, 9-Cl TIBO, loviride, and 

delavirdine. The important interaction for first generation NNRTIs are interaction 

with Y181 and Y188. Unfortunately, resistance to these NNRTIs arises rapidly upon 

drug treatment. All of the mutations associated with NNRTI resistance are located in 

and around the NNIBP. Common NNRTI resistance mutations include K103N, 

Y181C, L100I, V106A, Y188L and G190A (Sarafianos, 2004). The clinically most 

important mutations of HIV-1 RT occur in amino acids K103, Y181, and Y188 (Pata 

et al., 2004). To improve the efficiency of the first generation NNRTIs, the second-

generation NNRTIs (i.e. UC-781, HBY-097 (nowadays replaced by GW867), 

efavirenz, PETT-4, and S-1153 (capravirine) are proposed. They are used at lower 

concentrations than the first-generation NNRTIs and improve resistance profiles. 

They are also likely better drug candidates to be part of future combination treatment 

modalities than the first-generation NNRTIs. Three NNRTIs, nevirapine 
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(Viramune®), delavirdine (Rescriptor®) and efavirenz (Sustiva®, Stocrin) were 

approved for the treatment of HIV infection in 1996, 1997 and 1998, respectively. 

 

Because of the fast drug resistance from the mutation, new drugs are still 

needed for the aid treatment. New drugs are expected to show enhanced activity 

against at least parts of the current mutants. Therefore, new NNRTI discovery 

approach should include: searching for new and/or further evolved chemical scaffolds 

that allow more flexible and multiple drug-binding modes; better ‘quality’ binding 

through aiming for multiple drug interactions, in particular, with more conservative 

and/or critical residues; and multiple interactions with the main chain of the amino 

acids that line-up the NNRTI binding site (Pauwel, 2004). Some new NNRTIs have 

been proposed to improve the problems about the mutations, e.g. PNU-142721 

(Wishka et al., 1998), 8-aryloxymethyl- and 8-arylthiomethyldipyridodiazepinones 

derivatives (Cywin et al., 1998), urea-PETT derivatives (Högberg et al., 1999), MKC-

442 (emivirine) analogues (Hopkins et al., 1999), 2,3-diaryl-1,3-thiazolidin-4-ones 

derivatives (Barreca et al., 2002), indolyl aryl sulfones derivatives (Silvestri et al., 

2003), benzophenones derivatives (GW4511, GW4751, and GW3011) (Chan et al., 

2004), sulfonylindolecarboxamide derivatives (L-737,126) (Silvestri et al., 2004), 

conjugation of D4T with 6-benzyl-1-(ethoxymethyl)-5-isopropyluracil (MKC-442, 

Emivirine) (Peterson et al., 2005), pyrazinone derivatives (Heeres et al., 2005), 

diarylpyrimidine (DAPY) derivatives (Guillemont et al., 2005), pyridinone 

derivatives (R157208, R165481, and R221239) (Himmel et al., 2005). Furthermore, 

Ren and Stammers (2005) proposed a new NNRTI, as called CP94707, active against 

commonly observed mutation, i.e. K103N, Y181I and Y188L. The structure of 

CP94707/HIV-1 RT revealed that CP94707 binds to the binding pocket of HIV-1 RT 

in a novel mode with reduced contact with Y181 and Y188. The less contact with 

Y181 and Y188 may improve the resistance of CP94707. The derivatives of 4-benzyl 

and 4-benzoyl-3-dimethylaminopyridin-2(1H)-ones are proposed by Benjahad et al. 

(2005). Some compounds of these derivatives are found that they are active against 

eleven single (L100I, K101E, V106A, K103N, E138K, V179E, Y181C, Y188L, 

G190A/S, and F227C) and four double HIV mutant strains (L100I + K103N, K101E 

+ K103N, K103N + Y181C, and F227L + V106A). 
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Computer-aided design is a powerful method that was used to study and 

design novel potent NNRTIs. There are many research groups working on computer-

aided design with ligand or structure-based drug design to develop new NNRTIs 

active against mutants. 3D-QSAR analysis by Ragno et al. (2006) led to the discovery 

of exceptionally potent indolyl aryl sulfones (IASs) characterized by the presence of 

either a pyrrolidyn-2-one nucleus at the indole-2-carboxamide or some substituents at 

the indole-2-carbohydrazide. Molecular docking methods were undertaken using a 

number of published crystal structures of HIV-1 reverse transcriptase complexes with 

various non-nucleoside inhibitors to study and design new NNRTIs (Titmuss et al., 

1999). To date, a variety of structure-based drug design approaches are used to 

improve the activity of some NNRTIs derivatives, e.g. pyrrolyl aryl sulfones (PASs) 

(Artico et al., 2000), 2-Alkylthio-6-[1-(2,6-difluorophenyl)alkyl]-3,4-dihydro-5-alkyl-

pyrimidin-4(3H)-ones (Mai et al., 2001), neotripterifordin (Zhou et al., 2002), 

Phenethylthiazolylthiourea derivatives (Ranise et al., 2003, 2005), 2-Alkylamino-6-

[1-(2,6-difluorophenyl)alkyl]-3,4-dihydro-5-alkylpyrimidin-4(3H)-ones (Ragno et al., 

2004), TMC125-R165335 (Etravirine) (Das et al., 2004), quinolone derivatives 

(Hopkins et al., 2004; Freeman et al., 2004), pyrrolobenzoxazepinones (PBOs) 

(Fattorusso et al., 2005), 4-[[4-[[4-[(1E)-2-cyanoethenyl]-2,6-dimethylphenyl]amino]-

2-pyrimidinyl]amino]benzonitrile (R278474, Rilpivirine) (Janssen et al., 2005), The 

combinations of ligand and structure-based drug design are also an alternative 

approach to develop NNRTIs. The examples are shown as following.  

 

Mao et al. (2000) rationally designed NNI compounds HI-236, HI-240, HI-

244, HI-253, HI-443, and HI-445 combine these three features and outperform other 

anti-HIV agents examined by using structure-based drug design approach. They 

suggested that the following features of NNRTIs to be active against RT mutants, 

such as the Y181C RT mutant should be required: (a) the inhibitor should be highly 

potent against wild-type RT and therefore capable of tolerating a considerable activity 

loss against RT mutants (i.e. a picomolar-level inhibitor against wild-type RT may 

still be effective against RT mutants at nanomolar concentrations), (b) the inhibitor 

should maximize the occupancy in the Wing 2 region of the NNI binding site of RT, 

and (c) the inhibitor should contain functional groups that provide favorable chemical 
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interactions with Wing 2 residues of wild-type as well as mutant RT, as shown in 

Figure 7. Zhou and Madura (2004) studied 3D-QSAR analysis of TIBO derivatives 

based on docking conformation and alignment. The flexible docking using Autodock 

version 3.0 program was used on determination of active conformation and molecular 

alignment. Barreca et al. (2005) used 3D-pharmacophore models of TBZ derivatives 

and molecular docking method in searching for new lead as NNRTIs. Griffith et al. 

(2005) performed 3D-pharmacophore database searching. Their pharmacophore 

models are constructed by using the important interaction between NNRTIs and HIV-

1 RT. Hydrogen bond acceptor on HIV-1 RT residue is also included in 

pharmacophore models. In the work of Ragno et al. (2005), three-dimensional 

quantitative structure-activity relationship (3-D QSAR) studies and docking 

simulations were developed on indolyl aryl sulfones (IASs), a class of novel NNRTIs 

highly active against wild type and some clinically relevant resistant strains (Y181C, 

the double mutant K103N-Y181C, and the K103R-V179D-P225H strain, highly 

resistant to efavirenz). The synthesis of six designed derivatives (prediction set) 

allowed disclosure of new IASs endowed with high anti-HIV-1 activities. An 

efficiency approach by using hierarchical database screenings was presented by Wang 

et al. (2005). This approach combines a pharmacophore model, multiple-

conformation rigid docking, solvation docking, and molecular mechanics-Poisson-

Boltzmann/surface area (MM-PB/SA) sequentially. The structural information of 

varied HIV-1 RT/NNRTIs complexes are used in the study. Jorgensen et al. (2006) 

used automated lead generation with the growing program BOMB, Monte Carlo 

simulations with free-energy perturbation theory for lead optimization, and property 

analysis with QikProp to design new NNRTIs. They tried to design with simultaneous 

goals of enhanced performance against common RT mutants, high bioavailability, and 

facile synthesis. An initial 30 μM lead has been optimized rapidly to the 10 nM level. 
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Figure 7 Models of the compound N-[2-(1-piperidinoethyl)]-N’-[2-(5-bromopyri-

dyl)]-thiourea (color coded by atom type) and compound N-[2-(2,5-

dimethoxyphenylethyl)]-N’-[2-(5-bromopyridyl)]-thiourea (in blue) (HI-

236) in the NNI binding site of HIV RT, positioned by a docking 

procedure. Wing 1 and Wing 2 represent two different regions of the NNI 

binding site.  

Source: Mao et al. (2000). 
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Structure-based drug design 

. 

In the 1970s, the development of structural biology and the growing 

availability of atomic structures lead to the method to identify new medicines by first 

solving structure of the potential drug target at the atomic level and then using this 

information to design small molecules that have the required effect (Böhm and 

Schneider, 2000). In recent years, with the increase of protein structures structure-

based drug design is most powerful when it is a part of an entire drug lead discovery 

process (Anderson, 2003). Structure-based drug design can save time and money by 

reducing the number of compounds to be experimentally tested, also improving the 

drug discovery success rate by identifying more-potent and specific binders (Orry et 

al., 2006). 

 

With structure-based idea, the goal of structure-based drug design is to 

assemble collections of molecules that are potential ligands of a given target. It can be 

separated into two approaches. The first is to use ligand design tools to generate new 

molecules within the boundaries of a binding site, as called de novo design. De novo 

design comprised methods that attempt to generate compounds starting from an empty 

binding site and with few or no restrictions of the chemical space to be searched. 

Fragments of molecules, usually small functional groups, are docked into the binding 

site and linked together. This method can give the new compounds. The examples of 

de novo design programs are GrowMol, SMoG, Builder, LUDI, etc. Another 

approach is to use docking method to select them from larger libraries, as called 

virtual screening. The examples of docking program are GOLD, DOCK, AutoDock, 

FlexX, etc. 

 

The general process of structure-based drug design is described as follows. 

The binding site of the protein is defined. The protein structures can be taken from X-

ray crystallography, NMR and homology modeling methods. Then, using computer 

algorithm, compounds or fragments of compounds from database are positioned into 

the defined binding pocket, by using docking or de novo algorithms. These 

compounds are scored and ranked based on their steric and electrostatic interactions 
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with the target site, by using the selected scoring function. The best compounds are 

tested with biochemical assays. 
 

In recent years, there are many successes in structure-based drug design 

(Lyne, 2002). Two of the first drugs to reach the market for the treatment of AIDS by 

using structure-based drug design approach are amprenavir (agenerase) and nelfinavir 

(viracept) (Kaldor et al., 1997). They are nonpeptidic inhibitors of HIV-1 protease 

and are identified by using a combination of structure-based design, an analysis of 

oral pharmacokinetics, and antiviral activity. Zanamivir (relenza) was developed 

against neuraminidase (Varghese, 1999). Tomudex was developed against 

thymidylate synthase (Rutenber and Stroud, 1996). Imatinib mesylate (Gleevec) 

inhibits Abelson tyrosine kinase that is the enzyme causes chronic myelogenous 

leukemia (Schindler et al., 2000). 

 

To date, with the development of structure-based drug design, it can be used to 

design new ligands with increased binding affinity. The examples are shown as 

follows. A series of acylphenylalanine derivatives was found to be a competitive 

inhibitor of IL-2/IL-2Rα binding with a midmicromolar IC50, based on a combination 

of structural information obtained by X-ray crystallographic and NMR studies5 of IL-

2 (Tilley et al., 1997). Wiesmann et al. (1998) used structure-based drug design 

approach to design small molecule vascular endothelial growth factor (VEGF) 

antagonist for the treatment of cancer. The design depends on detailed structural and 

functional characterization of VEGF-receptor interactions. Structure-based 

computational database screening revealed the ability to discover new compound 

inhibiting the target of TAR-RNA of HIV-1 (Lind et al., 2002). From the screening, it 

was found eleven compounds that can inhibit the Tat-TAR interaction (between 0.1 

and 1 μM). Ding et al. (2005) revealed a successful structure-based design of a novel 

class of potent, non-peptide small-molecule MDM2 inhibitors based upon the spiro-

oxindole core structure to target the p53-MDM2 interaction. Rastelli et al. (2005) 

studied the effects of displacing some of four buried water molecules during the 

binding between 7-carbamate and the N-terminal domain of heat shock protein 90 

(Hsp90), by using a structure-based drug design approach. Hsp90 is important to the 
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survival of cancer cells. Modeling of Hsp90–ligand interactions suggested the suitable 

substituents to the design of 7-carbamate derivatives. Structure-based drug design and 

optimization from the starting point of diarylurea, reported as a moderate CDK1,2,4,6 

inhibitor led to the design of a novel series of cyclin-dependent kinase (CDK) 

inhibitors containing a macrocyclic quinoxaline-2-one (Kawanishi et al., 2006). Kuno 

et al., (2006) developed a non-nucleoside adenosine deaminase inhibitor, FR234938, 

by using rational structure-based drug design. The results indicated that FR234938 

has potential anti-inflammatory activity. 

 

 



 21

MATERIAL AND METHODS 

 

Methodologies 

 

1. Pharmacophore Searching 

 

Pharmacophore searching is an application of ligand-based method. If the 

structural information about the target receptor is not available, it is possible to derive 

the important features from the ligand, as called pharmacophore. The pharmacophore 

can be characterized directly by analyzing either receptor–ligand complexes or the 

binding site of the receptor. In case of unknown receptor structures, a pharmacophore 

model is generated from known active compounds, usually by calculating all of the 

possible superpositions of predefined chemical groups. The features used to define a 

pharmacophore are typical to be the positions of specific atoms or groups within each 

molecule, e.g. aromatic group, hydrogen bond donors and acceptors, positively and 

negatively charged group and hydrophobic group.  

 

To combine the relationships between the pharmacophore, it is called a three 

dimensional (3D) pharmacophore. Each pharmacophore can be combined by using 

the distance or distance ranges (average interfeature distances and their tolerances), 

angles, or planes (Van Drie, 1997). A 3D pharmacophore is the 3D arrangement of 

chemical groups that is required for the biological activity of a molecule. During 

database searching, the 3D pharmacophore model serves a template for the selection 

of molecules having the specified geometrical constraints (Seifert et. al., 2003). An 

example of 3D pharmacophore based on the description of NNRTIs series is shown in 

Figure 8. The requirements of this pharmacophore model are a conjugated system 

between two-hydrogen bonding acceptor atoms (Xs) within plane A, an aromatic 

center (AC), and two hydrocarbon centers (HC). 
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Figure 8  3D pharmacophore model derived from a series of NNRTIs. 

  Source: Gussio et al. (1996). 

 

2. Molecular Docking 

 

 Molecular docking is a method to identify correct poses of ligands in the 

binding pocket of a protein and to predict the affinity between the ligand and the 

protein (Krovat et al., 2005). A general docking procedure consists of three steps: 

identification of the binding site, a search algorithm to effectively sample the set of 

orientation and conformation of ligands, and a scoring function (McConkey et al., 

2002). More details of molecular docking method are described in Appendix A. In 

this study, some docking tools, FlexX, GOLD and Surflex, have been applied for 

performing virtual screening. Their docking algorithms and scoring functions are 

shown in Table 2. 
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Table 2 Docking algorithm and scoring functions of the docking tools.  
 

Method Docking Algorithm Scoring Function 

FlexX Incremental construction Empirical scoring function 

GOLD Genetic algorithm 

 

Force field scoring function 

(GoldScore) and Empirical scoring 

function (ChemScore) 

Surflex 
A molecular similarity method 

(morphological similarity) 

Empirical scoring function 

(Hammerhead scoring function) 

 

 The details of each docking method are described as following. 

 

 2.1 FlexX 

       

      FlexX (Rarey et. al., 1996, 1999; Hoffmann et al., 1999) is a fast, flexible 

docking method that uses an incremental construction algorithm. It rapidly docks a 

conformationally flexible ligand into a binding site. The conformational flexibility of 

the ligand is included by generating multiple conformations for each fragment and 

including all in the ligand building steps. The base fragment of the ligand is 

automatically selected and placed into the active site. After that, the remainder of 

ligand is incrementally reconstructed from other fragments and the placement of the 

ligand is scored on the basis of protein-ligand interactions. Protein-ligand interactions 

in FlexX include both polar (Hydrogen bond and charge-charge) and non-polar 

(hydrophobic) interactions. FlexX used the following model to describe molecular 

interactions based on spherical surfaces. Each interacting group is assigned both an 

interaction type and interaction geometry. The geometry contains an interactions 

center c, an interaction radius r, and an interaction surface, which is part of the 

spherical surface with radius r about c. An example of interaction center and surface 

of the carbonyl group is shown in Figure 9a. The interaction surfaces can be spheres, 

cones, capped cones and spherical rectangles (Figure 9b). 
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Figure 9  Example of carbonyl group’s interaction model in FlexX program.  

a).  Interaction center and surface of the carbonyl group. 

b). Spheres, cones, capped cones and spherical rectangles interaction 

surfaces. 

  Source: Rarey (1996). 

 

       Docking Algorithms 

 

       In FlexX, an incremental construction strategy was used to be a docking 

algorithm. The FlexX’s docking algorithm procedure consists of three steps (Kramer 

et. al., 1999). They are base selection, base placement, and complex construction. 

Initially, the base selection is the selection of a connected part of the ligand, the base 

fragment. For the better computing times and docking results, the number of potential 

interaction groups should be maximized while the number of alternative 

conformations of the base fragment should be minimized. Once the base fragment is 

selected, the remaining part of the ligand is automatically divided into fragments. The 

base fragments are the first parts of the ligand that are placed into the active site, as 

called the base placement. The goal of the fragment placement algorithm is to find 

positions of the base fragment in the active site such that a sufficient number of 

favorable interactions between the fragment and the protein can occur simultaneously. 

The fragment placement algorithm is shown in Figure 10. The interaction surfaces on 

the receptor site are represented by the interaction points. To place the base fragment 

into the receptor site, three interaction center of the fragment are mapped onto three 

interaction points of the receptor by superposing the three point pairs onto each other. 

After the base fragment has been located into favorable placement, the complex 
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construction step is started by using incremental construction algorithms. The 

remaining fragments are added to the base fragment.    

 

 
 

Figure 10  Fragment placement algorithm in FlexX. 

  Source: Rarey (1996). 

 

       Scoring function 

 

      The estimated free energy of binding was calculated from empirical 

scoring function, as shown in the follow equation. 
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     Where Nrot is the number of rotatable bonds that are immobilized in the 

complex. ∆Ghb, ∆Gio, ∆Grot, and ∆G0 are adjustable parameters. ∆Garo accounts for the 

interactions of aromatic groups. ∆Glipo is a modified term that is calculated as a 

pairwise sum over all atom-atom contacts. f(∆R,∆α) is a scaling function that 

penalizes deviations from ideal geometry. f*(∆R) is a scaling factor accounts for 

contacts with ideal distance but penalizes for close contacts. The scaling factors are 

shown in equation (2). 
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                                                        (2) 

 Where ∆R = R - R0, R is the distance between the atom centers. R0 is the 

ideal value, which is assumed to be the sum of both van der Waals radii plus 0.6 Å. 

From the scoring function, the first term (∆G0) is a fixed ground term. The second 

term (∆Grot x Nrot) is a term taking into account the loss of entropy during ligand 

binding due to the hindrance of rotatable bonds. The third-fifth terms (terms 

contributing of hydrogen bond, ionic interaction, and aromatic interaction) are sums 

overall pairwise interactions. The last term rates the atom-atom contacts between 

protein and ligand, which are hydrophobic contacts and forbiddingly close contacts 

(clashes). The functions f(∆R,∆α) and f*(∆R) are heuristic distance and angle 

dependent penalties. 

 

 Advantages and disadvantages 

 

 In FlexX program, the advantages and disadvantages are shown in Table 3. 
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Table 3 Advantages and disadvantages of FlexX program.  

 

Advantages/ 

Disadvantages 
FlexX 

Advantages 

- FlexX is fast. The computing time depends on the size of 

the active site, the size of the ligand and the degree of 

ligand symmetry and lies in the range from a few seconds 

up to a few minutes. 

- FlexX is automatically positioning the ligand. 

- The conformational flexibility of the ligand is taken into 

account by considering both the torsion angle flexibility as 

well as the conformational flexibility of ring systems. 

- Enantiomerism can be handled as a degree of freedom. 

- The placement algorithm in FlexX is based on the 

evaluation of interactions occurring between the protein 

and ligand. This ensures that the search is limited to low-

energy structures improving the quality of the results in a 

given amount of computing time. 

- The protein interaction is fully specification of active site 

including oxidation states, metal ions and sidechain 

protonation states. 

Disadvantages 

- The protein is considered rigid. However, the FlexE 

module can be employed to consider flexibility of the 

protein. 

- FlexX scoring function was not as effective due to the 

multiple lipophilic contacts of inhibitors. 

- Tends to place conformationally flexible ligands outside 

the binding site (if topological constraints exist). 
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 2.2 GOLD 

 

      GOLD (Genetic Optimization for Ligand Docking) is a docking method 

using a genetic algorithm (GA) for docking flexible ligands into protein binding sites 

(Jones et al., 1997; Nissink et al., 2002; Taylor, 2002; Verdonk et al., 2003). Ligand 

was treated as fully flexible and protein was treated as partially flexible in the 

neighborhood of the protein active site i.e. OH and NH3 groups of protein residues. 

Specifically, each Ser, Thr and Tyr OH will be allowed to rotate to optimise its 

hydrogen-bonding to the ligand. A possible docked orientation of the ligand is 

encoded as a chromosome. A chromosome contains the information about the 

mapping of ligand H-bond atoms onto protein H-bond atoms, mapping of 

hydrophobic points on the ligand onto protein hydrophobic points, and the 

conformation around flexible ligand bonds and protein OH groups. A fitness score of 

each chromosome was assigned based on its predicted binding affinity. GOLD has 

been tested on a data set bigger than 100 of complexes extracted from the Protein 

Data Bank. These tests revealed that GOLD achieved about 70-80% success rate in 

identifying the experimental binding mode. GOLD will only produce reliable results 

if it is used properly and correct atom typing for both protein and ligand is particularly 

important. 

 

       Docking Algorithms 

 

                  Genetic algorithm (GA) approach has been used to explore conformation 

space and ligand binding modes. It was inspired by the Darwinian principles of 

evolution. GA operates on the relation of two spaces – the space that encodes possible 

discrete solutions (genotype) and the property space (phenotype) of these solutions. In 

the GA, the chemical structure of a compound can be understood as the genotype or 

chromosome which is constructed from genes – atoms or building blocks like amino 

acids or nucleotides – whereas the actual molecule with its physical and biological 

properties represents the phenotype. GA uses several different genotypes or 

individuals at the same time – the population – and investigate their properties using a 

given selection function. After such evaluation of the population, the individual 
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members are rank-ordered according to their fitness. The chromosomes of the rank-

ordered individuals are then subjected to changes (genetic operators) that generate 

new chromosomes according to predefined rules. These genetic operators are inspired 

by those of DNA like genetics: death, replication, insertion, mutation, and crossover. 

Replication regenerates an equivalent chromosome or individual. Mutation sets one or 

more elements in the parent gene to a different value, based on a predefined mutation 

rate between 0 and 100 percent. Crossover takes two or more chromosomes to build 

new chromosomes by mixing them according to various rules. Deletion deletes an 

element from the parent gene. Insertion introduces new elements. In nature, these 

mechanisms enable life forms to adapt to a particular environment over successive 

generations. The fitness function measures each individual phenotype’s fitness within 

this population. The higher the fitness, the greater should be the probability of passing 

the genomic information onto the next generation.  

 

     GOLD uses a genetic algorithm for optimizing the fitness score. A 

population of potential solutions (i.e. possible docked orientations of the ligand) is set 

up at random. Each member of the population is encoded as a chromosome, which 

contains information about the mapping of ligand H-bond atoms onto 

(complementary) protein H-bond atoms, mapping of hydrophobic points on the ligand 

onto protein hydrophobic points, and the conformation around flexible ligand bonds 

and protein OH groups. Each chromosome is assigned a fitness score based on its 

predicted binding affinity and the chromosomes within the population are ranked 

according to fitness.  

 

       Scoring function 

 

      GOLD offers a choice of fitness functions: GoldScore, ChemScore and 

User Defined Score. The original GOLD scoring function is GoldScore and it is 

selected to be default scoring function in GOLD. 
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1) GoldScore fitness function 

 

                        The GoldScore fitness function is a force field scoring function 

consisting of the sum of protein-ligand complexation term, a hydrogen-bonding term 

and an internal energy term. Force-field scoring function that was used to calculate 

these contribution terms is shown in the following equation. 
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             From the scoring function, a 4-8 potential was used to determine the 

energy of interaction between the ligand and the protein. This potential is proved to be 

particularly effective in reproducing experimental ligand binding modes. A 4-8 

potential with a linear cut-off is much softer than the 6-12 potential that is 

traditionally used, allowing the GA to form close contacts with the protein more 

easily. The hydrogen bonding term is a sum of the individual energies from all the 

donor-acceptor pairs between the complexes. The energy of each hydrogen bond is 

calculated with a complicated function considering the type and the geometry of the 

donor-acceptor pair. The internal energy of the ligand includes a dispersion-repulsion 

energy and a torsional energy, both of which are calculated according to the Tripos 

force field. This scoring function was originally calibrated by reproducing the three-

dimensional structures of 100 protein-ligand complexes. The fitness score is taken as 

the negative of the sum of the component energy terms, so that larger fitness scores 

are better. 
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2)  ChemScore fitness function 

             

             ChemScore was derived empirically from a set of 82 protein-ligand 

complexes for which measured binding affinities were available. Unlike GoldScore, 

the ChemScore function was trained by regression against measured affinity data 

(empirical scoring function), although there is no clear indication that it is superior to 

GoldScore in predicting affinities. ChemScore function is defined in equation (4).  

 

                                 ChemScore   =   ΔGbinding + Eclash + Eint + Ecov’                       (4) 

 

   The estimated free energy of binding (ΔGbinding) is defined as shown in 

equation (5).  

 

                rotrotlipolipometalmetalbondhbondhbinding HGSGSGSGGG Δ+Δ+Δ+Δ+Δ=Δ 0      (5) 

 

                         Where Shbond, Smetal and Slipo are scores for hydrogen-bonding, 

acceptor-metal, and lipophilic interactions, respectively. Hrot is a score representing 

the loss of conformation entropy of the ligand upon binding to the protein. ΔG terms 

are coefficients derived from a multiple linear regression analysis on a training set of 

82 protein-ligand complexes from the PDB. 

 

                          The clash term (Eclash) is summed over all non-hydrogen protein-

ligand atom pairs, as defined in equation (6). 

                                                       ),( clashclashclash rrE ε∑=                                           (6) 

             Where r is the distance between a protein-ligand atom pair and             

rclash is the clash distance for that pair. The clash energy for each atom pair depends 

on the nature of the protein and ligand atom; it is zero for r > rclash, and for r ≤ rclash. 

 

              The internal energy (Eint) of the ligand is the sum of a torsional term 

(Etors) and a clash term (Eclash). The latter is calculated analogously to the protein–

ligand clash energy, but only for ligand atoms that are separated by at least four 
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bonds. The torsional term is a summation over the ligand rotatable bonds (RB). 

Because GOLD also flips ring corners, which affects ring torsion angles, our 

implementation of the ligand torsional energy also includes a summation over free 

ring corners (RC) (equation (7)). 

                                         )()( RCBtors
RCBRC

RBtors
RB

torsE θεθε ∑∑+∑=                                    (7) 

              The second summation in the right-hand term is over the ring bonds 

RCB affected by the ring flipping of ring corner RC. 

 

              The covalent energy term only applies to ligands bound covalently to 

the protein. It consists of a torsional part and a bond-angle part, as shown in equation 

(8). 

 

                                2
,0covcov )()( BABABA

BA
CBtors

CB
kCE ϕϕθε −∑+∑=                             (8) 

 

              The first summation is over all torsion angles and θCB involved in the 

covalent linkage. The second summation is over the covalent bond angles (ϕBA) 

around the covalent linkage. The force constants (kBA) and the ideal bond angles 

(ϕ0,BA) are taken from GOLD. Ccov is a constant used to balance the covalent bond 

term against the rest of the Chemscore function. 

 

              The design of GOLD favors the docking of hydrophilic ligands. 

There are two reasons for this. Firstly, the chromosome encoding in GOLD means 

that the GA samples binding modes by searching patterns of hydrogen-bonding 

motifs. Thus the algorithm is directed to find hydrogen-bond networks, whereas it is 

not guided to find hydrophobic interactions. Secondly, the fitness function contains a 

term for dispersive interactions but does not have a term for desolvation. With a 

significant part of the hydrophobic contribution to binding missing from the fitness 

score, the algorithm is likely to underestimate the contribution to binding from 

hydrophobic interactions. 
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 Advantages and disadvantages 

 

 In GOLD program, the advantages and disadvantages are shown in Table 

4. 

 

Table 4 Advantages and disadvantages of GOLD program.  

 

Advantages/ 

Disadvantages 
GOLD 

Advantages 

- The conformational flexibility of the ligand is taken into 

account. 

- Partial flexibility in the neighborhood of the protein active 

site i.e. OH and NH3 groups of protein residues was 

treated. 

- GOLD offers a choice of scoring functions, GoldScore, 

ChemScore and User Defined Score. 

- GOLD allows specification of a protein-ligand covalent 

bond. 

- GOLD is able to predict binding to seven metal ions i.e. 

Mg, Zn, Fe, Mn, Ca, Co and Gd.  

Disadvantages 

- GOLD required properly and correct starting model for 

both protein and ligand, e.g. correct atom typing and add 

all hydrogen atoms, including those necessary for defining 

the correct ionisation and tautomeric states of the residues 

such as Asp, Glu and His. 

- GOLD is not too related to ligand size or flexibility but 

that performance of the algorithm is highly dependent on 

ligand hydrophobicity. GOLD is most likely to fail given a 

hydrophobic ligand.  
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 2.3 Surflex 

 

      Surflex (Jain, 2003) is a docking method using a surface-based molecular 

similarity method to generate suitable putative poses for molecular fragments. The 

ideas of Surflex are that it firstly assumed an active site of ligand, as called protomol. 

The protein's surface is coated with a collection of molecular fragments that could 

potentially interact with the protein. The molecular fragments, as called probe, 

represent as a potential alignment point for atoms in a ligand (Ruppert et al., 1997). 

Three types of molecular fragments, i.e. CH4, C=O and N-H, are placed into the 

active site in multiple positions. An example of the protomol generated for 

streptavidin is shown in Figure 11. The protomol is identified based on identification 

of the protein residues containing any atoms whose surface was within 2.0 Å of any 

atom of the native ligand biotin. 

 

 
 

Figure 11  Protomol for streptavidin (1stp) compared with the native pose of biotin 

(green). The protomol consists of CH4 (hydrogens not shown), N-H, 

and C=O molecular fragments. 

  Source: Jain (2003). 
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     There are two parameters controlling the extent of the protomol. They are 

proto_thresh and proto_bloat. The proto_thresh determines the degree of buried-ness 

for the primary volume used to generate the protomol. The proto_bloat indicates how 

far beyond the primary volume that the protomol volume should be expanded. 

Flexible docking precedes either by incremental construction from high-scoring 

fragments as in Hammerhead or by a crossover procedure that combines pieces of 

poses from intact molecules. Hammerhead’s empirical scoring function is then used to 

predict binding affinities of docked ligands. The docking and scoring procedures of 

Surflex are shown in Figure 12. The details of docking algorithms and scoring 

function are described as follows. 

 

 
 

Figure 12  Docking and scoring procedures of Surflex program. 
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       Docking Algorithms 

 

      In Surflex, the docking algorithms consist of a process of fragmentation, 

conformational search, alignment and scoring, and reconstruction from highscoring 

aligned fragments. Molecules are fragmented by breaking non-ring rotatable bonds, 

avoiding fragmentation into fragments smaller than 6 heavy atoms. Each fragment is 

conformationally searched. Following completion of fragmentation and 

conformational search (and fast internal clash relaxation), the resulting molecular 

fragments are used in the next step. Surflex utilizes the morphological similarity (MS) 

function and fast pose generation techniques to generate putative alignments of 

molecules or molecular fragments to the protomol (Jain, 2000). Morphological 

similarity is defined as a Gaussian function of the differences in molecular surface 

distances of two molecules at weighted observation points on a uniform grid. 

Optimization of the similarity of two molecules is performed by finding sets of 

observers of each molecule that form triangles of the same size, where each pair of 

corresponding points in the triangles are observing similar features. The 

transformation that yields a superposition of the triangles will tend to yield high-

scoring superpositions of the molecules. In Surflex’s docking search algorithm, poses 

of molecular fragments that tend to maximize similarity to protomols. Molecular 

fragments having highest scoring, as called heads, use incremental construction 

algorithm to add a directed alignment of tail (next molecular fragment) by aligning 

each conformation based on the similarity to the protomol.  

 

       Scoring function 

 

      In Surflex, Hammerhead’s empirical scoring function is a smooth non-

linear function used as scoring function to estimate a binding affinity for the protein-

ligand complex in units of -logKd (Welch et al., 1996). It was validated with binding 

affinities of 34 protein/ligand complexes represented a broad range of binding 

affinities and variety of functional groups (Jain, 1996). The parametrization of the 

function effectively models the noncovalent interactions of organic ligands with 

proteins, including proteins with bound metal ions in their active sites. Each atom on 
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the protein and ligand is labeled as being nonpolar (e.g., the H of a C-H) or polar 

(e.g., the H of an N-H or the O of a C=O), and polar atoms are also assigned a formal 

charge if present.  

 

      The important terms in scoring function include hydrophobic 

complimentarily, polar complementarity with additional terms for entropic, and 

solvation effects. The full scoring function is the sum of each of these terms over the 

atom pairs (i, j), as shown in equation (9). It is a weighted sum of non-linear functions 

of exposed protein-ligand atomic van der Waals surface distances. The non-linear 

functions consist of the Gaussian-like function (f) and sigmoid function (s) of 

pairwise surface distances. 

 

   ),),,((),),,(()),(( 2,1,0, jijidfjijidfjidfAffinityBinding jijiji ∑+∑+∑=  

                                ))]log(()_.[()].().[( 8765 weightmollrotnllhbelphbel ++++        (9) 

where 

                       jijijiji rrzzyyxxjid −−−+−+−= 2/1222 ))()()((),(                       (10) 

 

      The atomic coordinates of atom i are denoted by xi, yi, and zi. The van der 

Waals radius of atom i is denoted by ri. The functions f0, f1, and f2 define the 

hydrophobic, polar and repulsive contributions, respectively, to the binding affinity. 

The l5, l6, l7, and l8 represent the tuning parameters of each contribution. Solvation 

effects are represented by the difference between the total number of potential protein 

hydrogen-bond equivalents and the actual polar interaction amount (phbe) and the 

difference between the total number of ligand hydrogen-bond equivalents and the 

actual polar interaction amount (lhbe). For the entropic effect, it depends on the 

number of freely rotatable bonds in the ligand (n_rot) and the log of the molecular 

weight of the ligand (mol weight). 
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 Advantages and disadvantages 

 

 In Surflex program, the advantages and disadvantages are shown in Table 

5. 

 

Table 5 Advantages and disadvantages of Surflex program.  

 

Advantages/ 

Disadvantages 
Surflex 

Advantages 

- Docking time was roughly linear in number of rotatable 

bonds, beginning with a few seconds for rigid molecules 

and adding approximately 3 seconds per rotatable bond on 

standard Windows hardware. 

- Protein structure preparation is simple and no special 

requirement of cofactors/metals/waters is required. 

Disadvantages 

- Surflex has been designed primarily as a screening tool of 

small molecule libraries, and over 80% of ligands from 

commercial small-molecule screening libraries have 15 or 

fewer rotatable bonds.  

- Surflex’s scoring function was developed strictly on 

noncovalent complexes, and the utility of screening hits 

that are reactive is generally thought to be minimal. 

- The Surflex scoring function does not account 

intramolecular ligand nonbonded contacts toward a 

ligand’s docking score, and this also contributed the 

problem.  
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Computational Details of Calculations 

 

1. CHAPTER I: Virtual Screening of K103N and Y181C HIV-1 Reverse 

Transcriptase Mutants Based on Nevirapine and Some NNRTIs 

 

The aim of this work is to find novel inhibitors insensitive to the K103N and 

Y181C mutations of HIV-1 Reverse Transcriptase, based on nevirapine, PNU-142721 

and some NNRTIs. Some docking methods, FlexX, GOLD and Surflex, have been 

performed with the nevirapine-RT complex to validate and select the best possible 

strategy. Before performing the molecular docking with the database, the compounds 

in the database were filtered by using pharmacophore searching. The 3D 

pharmacophore models were constructed based on the known important interactions 

between the amino acid in the binding pocket and NNRTIs. After filtering the 

database, the selected compounds were applied to docking. The hits from docking 

were selected and classified. The details of each step are shown as following sections. 

Finally, the selected compounds from the classification were tested for HIV-1 RT 

inhibition. The test for HIV-1 RT inhibition is performed by using ultrasensitive 

reverse transcriptase assay (as described in Appendix B) with wild-type, K103N, and 

Y181C HIV-1 RT at Pr615-Virus, Department of Microbiology, Faculty of Science, 

Mahidol University. 

 

1.1 Starting Geometry 

 

Preparation of protein coordinates 

 

                  The X-ray structures of K103N and Y181C HIV-1 RT mutants in complex 

with nevirapine were obtained from the Protein Data Bank (pdb code 1fkp and 1jlb, 

Ren et al., 2000, 2001). Nevirapine was removed from each structure. The complex 

structure of K103N HIV-1 RT with PNU-142721 was obtained from the PDB (code 

1ikx, Lindberg et al., 2002). PNU-142721 and water atoms were removed. All-

hydrogen atoms were added to the proteins using standard SYBYL (Clark et al., 
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1989) geometries. The angle between the hydroxyl group of Tyr318 and the oxygen 

atom of His235 was adjusted to form a strong hydrogen bond in both protein mutants. 

       

      Preparation of NNRTIs coordinates 

        

      Starting geometry of ligands was also taken from the PDB. Non-

nucleoside reverse transcriptase inhibitors (NNRTIs) of three complexes, nevirapine 

(pdb code 1fkp), efavirenz (pdb code 1fko, Ren et al., 2000) and PNU-142721 (pdb 

code 1ikx), were studied for K103N mutation. Nevirapine (pdb code 1jlb), efavirenz 

(pdb code 1jkh, Ren et al., 2001) and 8-Cl TIBO (pdb code 1uwb, Das et. al., 1996) 

were studied for Y181C mutation. Hydrogen atoms were added to each of ligand. All 

ligands were minimized by using the default parameter of Tripos force field in 

SYBYL 6.9 program. The structures of these NNRTIs are shown in Figure 13. 
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Figure 13 Structures of NNRTIs. 
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      Preparation of the screening compounds library 

 

      A database of about 501,750 drug-like compounds was obtained from 12 

commercially-available screening collections (e.g. Asinex, Chemdiv, etc.) (Table 6) 

as already described by Bissantz et al., 2000. From here on, this dataset will be 

referred to “Bioinfo” database.  

      

Table 6 Contents of “Bioinfo” database. 

 

Database No. of compoundsa 

Asinex 121,344 

Bionet 10,959 

Biospecs 73,684 

Chembridge 77,227 

Chemdiv 46,577 

Chemstar 7,039 

Enamine 51,004 

InterBioScreen 45,009 

Maybridge 18,329 

Timtec 1,762 

Tripos 39,999 

Vitasm 8,817 

a) Number of compounds obtained after filtering by drug-likeness and removing 

duplicates. 

 

1.2 Molecular Docking 

       

      Validation of the docking method 

 

      To determine the ability of docking method to reproduce the X-ray 

orientation of known ligands, three docking methods (FlexX, GOLD and Surflex) 

were applied to the nevirapine-RT complexes of K103N and Y181C mutations and 
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the PNU-142721-RT complex of K103N mutation. The root-mean-square deviation 

(rmsd) of the top-scored pose from the X-ray pose was used to determine the 

validation of the docking method. The detail of each docking method was described 

as following. 

       For FlexX, the default parameters of the FlexX program version 1.11.1 

was used to dock nevirapine and PNU-142721 back to its binding pocket. The binding 

site is defined by using the amino acid residues located 6.5 Å apart from ligand. In 

case of GOLD, GOLD version 2.1 was used. The binding site was defined by using 

the center of mass of ligand and the radius of the binding site was set to 12 Å. For 

setting the GA parameters, the default parameters of library screening settings were 

used. The number of chromosome in each population and the number of operation 

were set to 50 and 1000, respectively. The GoldScore fitness function was used to 

determine the fitness score. For parameters controlling the extent of the protomol in 

Surflex, proto_thresh and proto_bloat were set to 0.4 and 0.0, respectively. Default 

parameters were used for matching ligand atoms with the previously-generated 

protomol. 

 

      Docking of NNRTIs and Database docking 

 

        The GOLD method has been used to dock previously-selected NNRTIs. 

The NNRTIs, nevirapine (pdb code 1fkp), efavirenz (pdb code 1fko) and PNU-

142721 (pdb code 1ikx), were docked into the K103N protein (pdb code 1fkp) and the 

NNRTIs, nevirapine (pdb code 1jlb), efavirenz (pdb code 1jkh) and 8-Cl TIBO (pdb 

code 1uwb), were docked into the Y181C protein (pdb code 1jlb). PNU-142721 (pdb 

code 1ikx) was docked into the K103N protein (pdb code 1ikx). The conformations of 

docked NNRTIs were used to construct the pharmacophore models for 3D database 

searching. GOLD method was also performed with the compounds selecting from 3D 

database searching. From 3D database searching, the compounds matching K103N 

and Y181C pharmacophores were docked into the K103N and Y181C binding 

pockets, respectively. 
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 1.3 Pharmacophore database searching 

 

           Pharmacophore-based database searching is an effective and fast method to 

discover the lead compounds from known binders (Sheridan et al., 1989; Martin, 

1992). In this study, 3D database searching using the UNITY4.4 program was 

previously applied to the “Bioinfo” database for filtering the compounds in the 

database. The UNITY program is designed to examine the database of compounds 

and return those compounds that match a specified query. The Directed Tweak 

algorithm (Hurst, 1994) in UNITY quickly finds molecules that could match the 

query. In 3D searching, the 3D queries can be based on molecules, molecular 

fragments or receptor sites. A set of molecular features and constraints can also be 

included to the query models. The molecular features can be atom centers, lines, 

planes, centroids, extension points, hydrogen bond sites and hydrophobic sites. 

Distance, angle, excluded volume, surface volume and spatial constraints define the 

geometric relationships between features. In this study, the conformations of docked 

NNRTIs were used to construct the pharmacophore models for 3D searching. The 

pharmacophore models were constructed based on the important interactions of 

NNRTIs in the binding pocket. The distance constraints were defined to the 

pharmacophore models. These models were used as constraints for 3D searching with 

the compound database of about 501,750 compounds by using the default parameters 

of 3D search in UNITY4.4 program. 

 

1.4 Classification of the hits   

 

            Because of the massive output from virtual screening, it is necessary to 

find a method to organize or cluster the results. The ClassPharmer program 

(Bioreason Inc.) was used to analyze the hits and then organize them into classes 

based on a common scaffold. The first step was to classify the compounds into the 

homogeneous chemical families. After that, some statistical operations were used to 

prioritize the classes. In this study, two statistical analyses were applied to prioritize 

and select the compounds after classifying with two different procedures. They are the 

probability distribution (PrbDst) and the percent of compounds with a value for the 
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specified attribute (%Val). The PrbDst calculation provides the probability that the 

distribution of the attribute (here the GoldScore) for a class is different from the 

distribution of that attribute for all compounds in the classification. This calculation is 

useful to distinguish the class from noise.  A value of 0 indicates that the distribution 

of values in the class is the same as the data set and that class contains the noise. A 

value of 1 indicates that the distribution of attribute values is trended either to higher 

or lower values. A PrbDst was not calculated for the class with less than 4 

compounds. In the first procedure, classes were prioritized for selection based on a 

PrbDst value higher than 0.2, the attribute being here the GoldScore obtained by 

docking. Only compounds showing a GoldScore higher than 45 were analyzed herein. 

In a second procedure, classes presenting a minimal percent of compounds (here set to 

20%) exhibiting a GoldScore value higher than 50 were selected in the final hitlist. 

 

Both of the procedures were classified by using a medium homogeneity level, 

a medium redundancy level and the allowance of fuzziness ring closures. In the first 

procedure, the compounds having GoldScore higher than 45 were classified and the 

probability distribution of each class was calculated. Then, the classes having the 

probability distribution higher than 0.2 and the distribution of GoldScore trending to 

higher GoldScore were studied. The CompoundSelector module in ClassPharmer was 

used to select the lists of compounds based upon the compound having the highest 

GoldScore for each class. In the second procedure, the compounds having a 

GoldScore higher than 50 were classified. To compare with the first procedure, the 

classes with less than 4 compounds were removed. The compounds having GoldScore 

less than 50 were imported and classified into the earlier classified classes. The 

percent of compounds having the GoldScore higher than 50 in the class (%Val) was 

calculated. The classes with %Val higher than 20 were studied and the 

CompoundSelector module was used to select the lists of compounds based upon the 

compound having the highest GoldScore of the class. The common compounds from 

both procedures were further selected for biological evaluation. 
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2. CHAPTER II: Design of Nevirapine Derivatives Insensitive to the K103N and 

Y181C HIV-1 Reverse Transcriptase Mutants 

 

Because nevirapine showed a lack of affinity upon two important mutations, 

the K103N and Y181C mutations, the aim of this work is to find novel nevirapine 

analogue insensitive to these mutations. Nevirapine derivatives were designed using a 

combinatorial library design approach (Krier et al., 2005). Nevirapine derivatives 

were docked into the binding pocket of K103N and Y181C HIV-1 RT using GOLD 

program. The hits from docking were further performed post-docking procedure by 

topologically analyzing with the SILVER program. Furthermore, quantum chemical 

calculation was performed to calculate the interaction energy between nevirapine 

derivatives and mutant amino acid residue. The results will give more information on 

the interaction between nevirapine derivatives and N103 or C181. 

 

2.1 Starting Geometry 

 

      Preparation of protein and nevirapine coordinates 
 

      The X-ray structures of K103N and Y181C HIV-1 RT mutants in complex 

with nevirapine were obtained from the Protein Data Bank (pdb code 1fkp and 1jlb). 

Nevirapine was removed from each structure. All-hydrogen atoms were added to the 

proteins using standard SYBYL geometries. For nevirapine of each structure, 

hydrogen atoms were added to them. Then, each nevirapine was minimized by using 

the default parameter of Tripos force field in SYBYL 6.9 program. 

 

 Preparation of nevirapine derivatives 

 

      From the nevirapine-RT complexes of K103N and Y181C protein mutants, 

some nevirapine derivatives were designed to find the compounds having the 

interaction with N103 and C181. Compounds were constructed using a combinatorial 

library design approach. Starting coordinates was taken from the minimized 

nevirapine. Substituents based on ten fragments were attached or replaced to 
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nevirapine by using SYBYL6.9 program. The fragments consist of the necessary 

functional groups for drug-like compound (Figure 14). These functional groups 

include diversity types of interaction, i.e. hydrophobic, hydrophilic, H-bond acceptor, 

H-bond donor, aliphatic and aromatic. To design the new compounds having the 

interaction with the side-chain of N103, some substituent groups (R1, R2 and R3) 

were designed by substituting or adding to nevirapine. In case of the designed 

compounds having the interaction with C181, R3 and R4 substituent groups were 

added or replaced to nevirapine. All designed compounds are shown in Table 7.  

 

 
Figure 14 Structure of fragments, used in the design of nevirapine derivatives. 

 

2.2 Docking of designed nevirapine derivatives 

 

      From Chapter I, the validation of three docking methods, FlexX, GOLD 

and Surflex, showed that GOLD method revealed a good ability to reproduce the X-

ray bound conformation with rmsd less than 1.0 Å for both K103N and Y181C 

mutations. Therefore, the GOLD method was selected for docking designed 

nevirapine derivatives into K103N and Y181C HIV-1 RT. The docked compounds 

having score higher than that of nevirapine were selected and supposed to have tighter 

binding than nevirapine.  Then, SILVER program was used to perform post-process 

docking results for large numbers of ligands. The hits from docking can be prioritized 

by the following topological analysis. Compounds presenting a significant percentage 

of the surfaces buried upon binding (>80%) and exhibiting hydrogen bonds to either 

N103 or C181 residues of the HIV-RT were selected. 
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 2.3 Quantum chemical calculations 

 

     To ensure that the selected compounds have attractive interactions with the 

mutated residues, interaction energies between selected compounds and N103 or 

C181 were calculated by using quantum chemical calculations. These were performed 

at B3LYP/6-31G(d) and MP2/6-31G(d) levels of theory by using Gaussian03 program 

and the results were compared with Nevirapine’s results.  The interaction energy 

(INT) of the selected compounds with N103 or C181 is defined as shown in equation 

(11).  

 

               INT = E(ligand+N103 or C181) – [ Eligand + E(N103 or C181) ]                        (11) 
 

Where E(ligand+N103 or C181) is the energy of the complex structure of ligand and N103 or 

C181. Eligand and E(N103 or C181) are the energies of ligand and N103 or C181, 

respectively. All energies were obtained from the single point calculation at 

B3LYP/6-31G(d) and MP2/6-31G(d) levels of theory. The structures of ligands were 

taken from their docked conformation in the binding pocket. The geometries of N103 

and C181 were taken from K103N and Y181C mutants, respectively, which are 

starting geometries for docking.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 48

Table 7 Structures of designed nevirapine derivatives, using a combinatorial library    

    design approach. 

NH

N YX

R2
R3 R4

R1

O
CH3

 
No. X Y R1 R2 R3 R4 

Str 1-10 C N H O-CH2-FG Cyclopropyl - 
Str 11-20 C N H O-(CH2)2-FG Cyclopropyl - 
Str 21-30 C N H O-(CH2)3-FG Cyclopropyl - 
Str 31-40 C N H FG Cyclopropyl - 

Str 41-50 N N H - C
H

CH3CH2FG  
- 

Str 51-60 N N H - C
H

CH3(CH2)2FG  
- 

Str 61-70 N N H - 
C

H

CH3CHFG

H3C  

- 

Str 71-80 N N H - 
C

H

CH3CH

H3C

H2CFG

 

- 

Str 81-90 N N H - 
FG

 
- 

Str 91-100 N N H - 

FG  

- 

Str 101-110 N N H - CH2-FG - 
Str 111-120 N N H - (CH2)2-FG - 

Str 121-130 N N H - C
H

CH3FG  
- 

Str 131-140 N C H - Cyclopropyl O-CH2-FG 
Str 141-150 N C H - Cyclopropyl O-(CH2)2-FG 
Str 151-160 N C H - Cyclopropyl O-(CH2)3-FG 
Str 161-170 N C H - Cyclopropyl FG 

Str 171-180 N N H - C
H

CH2CH3 FG  
- 

Str 181-190 N N H - C
H

(CH2)2CH3 FG  
- 

Str 190-200 N N H - 
C

H

CHCH3 FG

CH3  

- 

Str 201-210 N N H - 
C

H

CHCH3 CH2

CH3

FG

 

- 

Str 211-220 N N H - 
FG

 
- 

Str 221-230 N N H - 

FG  

- 

Str 231-240 N N H - C
H

FGCH3  
- 
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Table 7  (cont’d) 
No. X Y R1 R2 R3 R4 

Str 241-250 N N FG - Cyclopropyl - 
Str 251 N N CH2-NH3

+ - Cyclopropyl - 
Str 252 N N CH2-OH - Cyclopropyl - 
Str 253 N N CH2-COO- - Cyclopropyl - 

Str 254-263 C N H O-CH2-FG 

NH3  

- 

Str 264-273 C N H O-(CH2)2-FG 

NH3  

- 

Str 274-283 C N H O-(CH2)3-FG 

NH3  

- 

Str 284-293 C N H FG 

NH3  

- 

Str 294-303 C N H O-CH2-FG 

OH  

- 

Str 304-313 C N H O-(CH2)2-FG 

OH  

- 

Str 314-323 C N H O-(CH2)3-FG 

OH  

- 

Str 324-333 C N H FG 

OH  

- 

Str 334-338 C N NH3, OH, COO ,
CH2NH3, CH2OH   

Cyclopropyl - 

Str 339-343 C N NH3, OH, COO ,
CH2NH3, CH2OH  

O-(CH2)3-COO- Cyclopropyl - 

Str 344-348 C N NH3, OH, COO ,
CH2NH3, CH2OH  

O-(CH2)3-C NH2

NH2
 

Cyclopropyl - 

Str 349-353 N N NH3, OH, COO ,
CH2NH3, CH2OH  

- CH2

 
- 

Str 354-358 C N NH3, OH, COO ,
CH2NH3, CH2OH  

OCH2

 
Cyclopropyl - 

Str 359-363 N C NH3, OH, COO ,
CH2NH3, CH2OH  

- Cyclopropyl OCH2
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RESULTS AND DISCUSSION 

 

CHAPTER I: Virtual Screening of K103N and Y181C HIV-1 Reverse 

Transcriptase Mutants Based on Nevirapine and Some NNRTIs 

 

 In order to find novel inhibitors insensitive to the K103N and Y181C 

mutations of HIV-1 Reverse Transcriptase by using virtual screening method, the 

procedures used to screen with an ‘in-house’ database of a set of 500k commercially 

available drug-like compounds are pharmacophore database searching, molecular 

docking and topological classification, respectively, as shown Figure 15. The 

compounds in database were filtered by using pharmacophore searching with the 

UNITY4.4 program. The 3D pharmacophore models were constructed based on the 

known important interactions between the amino acid in the binding pocket and 

NNRTIs. After filtering the database, the selected compounds were applied to 

docking with the selected docking method. The hits from docking were selected and 

classified by scaffold diversity using ClassPharmer program. Finally, the selected 

compounds from the classification were tested for HIV-1 RT inhibition. 

 

 
Figure 15 Virtual screening procedure. 
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1. Validation of the docking method 

 

Three docking methods, FlexX, GOLD and Surflex, have been used to dock 

nevirapine into K103N and Y181C HIV-1 RT and PNU-142721 into K103N HIV-1 

RT. The rmsd of the docked pose from the X-ray pose of nevirapine and PNU-142721 

by using three docking methods are shown in Table 8. The rmsd values of nevirapine 

by using FlexX are 5.07 Å and 13.38 Å for K103N and Y181C mutations, 

respectively. They showed that the FlexX method failed to reproduce the X-ray bound 

conformation of nevirapine for both mutations. Surflex successfully reproduced the 

X-ray bound conformation for the Y181C mutation with a 0.98 Å rmsd but failed to 

reproduce the X-ray pose for the K103N mutation. The rmsd of the docked pose from 

the X-ray pose of PNU-142721 using three docking methods are 4.91 Å, 0.94 Å and 

2.00 Å, respectively. The result showed that FlexX and Surflex failed to reproduce the 

x-ray bound conformation of PNU-142721. Last, the GOLD method revealed a good 

ability to reproduce the X-ray bound conformation with rmsd less than 1.0 Å for both 

protein mutants. From Table 8, GOLD was the most accurate method to reproduce the 

X-ray bound conformation of nevirapine to both mutants and PNU-142721 to its 

complex. Therefore, the GOLD method was selected for further docking steps. 

 

Table 8 Rmsd (Å) of the docked pose from the X-ray pose of nevirapine and   

               PNU-142721 by using FlexX, GOLD and Surflex methods. 

 
rmsd (Å) 

nevirapine PNU-142721 Method 

K103N (1fkp) Y181C (1jlb) K103N (1ikx) 

FlexX 5.07 13.38 4.91 

GOLD 0.41 0.42 0.94 

Surflex 4.91 0.98 2.00 
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2. Docking of other NNRTIs 

 

The NNRTIs, nevirapine, efavirenz and PNU-142721, have been docked to 

the nevirapine’s K103N binding pocket (pdb code 1fkp) using GOLD. The GoldScore 

of docked nevirapine, efavirenz and PNU-142721 were 57.16, 58.88 and 56.47, 

respectively. The conformations of docked NNRTIs are shown in Figure 16a. The 

docked nevirapine conformation was used to define model 1 of 3D database searching 

for K103N inhibitors. The conformations of docked nevirapine, efavirenz and PNU-

142721 were used to define model 2 of 3D database searching for the same case. For 

the K103N binding pocket of PNU-142721 (pdb code 1ikx), PNU-142721 was 

docked into its binding pocket using GOLD. The docked conformation was shown in 

Figure 16b. The GoldScore of docked PNU-142721 is 59.99. It was used to define 

model 3 of 3D database searching for K103N inhibitors.  

 

For the Y181C mutant, the NNRTIs, nevirapine, efavirenz and 8-Cl TIBO, 

have been docked to the Y181C binding pocket by using GOLD. The conformations 

of docked NNRTIs were shown in Figure 16c. The GoldScore of docked nevirapine, 

efavirenz and 8-Cl TIBO were 54.23, 56.05 and 56.81, respectively. To define the 

pharmacophore models for 3D database searching, the conformations of docked 

nevirapine was used to define model 1 and the conformations of docked nevirapine 

and efavirenz were used to define model 2. 
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a) b) 

 
c) 

 
 
Figure 16 Conformations of docked NNRTIs;  

a). Docked conformations of nevirapine (yellow), efavirenz (blue) 

      and PNU-142721 (pink) in the K103N binding pocket (PDB code 

      1fkp). 

b). Docked conformations of docked PNU-142721 (blue) compared 

      with the orientation of X-ray pose (yellow) in the K103N binding 

      pocket (PDB code 1ikx).  

c). Docked conformations of nevirapine (yellow), efavirenz (blue) 

      and 8-Cl TIBO (green) in the Y181C binding pocket (PDB code   

      1jlb). 
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3. Pharmacophore database searching 

 

The conformations of docked NNRTIs were used to construct 

pharmacophore models for 3D database searching. Three pharmacophore models used 

in 3D database searching for the K103N protein mutant have been defined. Model 1 

and 2 were used for the K103N protein mutant (PDB code 1fkp). Model 3 was used 

for the K103N protein mutant (PDB code 1ikx). The first model was derived from the 

docked conformation of nevirapine and the second one was derived from docked 

conformation of nevirapine, efavirenz and PNU-142721 in K103N binding pocket 

(PDB code 1fkp). The features of the first model consist of two centroids of 6-

membered aromatic ring and one sp3 carbon atom. Two centroids of 6-membered 

aromatic ring represented the stacking interactions with the aromatic amino acids 

Y181, Y188 and Y318. The sp3 carbon atom represented the van der waals interaction 

with G190. The features of the second model consist of a centroid of 6-membered 

aromatic ring from ring B of nevirapine, two nitrogen atoms from efavirenz and PNU-

142721. The nitrogen atom of efavirenz represented the H-bond interactions with the 

K101 backbone atom and the N103 side- chain atom. The nitrogen atom of PNU-

142721 represented the H-bond interactions with the N103 backbone atom. For the 

third model, the conformation of docked PNU-142721 in K103N binding pocket 

(PDB code 1ikx) and the position of the N103 backbone nitrogen atom were used to 

construct the pharmacophore model. The model consists of a centroid of 6-membered 

aromatic ring from the pyridine ring, any atom at the chlorine position of PNU-

142721, carbon atom from the methyl group of PNU-142721 and a ligand acceptor 

(LA) atom that H-bonds to the N103 receptor donor (RD) backbone nitrogen atom. 

The 6-membered aromatic ring represented the stacking interactions with the aromatic 

amino acids Y181 and Y188. The any atom at the chlorine position of PNU-142721 

represented the van der waals interaction with V106 and L234. The carbon atom 

represented the van der waals interaction with V179, Y181, Y188 and G190.  

 

For the Y181C protein mutant (PDB code 1jlb), two pharmacophore models 

have been defined. The first model derived from the docked conformation of 

nevirapine consists of a centroid of 6-membered aromatic ring from ring A, the 
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methyl group and a CH2 or CH3 group. The 6-membered aromatic ring from ring A 

represented the stacking interactions with the aromatic amino acids Y318. The methyl 

group represented the van der waals interaction with W229 and L234. The CH2 or 

CH3 group represented the van der waals interaction with G190. The second model 

was derived from docked conformations of nevirapine and efavirenz. It consists of a 

centroid of 6-membered aromatic ring from ring A of nevirapine, a CH2 or CH3 group 

from the carbon atom in methyl position of nevirapine and the nitrogen atom from 

efavirenz. The features from nevirapine represented the same interactions described in 

the first model and the nitrogen atom from efavirenz represented the H-bond 

interaction with K101. The tolerances of the distance constraints were set to ± 10% of 

each interatomic distance. The features and constraints of all models were shown in 

Figure 17. 

 

All pharmacophore models were used as constraints for searching the 

“Bioinfo” database for both protein mutant inhibitors. 10,047 compounds and 10,343 

compounds were found to matching pharmacophores from the K103N mutation 

pharmacophore model 1 and model 2, respectively. After combining the compounds 

and removing the duplicated compounds from two models, there are 20,200 

compounds. From the K103N pharmacophore model 3, there are 3,733 compounds 

matching pharmacophore. Searching with the same database for Y181C inhibitors, 

13,005 compounds and 7,620 compounds were found as matching pharmacophores 

from model 1 and 2, respectively. After combining the compounds and removing the 

duplicated compounds from two models, there are 19,761 compounds. These 

compounds were selected for further molecular docking with GOLD as previously 

described. 
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a)  Model 1of K103N protein mutant. 

b) Model 2 of K103N protein mutant. 

 
Figure 17 Features and constraints of all pharmacophore models. 
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c) Model 3 of K103N protein mutant. 

d) Model 1 of Y181C protein mutant. 

 
e) Model 2 of Y181C protein mutant. 

 
Figure 17 (cont’d) 

 



 58

4. Database docking 

 

The previously generated pharmacophore hitlists of 20,200 compounds, 3,733 

compounds and 19,761 compounds were docked to the K103N protein mutants (PDB 

code 1fkp and 1ikx) and Y181C protein mutant (PDB code 1jlb), respectively. Two 

hitlists (GoldScore higher than 45 and GoldScore higher than 50) were saved for each 

protein mutant, respectively (Table 9). 

 

Table 9 Numbers of hits with GoldScore higher than 45 and 50 for K103N and  

              Y181C protein mutants. 

 
 K103N 

 (PDB code 1fkp) 
K103N 

(PDB code 1ikx) 

Y181C 
(PDB code 1jlb) 

no. of hits (GoldScore ≥ 45) 4,052 599 1,768 

no. of hits (GoldScore ≥ 50) 1,996 255 748 

 
 

5. Classification of the hits 

 

 5.1 K103N protein mutant inhibitors of PDB code 1fkp 

 

      In the first procedure, the compounds having a GoldScore higher than 45 

were classified into 192 classes and 4 singletons. After calculating the probability 

distribution, there are 47 classes having PrbDst score higher than 0.2, out of which 38 

representative compounds were finally selected. For the second procedure, the 

compounds having a GoldScore higher than 50 were classified into 133 classes and 2 

singletons. After removing the classes with less than 4 compounds and importing the 

compounds having a GoldScore lower than 50, the percent of compounds having the 

GoldScore higher than 50 in the class (%Val) was calculated. 67 classes with a 

percentage higher than 20% were prioritized, out of which 58 compounds were finally 

selected. The 24 common compounds from both were selected for biological 

evaluation. The structures of selected compounds from procedure1, procedure2 and 

common compounds to both procedures were shown in Table 10. 
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Table 10 Number and structure of selected compounds from procedure1, procedure2  

                and common compounds to both procedures for K103N protein mutant. 

  No. of selected compounds 
- Procedure 1   38  
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Table 10 (cont’ d) 

 
 

  No. of selected compounds 
- Procedure 1 (continued)    

   

 

   

  

- Procedure 2   58  
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Table 10 (cont’ d) 
 

 No. of selected compounds 
- Procedure 2 (continued)    

  

 

  

  

  



 62

Table 10 (cont’ d) 
 

  No. of selected compounds 
- Procedure 2 (continued)    
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Table 10 (cont’ d) 
 

                           No. of selected compounds 
-  Common compounds to  procedures 1 and 2 24 
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5.2 K103N protein mutant inhibitors of PDB code 1ikx 

 

      In the first procedure, the 599 compounds having a GoldScore higher than 

45 were classified into 81 classes and 9 singletons. After calculating the probability 

distribution, there are 12 classes having the probability distribution higher than 0.2, 

out of which 11 representative compounds were selected. In the second procedure, the 

255 compounds having a GoldScore higher than 50 were classified into 53 classes and 

3 singletons. After removing the classes with less than 4 compounds and importing 

back the compounds having a GoldScore lower than 50, the percent of compounds 

having a GoldScore higher than 50 in each class (%Val) was calculated. There are 18 

classes with a %Val higher than 20, out of which 15 compounds were selected. From 

two procedures of classification, 9 compounds were finally selected for biological 

evaluation. The structures of selected compounds from procedure1, procedure2 and 

common compounds to both procedures were shown in Table 11. 
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Table 11 Number and structure of selected compounds from procedure1, procedure2  

                and common compounds to both procedures. 

 
  No. of selected compounds 

- Procedure 1   11   

 
 

   

 

    

- Procedure 2   15  
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Table 11 (cont’ d) 
     
  No. of selected compounds 
- Procedure 2 (cont’ d)   

   
  
-  Common compounds to  procedures 1 and 2 9 
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 5.3 Y181C protein mutant inhibitors of PDB code 1jlb 

 

       The same post-processing procedures have been performed to GOLD hits. 

In the first procedure, the compounds having a GoldScore higher than 45 were 

classified into 162 classes and 5 singletons. The probability distribution of each class 

was calculated and 37 classes having a PrbDst score higher than 0.2 were selected, out 

of which 25 representative compounds were finally chosen. For the second procedure, 

748 compounds having a GoldScore higher than 50 were classified into 104 classes 

and 6 singletons. The classes with less than 4 compounds were removed and the 

compounds having GoldScore lower than 50 were imported back and classified into 

the earlier classified classes. After calculating the percent of compounds having a 

GoldScore higher than 50 in each class, 31 classes with a percentage higher than 20% 

were studied, out of which 23 compounds were selected. The 17 common compounds 

to both procedures were finally selected for biological evaluation. The structures of 

selected compounds from procedure1, procedure2 and common compounds to both 

procedures were shown in Table 12. 
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Table 12 Number of selected compounds from procedure1, procedure2 and common  
                compounds to both procedures for Y181C protein mutant.  

 
 
 

  No. of selected compounds 
- Procedure 1   25  
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Table 12 (cont’ d) 
 

  No. of selected compounds 
- Procedure 2   23  
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Table 12 (cont’ d) 
   
                           No. of selected compounds 

-  common compounds to  procedures 1 and 2 17 
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6. Test for HIV-1 inhibition 

 

From the classification of the hits, 50 selected common compounds (24, 9, and 

17 compounds from Table 10, 11, and 12, respectively) are selected for purchase. 

Eighteen of them are unavailable from the suppliers, therefore, only 32 compounds 

are purchased from the suppliers and tested for HIV-1 RT inhibition ultrasensitive 

reverse transcriptase assay with wild-type, K103N, and Y181C HIV-1 RT at Pr615-

Virus, Department of Microbiology, Faculty of Science, Mahidol University. 

Nevirapine is also tested the inhibition of wild-type, K103N and Y181C HIV-1 RT. 

The IC50 of nevirapine are 104.84 μM, 2,459 μM, and 5,254 μM for wild-type, 

K103N and Y181C HIV-1 RT, respectively. The %inhibition of each selected 

compounds are shown in Table 13. %Fold is calculated by %inhibition of wild-type 

divided by %inhibition of K103N or Y181C. There are three compounds having 

%inhibition higher than 50, i.e. compounds no. 18, 21 and 25. Compound no. 18, 

BIO5935, has 75.85% of wild-type inhibition with an IC50 = 7.84 mM. Compound no. 

21, BSP12957, has 58.66% of K103N inhibition with an IC50 = 15.64 mM for K103N 

HIV-1 RT. Compound no. 25, CHE63164, has 51.16% wild-type inhibition with an 

IC50 = 6.15 mM and 55.90 % of K103N inhibition with an IC50 = 5.63 mM.        
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Table 13 Testing results of wild-type, K103N and Y181C HIV-1 inhibition of the 

selected compounds by using enzyme assay. 

 
% inhibition (%fold) 

No. Name Code Ref.a 
Conc. 

(mM) Wild-Type K103N Y181C 

        
1 ASI100521 ASN4210712 K103N screen1 12.53 19.89 23.98 (1.20) -10.67 (-) 
2 ASI29516 BAS0914944 “ 16.11 13.03 16.41 (1.26) -38.13 (-) 
3 ASI42496 BAS1532395 “ 8.83 -12.28 17.16 (-) -46.49 (-) 
4 ASI22680 BAS0706686 K103N screen2 5.76 22.06 16.03 (0.73) -34.43 (-) 
5 ASI35526 BAS1130832 “ 8.38 26.22 8.08 (0.31) -32.62 (-) 
6 ASI121185 ASN5443828 Y181C 0.77 10.61 -31.99 (-) -1.56 (-) 
7 ASI106801 ASN4482181 “ 9.01 20.98 27.34 (1.30) -9.68 (-) 
8 ASI103467 ASN4371565 “ 8.55 16.15 18.28 (1.13) -1.56 (-) 
9 ASI106879 ASN4482652 “ 4.03 23.47 12.94 (0.56) -23.36 (-) 
10 ASI55862 BAS2729623 “ 4.6 25.20 29.92 (1.19) -0.65 (-) 
11 BIO7687 5K-511S K103N screen1 10.68 1.63 -17.88 (-) -21.15 (-) 
12 BIO12186 9J-334S “ 14.98 24.17 5.12 (0.21) -48.49 (-) 
13 BIO695 10N-667S “ 5.96 23.47 -12.67 (-) -24.48 (-) 
14 BIO4483 2M-704 “ 15.04 16.53 10.54 (0.64) -40.02 (-) 
15 BIO541 10L-603S Y181C 16.09 26.89 -10.15 (-) -31.42 (-) 

16 BIO4447 2L-570S “ 50 mg 
(Liquid) -1.56 -47.79 (-) -38.75 (-) 

17 BIO12387 9N-324S “ 15.41 -21.31 -47.12 (-) -104.72 (-) 
18 BIO5935 3T-0325 “ 11.9 75.85 -0.31 (-) 19.15 (0.25) 
19 BSP8968 AE-848/41541184 K103N screen1 10.3 6.44 17.04 (2.64) 18.79 (2.92) 
20 BSP10962 AF-399/15031032 K103N screen2 2.86 18.42 18.90 (1.03) 28.77 (1.56) 
21 BSP12957 AF-399/40703852 K103N screen1 18.35 43.95 58.66 (1.33) 29.09 (0.66) 
22 CHE27451 5667084 “ 6.43 -8.26 -4.01 (-) 16.17 (16.17) 
23 CHE86192 6725551 “ 2.77 14.21 -3.54 (-) 20.24 (1.42) 
24 CHE103108 7028396 “ 2.82 30.16 15.91 (0.53) 9.47 (0.31) 
25 CHE63164 6376229 “ 6.29 51.16 31.70 (0.62) 55.90 (1.09) 
26 IBS40039 STOCK2S-88593 Y181C 0.607 0 2.37 (2.37) 38.37 (38.37) 
27 IBS85975 STOCK4S-23237 K103N screen2 5.94 9.6 24.90 (2.59) 37.24 (3.88) 
28 IBS67296 STOCK3S-79310 Y181C 13.8 15.7 16.29 (1.04) 19.15 (1.22) 
29 IBS58085 STOCK3S-47234 “ 9.82 9.6 13.20 (1.38) 28.77 (3.00) 
30 IBS17409 STOCK1S-84182 “ 23.2 15.7 5.84 (0.37) 15.79 (1.01) 
31 IBS15324 STOCK1S-73707 K103N screen1 13.1 20.30 43.77 (2.16) 43.44 (2.14) 
32 IBS90270 STOCK1N-00932 Y181C 24.1 32.9 18.53 (0.56) 4.86 (0.15) 

        

a. References: 

K103N screen 1 represented the selected compounds from Table 10. 

K103N screen 2 represented the selected compounds from Table 11. 

Y181C represented the selected compounds from Table 12. 
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CHAPTER II: Design of Nevirapine Derivatives Insensitive to the K103N and 

Y181C HIV-1 Reverse Transcriptase Mutants 

 

363 nevirapine derivatives were designed using a combinatorial library design 

approach and docked into the binding pocket of K103N and Y181C HIV-1 RT using 

the GOLD program. Compounds having a GoldScore higher than that of nevirapine 

(55.00 and 52.00 for K103N and Y181C mutants, respectively) were first retrieved 

and submitted to a topological analysis with the SILVER program. Compounds 

presenting a significant percentage of their surface buried upon binding (>80%) and 

exhibiting H-bonds to either N103 or C181 residues of the HIV-RT were selected. 

Finally, the hits were performed quantum chemical calculations for calculating the 

interaction energy with N103 or C181 residues. 

 

1. Docking of nevirapine derivatives and post docking analysis 

 

After removing the duplicated compounds in all libraries, 339 nevirapine 

derivatives were docked into the K103N and the Y181C protein mutants. The 

GoldScore of each docked conformation are shown in Table 14. The compounds 

having GoldScore higher than that of nevirapine (55.00 and 52.00 for K103N and 

Y181C mutants, respectively) were selected for further study. 124 compounds were 

retrieved to perform post-docking with SILVER program. In this study, docked 

compounds which have H-bonding with N103 or C181 for K103N and Y181C 

mutants, respectively and percentage of their surface buried upon binding higher than 

80% were selected. There are 25 compounds having H-bonding with N103 and 

percentage of their surface buried upon binding higher than 80%, as shown in Table 

15. 3 compounds have H-bonding with backbone atom of N103 and the others have 

H-bonding with sidechain atom of N103. In Y181C mutant, 6 compounds have H-

bonding with backbone atom of C181, as shown in Table 15. The orientation of all 31 

compounds are the same as nevirapine in K103N and Y181C binding pockets (like 

butterfly-like shape), as shown in Figure 18 and 19, respectively. 
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Table 14 GoldScore of docked nevirapine derivatives into the both protein  

                  mutants. 

GoldScore  GoldScore Cpd K103N Y181C  Cpd K103N Y181C 
Nevirapine 57.16 54.23  Str40 61.30 36.10 

Str1 49.54 51.78  Str41 42.87 47.95 
Str2 52.17 28.44  Str42 48.92 39.95 
Str3 55.18 49.61  Str43 51.18 50.22 
Str4 49.03 47.86  Str44 47.91 45.03 
Str5 57.96 59.28  Str45 58.07 39.20 
Str6 55.37 58.28  Str46 55.47 51.64 
Str7 57.73 56.09  Str47 50.66 50.57 
Str8 59.16 54.20  Str48 55.75 50.24 
Str9 56.52 49.09  Str49 52.06 52.58 
Str10 59.60 36.86  Str50 36.12 37.36 
Str11 56.43 44.97  Str51 44.05 46.81 
Str12 49.05 40.47  Str52 31.61 39.10 
Str13 57.59 38.47  Str53 42.54 44.43 
Str14 59.41 58.95  Str54 49.67 41.25 
Str15 57.67 44.53  Str55 60.39 37.38 
Str16 56.99 55.26  Str56 50.15 43.12 
Str17 54.34 52.80  Str57 48.49 42.09 
Str18 58.35 54.54  Str58 38.18 51.82 
Str20 50.61 38.60  Str60 45.20 36.75 
Str21 55.80 45.33  Str61 41.16 37.32 
Str22 46.35 37.80  Str62 37.09 10.93 
Str23 57.97 48.61  Str63 41.01 44.02 
Str24 54.76 37.91  Str64 39.21 35.44 
Str25 60.05 39.86  Str65 41.47 32.90 
Str26 54.64 51.42  Str66 40.22 39.42 
Str27 54.28 54.24  Str67 43.53 44.85 
Str28 60.64 58.37  Str68 43.58 38.18 
Str30 62.56 38.60  Str70 23.92 6.40 
Str31 46.04 46.80  Str71 34.73 20.25 
Str32 39.20 29.55  Str72 11.66 21.05 
Str33 52.61 49.32  Str73 29.06 39.27 
Str34 45.04 47.77  Str74 32.23 29.79 
Str35 63.12 47.45  Str75 33.47 32.49 
Str36 55.06 48.65  Str76 43.07 32.83 
Str37 55.10 53.18  Str77 40.64 31.96 
Str38 55.40 56.28  Str78 49.66 41.75 
Str39 55.38 52.99  Str80 38.92 -0.51 
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Table 14 (cont’d) 

 

GoldScore  GoldScore Cpd K103N Y181C  Cpd K103N Y181C 
Str81 48.64 43.67  Str123 50.99 42.91 
Str82 28.97 16.71  Str124 48.21 46.17 
Str83 41.36 43.85  Str125 53.81 42.60 
Str84 52.07 42.34  Str126 46.79 52.69 
Str85 33.95 30.35  Str127 49.79 44.34 
Str86 44.26 31.23  Str128 52.83 53.75 
Str87 51.89 45.73  Str130 51.15 52.25 
Str88 43.65 39.09  Str131 55.55 40.17 
Str90 47.10 26.27  Str132 51.76 38.18 
Str91 49.12 49.99  Str133 57.82 39.04 
Str92 49.34 28.64  Str134 51.44 22.89 
Str93 53.35 51.81  Str135 57.68 49.34 
Str94 60.10 49.02  Str136 58.18 39.54 
Str95 37.89 39.99  Str137 48.46 41.20 
Str96 55.59 54.72  Str138 56.19 48.30 
Str97 54.49 48.15  Str139 48.60 44.18 
Str98 55.83 49.82  str140 59.00 43.85 
Str100 44.76 46.20  str141 43.36 41.37 
Str101 48.45 50.29  str142 40.53 24.70 
Str102 49.73 45.98  str143 48.64 39.21 
Str103 49.25 43.65  str144 57.53 45.80 
Str104 54.62 48.29  str145 49.61 41.09 
Str105 53.33 52.31  str146 53.72 48.42 
Str106 52.24 50.97  str147 50.36 43.85 
Str107 46.97 46.48  str148 55.58 44.11 
Str108 51.72 52.61  Str150 33.17 39.48 
Str109 47.82 45.15  Str151 42.99 39.48 
Str110 59.78 58.21  Str152 36.20 20.35 
Str111 48.66 49.45  Str153 51.02 36.90 
Str112 42.96 35.46  Str154 50.15 45.68 
Str113 43.47 46.32  Str155 45.85 38.37 
Str114 47.22 46.10  Str156 49.00 45.88 
Str115 57.77 45.50  Str157 49.97 41.52 
Str116 45.65 46.92  Str158 50.38 41.68 
Str117 50.14 48.31  Str160 54.89 36.97 
Str118 55.02 48.28  Str161 45.39 28.56 
Str120 47.14 36.11  Str162 25.70 12.59 
Str122 40.59 41.22  Str163 55.51 33.66 
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Table 14 (cont’d) 

 

GoldScore  GoldScore Cpd K103N Y181C  Cpd K103N Y181C 
Str164 48.95 34.09  Str204 36.17 41.01 
Str165 55.88 43.91  Str205 23.09 33.91 
Str166 54.17 43.13  Str206 35.96 46.82 
Str167 56.74 52.22  Str207 30.62 38.82 
Str168 53.05 50.73  Str208 42.69 35.41 
Str169 57.44 51.07  Str210 15.24 31.55 
Str170 52.82 28.34  Str211 46.81 46.25 
Str171 49.15 45.35  Str212 18.49 16.93 
Str172 41.94 31.46  Str213 45.34 39.23 
Str173 50.86 50.72  Str214 49.75 46.50 
Str174 47.41 48.79  Str215 29.26 25.73 
Str175 61.34 47.50  Str216 43.72 35.30 
Str176 54.59 53.25  Str217 53.70 50.07 
Str177 49.61 52.82  Str218 50.94 44.02 
Str178 51.84 53.57  Str220 28.58 18.10 
Str179 54.19 51.47  Str221 52.07 49.96 
Str180 51.52 21.26  Str222 35.11 36.22 
Str181 53.23 52.42  Str223 50.83 43.22 
Str182 49.51 38.38  Str224 56.70 46.39 
Str183 48.21 43.59  Str225 53.26 45.33 
Str184 46.53 41.49  Str226 56.76 34.83 
Str185 44.24 44.72  Str227 54.15 54.02 
Str186 52.26 49.86  Str228 47.66 44.32 
str187 51.14 47.67  Str230 45.75 43.75 
str188 50.94 59.01  Str232 43.04 39.41 
Str190 48.89 40.49  Str233 51.39 39.49 
Str191 50.01 43.25  Str234 51.36 41.35 
Str192 20.73 15.10  Str235 49.34 51.40 
Str193 33.38 48.14  Str236 54.19 54.36 
Str194 45.36 27.13  Str237 51.67 50.14 
Str195 50.13 26.72  Str238 52.99 53.67 
Str196 41.59 46.70  Str240 53.58 56.44 
Str197 50.56 49.04  Str241 59.04 53.02 
Str198 45.03 38.13  Str242 23.52 23.94 
Str200 8.97 11.92  Str243 49.96 43.78 
Str201 34.97 30.99  Str244 58.86 46.62 
Str202 20.61 28.85  Str245 35.79 44.20 
Str203 41.47 33.09  Str246 42.52 39.28 
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Table 14 (cont’d) 

 

GoldScore  GoldScore Cpd K103N Y181C  Cpd K103N Y181C 
Str247 54.95 51.91  Str288 56.34 - 
Str248 54.64 40.99  Str289 57.01 - 
Str250 30.27 28.64  Str290 60.52 - 
Str251 58.56 52.65  Str291 57.05 - 
Str252 56.71 52.56  Str292 61.71 - 
Str253 47.85 50.22  Str293 58.09 - 
Str254 50.99 -  Str294 - 46.39 
Str255 41.44 -  Str295 - 40.63 
Str256 52.81 -  Str296 - 49.99 
Str257 55.67 -  Str297 - 51.92 
Str258 56.35 -  Str298 - 52.57 
Str259 56.32 -  Str299 - 49.98 
Str260 55.99 -  Str300 - 46.05 
Str261 52.59 -  Str301 - 54.31 
Str262 52.54 -  Str302 - 47.01 
Str263 53.01 -  Str303 - 39.75 
Str264 49.91 -  Str304 - 46.06 
Str265 59.74 -  Str305 - 23.89 
Str266 50.39 -  Str306 - 45.47 
Str267 45.19 -  Str307 - 42.90 
Str268 46.92 -  Str308 - 43.18 
Str269 47.88 -  Str309 - 45.24 
Str270 56.81 -  Str310 - 47.13 
Str271 54.31 -  Str311 - 46.25 
Str273 44.43 -  Str313 - 20.50 
Str274 32.72 -  Str314 - 23.10 
Str275 39.47 -  Str315 - 57.96 
Str276 41.55 -  Str316 - 39.73 
Str277 48.40 -  Str317 - 43.68 
Str278 43.45 -  Str318 - 35.21 
Str279 47.30 -  Str319 - 38.01 
Str280 54.83 -  Str320 - 34.91 
Str281 51.02 -  Str321 - 51.18 
Str283 51.53 -  Str323 - 20.32 
Str284 41.48 -  Str324 - 42.84 
Str285 29.25 -  Str325 - 21.90 
Str286 56.11 -  Str326 - 51.22 
Str287 49.25 -  Str327 - 49.60 

       
 



 
 

      

 

78

Table 14 (cont’d) 

 

GoldScore Cpd K103N Y181C 
Str328 - 45.12 
str329 - 45.11 
Str330 - 53.72 
Str331 - 49.21 
Str332 - 54.77 
Str333 - 39.12 
Str334 53.66 41.89 
Str335 54.96 35.97 
Str336 30.79 32.86 
Str337 50.86 37.10 
Str338 41.47 31.65 
Str339 56.53 54.19 
Str340 61.83 57.29 
Str341 58.09 58.73 
Str342 48.26 61.77 
Str343 60.74 54.55 
Str344 59.41 43.84 
Str345 48.17 40.18 
Str346 43.00 33.22 
Str347 49.14 24.59 
Str348 48.57 36.99 
Str349 54.43 58.01 
Str350 55.31 51.41 
Str351 45.17 51.32 
Str352 59.23 48.03 
Str353 45.39 52.01 
Str354 67.49 11.15 
Str355 59.95 31.15 
Str356 64.68 36.32 
Str357 65.81 53.70 
Str358 61.91 25.49 
Str359 65.59 37.73 
Str360 44.95 36.06 
Str361 48.19 22.11 
Str362 54.83 26.68 
Str363 50.77 26.63 
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Table 15 Selected which have H-bonding with N103 or C181 for K103N and  

                 Y181C mutants, respectively and percentage of their surface buried upon  

                 binding higher than 80%. 
  No. of selected compounds 

- compounds have H-bonding with backbone atom of N103                       3 

N

NH

NN

O
CH3

H3N

 

N

NH

N

O
CH3

H3N

O

 

N

NH

NN

O
CH3

H3N

 

 

Cpd1 Cpd2 Cpd3  
 
- compounds have H-bonding with sidechain atom of N103                      22 

N

NH

N

O
CH3

O

O

NH2  

N

NH

N

O
CH3

O

O

O  

N

NH

N

O
CH3

O

O

O

HO

 

N

NH

N

O
CH3

O

O

O

HO

 
Cpd4 Cpd5 Cpd6 Cpd7 

N

NH

N

O
CH3

H2N

NH2  

N

NH

N

O
CH3

O

NH2  

N

NH

NN

O
CH3

H2N NH2  

N

NH

NN

O
CH3

NH2

H2N

 
Cpd8 Cpd9 Cpd10 Cpd11 

N

NH

NN

O
CH3

H3N  

N

NH

NN

O
CH3

H

H2N NH2  

N

NH

N

O
CH3

H3N

O

NH3  

N

NH

N

O
CH3

H3N

O

H2N

NH2  
Cpd12 Cpd13 Cpd14 Cpd15 

N

NH

N

O
CH3

H3N

O

O

NH2  

N

NH

N

O
CH3

H3N

O

OH  

N

NH

N

O
CH3

H3N

O

HO  

N

NH

N

O
CH3

H3N

O
H3C

 
Cpd16 Cpd17 Cpd18 Cpd19 



 
 

      

 

80

Table 15 (cont’d) 
  No. of selected compounds 

- compounds have H-bonding with sidechain atom of N103 (cont’d)                 

N

NH

N

O
CH3

H3N

H2N

H2N

 

N

NH

N

O
CH3

H3N

O

H2N

 

N

NH

N

O
CH3

H3N

OH

 

N

NH

N

O
CH3

H3N

O

O

 
Cpd20 Cpd21 Cpd22 Cpd23 

N

NH

N

O
CH3

H3N  

N

NH

N

O
CH3

H3N  

  

Cpd24 Cpd25   
 
- compounds have H-bonding with backbone atom of C181                        6 

N

NH

NN

O
CH3

OH  

N

NH

NN

O
CH3

H3C

H

NH2

NH2

 

N

NH

N

O
CH3

O

NH3 OH  

N

NH

N

O
CH3

O

OH

O N
CH3

CH3  
Cpd26 Cpd27 Cpd28 Cpd29 

N

NH

N

O
CH3

O

OH

H3C

 

N

NH

N

O
CH3

OH

OH  

  

Cpd30 Cpd31   
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a. 

 

 

b. 

 

Figure 18 Orientation of selected nevirapine derivatives in K103N binding pocket 

(side view (a) and top view (b))  
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a. 

 

 

b. 

Figure 19 Orientation of selected nevirapine derivatives in Y181C binding pocket 

(side view (a) and top view (b))  
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2. Calculation of interaction energy  

 

For confirming the selected compounds having H-bonding interaction with 

N103 or C181, the calculated interaction energies were performed by using quantum 

chemical calculations. For K103N mutant, nevirapine (pdb code 1fk9) and each of 25 

selected compounds were used to calculate interaction energies with N103 at 

B3LYP/6-31G(d) and MP2/6-31G(d) levels of theory and the results are shown in 

Table 16. Interaction energies showed that nevirapine slightly interacted with N103 in 

both methods. The interaction energies are about 0.3 and -0.7 kcal/mol at B3LYP/6-

31G(d) and MP2/6-31G(d) levels of theory, respectively.  

 

The orientation of the selected compounds having H-bonding with backbone 

N103 are shown with N103 and compared with nevirapine’s orientation in Figure 20. 

Two of them (Cpd1 and Cpd3) have repulsive interactions with N103 in both 

methods. These repulsive interactions were caused by steric interaction of R1 

substituent (methyl ammonium group), as shown in Figure 20a and 20b. Instead of the 

formation of attractive interaction with N103, the methyl ammonium group of Cpd1 

and Cpd3 has formed H-bonding interaction with P236. Attractive interaction 

energies of Cpd2 (-3.1 and -5.6 kcal/mol) are contributed by H-bonding interaction 

between nitrogen atom of backbone N103 and hydrogen atom of ammonium group in 

R1 substituent with the length of 2.49 Å (Figure 20c).  

 

In the case of other selected compounds having H-bonding with the sidechain 

of N103, except Cpd9, these compounds show tighter interaction energies than that of 

nevirapine (0.3 kcal/mol by B3LYP/6-31G(d) calculations and -0.7 kcal/mol by 

MP2/6-31G(d) calculations). The repulsive interaction of Cpd9 are due to steric 

hindrance between amide group at R2 substituent and oxygen atom of N103 sidechain, 

as shown in Figure 21a. In addition, the oxygen atom of amide group at R2 substituent 

has attractive interaction with L100 and K101, therefore, its GoldScore is found to be 

higher than GoldScore of nevirapine. For the compounds having the lowest 

interaction energy with sidechain N103, Cpd20, the interaction energies are -33.7 and 
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-35.0 kcal/mol by B3LYP/6-31G(d) and MP2/6-31G(d) calculations, respectively. 

The attractive interaction is caused by forming double hydrogen bonding with 

carbonyl group of sidechain of N103, as shown in Figure 21b. 

 

In the case of Y181C mutant, the interaction energy between nevirapine and 

C181 was calculated by both methods (Table 17). The interaction energies are 1.7 and 

-2.3 kcal/mol for B3LYP/6-31G(d) and MP2/6-31G(d) calculations, respectively. 

There are 6 selected nevirapine derivatives that interact with C181 and the results are 

shown in Table 4. All 6 compounds showed stronger interaction energies than that of 

nevirapine and it was found that H-bonding with nitrogen backbone atom of C181 

was formed to these nevirapine derivatives. H-bonding interactions were occurred 

from substituted hydroxyl group of cyclopropyl (Cpd 26, Cpds 28-30) and from 

amino group of R3 substituent (Cpd27). The orientation of Cpds 26 and 27 are shown 

in Figure 22. 

  

By using B3LYP/6-31G(d) and MP2/6-31G(d) levels of theory, the interaction 

energies between all hits and N103 or C181 are agreed well with the results from M. 

Kuno et al. (2003) as density functional method can not handle the H-¶ interaction but 

MP2 method has taken into account this interaction. Therefore, in this study, more 

attractive interaction of nevirapine derivatives were generally found by using MP2/6-

31G(d) level of theory.  
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Table 16 Interaction energies between N103 and 25 selected compounds of K103N  

                 mutant. 

Interaction energy (kcal/mol) 
Compound 

B3LYP/6-31G(d) MP2/6-31G(d) 

   
Nevirapine (pdb code 1fk9) 0.313 -0.746 

- H-bonding with backbone N103   
Cpd 1 (Str 251) 7.311 4.510 
Cpd 2 (Str 357) -3.064 -5.629 
Cpd 3 (Str 352) 6.110 2.623 

- H-bonding with sidechain N103   
Cpd 4 (Str 16) 0.165 -2.364 
Cpd 5 (Str 18) -4.584 -7.649 
Cpd 6 (Str 343) -16.608 -20.563 
Cpd 7 (Str 340) -9.906 -13.501 
Cpd 8 (Str 35) -17.074 -18.845 
Cpd 9 (Str 36) 7.958 6.580 
Cpd 10 (Str 45) -18.086 -19.005 
Cpd 11 (Str 55) -12.297 -13.779 
Cpd 12 (Str 94) -25.484 -25.782 
Cpd 13 (Str 175) -1.619 -3.197 
Cpd 14 (Str 257) -30.320 -31.654 
Cpd 15 (Str 258) -23.239 -25.296 
Cpd 16 (Str 259) -19.143 -21.622 
Cpd 17 (Str 260) -24.628 -26.082 
Cpd 18 (Str 270) -17.768 -19.959 
Cpd 19 (Str 286) -24.659 -26.272 
Cpd 20 (Str 288) -33.725 -35.056 
Cpd 21 (Str 289) -14.161 -14.910 
Cpd 22 (Str 290) -24.568 -25.542 
Cpd 23 (Str 291) -14.969 -16.698 
Cpd 24 (Str 292) -26.726 -27.573 
Cpd 25 (Str 293) -19.121 -21.362 
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                                      a.                                                          b. 

 
                                                                 c. 

Figure 20 Orientation of selected nevirapine derivatives (Cpd1 (a), Cpd3 (b), and 

Cpd2 (c) in atom-type color) having H-bonding with backbone N103 

compared with N103 and nevirapine (green color). 

 

 

 

        
                                      a.                                                          b. 

Figure 21 Orientation of selected nevirapine derivatives (Cpd9 (a) and Cpd20 (b) 

in atom-type color) having H-bonding with sidechain N103 compared 

with N103 and nevirapine (green color). 
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Table 17 Interaction energy between C181 and selected compounds of Y181C  

                mutant. 

Interaction energy (kcal/mol) 
Compound 

B3LYP/6-31G* MP2/6-31G* 

   
Nevirapine (pdb code 1jlb) 1.691 -2.326 

- H-bonding with backbone Cys181   
Cpd 26 (Str 227) -1.825 -5.744 
Cpd 27 (Str 235) -3.294 -6.948 
Cpd 28 (Str 297) -0.807 -5.550 
Cpd 29 (Str 322) 1.663  -4.242 
Cpd 30 (Str 326) -1.259 -5.723 
Cpd 31 (Str 330) -1.663 -4.614 
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a.                                                          b. 

 

Figure 22 Orientation of selected nevirapine derivatives (Cpd26 (a) and Cpd27 (b) 

in atom-type color) having H-bonding with C181 compared with C181 

and nevirapine (green color). 

 



 89

CONCLUSION 

 

In this work, structure-based inhibitor design by using virtual screening 

approach was applied to an ‘in house’ commercial database (Chapter I) and a library 

of nevirapine derivatives (Chapter II) to search for the novel compounds and novel 

nevirapine derivatives insensitive to K103N and Y181C HIV-1 RT mutants. 

 

 From the results in Chapter I, the GOLD method is the best possible 

docking/scoring strategy to reproduce the orientation of nevirapine and PNU-142721 

into their K103N binding pockets and that of nevirapine into Y181C binding pocket. 

Therefore, the GOLD method is used in the further docking step. The first step of 

virtual screening procedure is pharmacophore-based filtering of a set of 500k 

commercially available drug-like compounds by using 3 and 2 of 3D-pharmacophore 

models for K103N and Y181C, respectively. The pharmacophore models are derived 

from the important interaction of nevirapine and some NNRTIs in K103N and Y181C 

binding pockets. There are 20,200 and 3,733 compounds found to match 

pharmacophore models 1 and 2 and model 3 of K103N, respectively. 19,761 

compounds are found to match the Y181C pharmacophore models. The second step is 

to dock the matching compounds from the first step into K103N and Y181C binding 

pockets and select two hitlists (GoldScore higher than 45 and GoldScore higher than 

50) for each protein mutant. Then, 7k virtual hits from the second step were selected 

and classified by scaffold diversity and 50 compounds are selected. Finally, 32 

compounds are purchased and tested the HIV-1 inhibition to wild-type, K103N and 

Y181C by using enzyme assay. Three compounds, BIO5935, BSP12957, and 

CHE63164, are found that their %inhibition are higher than 50. BIO5935, has 75.85% 

of wild-type inhibition with an IC50 = 7.84 mM. BSP12957, has 58.66% of K103N 

inhibition with an IC50 = 15.64 mM for K103N HIV-1 RT. CHE63164, has 51.16% 

wild-type inhibition with an IC50 = 6.15 mM and 55.90 % of K103N inhibition with 

an IC50 = 5.63 mM. This virtual screening procedure is an alternative method to 

screen and select the compounds in the rational way.  
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In Chapter II, virtual screening approach is applied to the library of nevirapine 

derivatives with the aim of finding new nevirapine derivatives having the interaction 

with N103 and C181. 360 nevirapine derivatives are designed using a combinatorial 

library design approach by adding or replacing the fragments consist of the necessary 

functional groups for drug-like compound to nevirapine. The GOLD method is used 

to dock these compounds into K103N and Y181C binding pockets. 124 compounds 

having a GoldScore higher than that of nevirapine (55.00 and 52.00 for K103N and 

Y181C mutants, respectively) were firstly retrieved and submitted to a topological 

analysis with the SILVER program. Finally, 31 compounds presenting a significant 

percentage of the surfaces buried upon binding (>80%) and exhibiting hydrogen 

bonds to either N103 or C181 residues of the HIV-RT were selected. To ensure that 

these compounds have hydrogen bonding interaction to either N103 or C181 residues, 

quantum chemical calculations were applied to calculate the interaction energies 

between the hits and N103 or C181. There are 3 of 31 compounds having repulsive 

interaction with N103 because of the steric hindrance with N103. These indicated that 

quantum chemical calculations can be useful as an alternative method for post 

processing of docking results.  Not only the topological analysis of the hits, but also 

the interaction energy calculation of the hits is a challenge approach to prioritize the 

hits before performing the experimental testing. 
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APPENDIX A: Theoretical Background 
 

The Theory of Quantum Mechanics 

 

 There are a number of quantum theories for treating molecular systems and the 

one which has been most widely used is molecular orbital theory (Leach, 1996; 

Jensen, 1999; Cramer, 2002). The postulates and theorems of quantum mechanics 

based on molecular orbital theory form the foundation for the prediction of observable 

chemical properties. The systems are described by ‘wave function, Ψ’ that completely 

characterizes all of the physical properties of the systems. 

 

1. Molecular Orbital Theory (MOT) 

The objective of all ab initio electronic structure theories is the exact solution 

of the time-independent Schrödinger equation; which can be expressed in a time-

independent form as shown in equation (1).  

HΨ = EΨ                                                          (1) 

Where H = the Hamiltonian operator

 E = energy 

 Ψ = the wavefunction 

The typical form of Hamiltonian operator (Htot) takes into account five 

contributions to the total energy of a system. They are the kinetic energies of the 

electrons (Te) and nuclei (Tn), the attraction of the electrons to the nuclei (Vne), and the 

interelectronic (Vee) and internuclear (Vnn) repulsions as shown in equation (2).  

Htot = Te + Tn + Vne + Vee + Vne                                      (2) 

Since the masses of nuclei are much greater than the masses of the electrons, 

they move more slowly. Hence, to a good approximation, one can consider the 

electrons in a molecule to be moving in the field of fixed nuclei. The ‘Born-

Oppenheimer approximation’ can be used to further simplify the Schrödinger 
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equation. This allows the equation to be separated into electronic and nuclear terms. 

Within this approximation, the kinetic energy of the nuclei (Tn) can be neglected. The 

remaining terms in equation (2)  are called the electronic hamiltonian, as written in 

equation (3).  

 

Where i and j represent electrons, a and b represent nuclei, Z are the atomic number,         

       is the Laplacian operator, r and R is the distance between particles and atomic 

units are used in equation (3). The Laplacian has the form shown in equation (4). 

 

 
 

Under the Born-Oppenheimer approximation, the total wave function for the 

molecule can be written in the following form (equation (5)). 

                             

                                Ψtot (nuclei, electrons) = Ψ(electrons)Ψ(nuclei)                         (5) 

  

The total energy equals the sum of the nuclear energy the electrostatic 

repulsion between the positively charged nuclei) and the electronic energy. The 

electronic energy comprises the kinetic and potential energy of the electrons moving 

in the electrostatic field of the nuclei, together with electron-electron repulsion 

(equation (6)). 

                                               

                      Etot = E(electrons) + E(nuclei)                                       (6) 

  

An appropriate functional form of the wave function for a polyelectronic 

system with noninteracting N electrons has a Hamiltonian shown in equation (7).  

                                                       

(3)

(4)
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                                                              H = 
N

i 1=
∑ h(i)                                                      (7) 

Where h(i) is the one-electron Hamiltonian defined by equation (8). 

 
Where M is the total number of nuclei. 

  

Eigenfunctions of the one-electron Hamiltonian (equation (8)) must satisfy the 

corresponding one electron Schrödinger equation (a set of spin orbital, χj). 

                                                   

                                                     h(i)χj(xi) = εjχj(xi)                                                   (9) 

  

Because H is a sum of one-electron Hamiltonians, a wave function is a simple 

product of spin orbital wave functions for each electron, as shown in equation (10).  

 

ΨHP(x1, x2,…,xN) = χi(x1) χj(x2)… χk(xN)                              (10)    

 

A wave function of the form in equation (10) is called a ‘Hartree product’ and 

it is an eigenfunction of H with eigen value E (equation (11)).  

 

     HΨHP = EΨHP                                                        (11) 

 

Where E is the sum of the spin orbital energies of each of the spin orbitals appearing 

in ΨHP. 

                                                   

                                                  E = εi + εj + ... + εk                                                       (12) 

 

 From equation (7), there is still a basic deficiency in the Hartree product. It 

takes no account of the indistinguishability of electrons, but specifically distinguishes 

electron-one as occupying spin orbital χi, electron-one as occupying spin orbital χj, 

etc. Because the Hartree product does not satisfy the antisymmetry principle, the 

(8)
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correct antisymmetrized wave functions can obtain as follows. For example, consider 

a two-electron case occupying the spin orbitals χi and χj, the electron-one and 

electron-two are put in χi and χj, respectively, as shown in equation (13). 

 

 
 

On the other hand, if the electron-one and electron-two are put in χj and χi, 

respectively, the Hartree product is shown in equation (14). 

 

 
 

Each of these Hartree products clearly distinguishes between electrons. The 

wave function which satisfies the requirement of the antisymmetry principle by taking 

appropriate linear combination of these two Hartree products is shown in equation 

(15). 

                                 

                                 Ψ(x1, x2) = 2-1/2(χi(x1) χj(x2) - χj(x1) χi(x2))                            (15) 

  

The factor 2-1/2 is a normalization factor. The minus sign insures that Ψ(x1, x2) 

is antisymmetric with respect to the interchange of the coordinates of electrons one 

and two. 

 

                                                  Ψ(x1, x2) = - Ψ(x2, x2)                                             (16) 

 

 From equation (15), it is evident that the wave function vanishes if both 

electrons occupy the same spin orbital (i.e. if i=j). Thus the antisymmetry requirement 

immediately leads to the usual statement of the Pauli exclusion principle namely, that 

no more than one electron can occupy a spin orbital. The antisymmetric wave 

function of equation (15) can be rewritten as determinant in equation (16), as called a 

‘Slater determinant’. 

(13)

(14)
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 This determinant is the most convenient way to write down the permitted 

functional forms of a polyelectronic wavefunction that satisfies the antisymmetry 

principle. In general, for an N electrons system with spin orbitals χ1, χ2,…, χN, an 

acceptable form of the wavefunction is: 

 
Where χ1(1) is used to indicate a function that depends on the space and spin 

coordinates of the electron labeled ‘1’. The factor !/1 N ensures that the 

wavefunction is normalized.  

 

Slater determinant implies that electron correlation is neglected, or 

equivalently, the electron-electron repulsion is only included as an average effect. To 

find a solution which simultaneously enables all the electronic motions to be taken 

into account, the change in the spin orbital for one electron will influence the behavior 

of an electron in another spin orbital due to the coupling of the electronic motions. 

Therefore, Fock proposed the extension of Hartree’s Self-consistent field (SCF) 

procedure to Slater determinantal wavefunctions. The Hartree-Fock (HF) equation is 

shown in equation (18).   

 

                                                       f(i)χ(xi) = εχ(xi)                                                  (18) 

 

Where f(i) is an effective one-electron operator, called the Fock operator, of the form 

in equation (19). 

 
Where vHF(i) is the average potential or Hartree-Fock potential experienced by the ith 

electron due to the other present of the other electrons. The essence of the Hartree-

(16)

(17)

(19)
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Fock approximation is to replace the complicated many-electron problem by a one-

electron problem in which electron-electron repulsion is treated in an average way.  

  

From equation (19), the first two terms represent the kinetic and potential 

energy of each electron moving in the field of nuclei, as called core Hamiltonian 

operator, Hcore(i). The last term, vHF(i), includes the interelectronic interactions 

consisting of coulomb operator (Jj(i)) and exchange operator (Kj(i)) (equation (20)).  

The coulomb operator contributes to the energy arises from the electrostatic repulsion 

between pairs of electrons. The exchange operator represents energy of the exchange 

interaction that it has no classical analogy and no arises because the motions of 

electrons with parallel spin are correlated. Electrons with the same spin thus tend to 

avoid each other and they show a lower coulombic interaction giving a lower (i.e. 

more favorable) energy.       

 
 The coulomb operator (Jj(1)) and exchange operator (Kj(1)) can be written as 

in equations (21) and (22), respectively. 

)2(1)2()1(
12

2 jj r
dJj χχτ∫=  

)1()]2(1)2([)1()1(
12

2 jiji r
dKj χχχτχ ∫=  

 In equation (21), this operator corresponds to the average potential due to an 

electron in χj. The two-electron potential (r12)-1 felt by electron 1 and associated with 

the instantaneous position of electron 2 is thus replaced by a one-electron potential, 

obtained by averaging the interaction (r12)-1 of electron 1 and electron 2, over all space 

and spin coordinates 2τ of electron 2, weighted by the probability 
2

2 )2(jd χτ that 

electron 2 occupies the volume element 2τd  at 2τ . By summing over all ij ≠ , one 

obtains the total averaged potential acting on the electron in iχ , arising from the N-1 

electrons in the other spin orbitals. The exchange operator (equation (22)) corresponds 

(20

(21)

(22)
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to the average potential due to an electron in χj. It arises from the antisymmetric 

nature of the single determinant and has a somewhat strange form. 

 

 Equation (19) can be written as in equation (23).   

( ) ( ) ( ) ( )}{
1

iKiJihif jj

N

j
i −+= ∑

=

 

The general strategy for solving the HF equation is called the self-consistent 

field (SCF) method. The way to solve this equation is as follows. First, a set of trial 

solutions χi to the Hartree-Fock eigenvalue equations are obtained. These are used to 

calculate the coulomb and exchange operators. The Hartree-Fock equations are 

solved, giving a second set of solutions χi, which are used in the next iteration. The 

SCF method thus gradually refines the individual electronic solutions that correspond 

to lower and lower total energies until the point is reached at which the results for all 

electrons are unchanged, when they are said to be self consistent. The solution of the 

Hartree-Fock equations is not a practical proposition for molecules, therefore it 

mostly uses linear combination of atomic orbitals (LCAO) by writing writes each spin 

orbital as a linear combination of single electron orbitals (equation (24)). It is 

introduced as a set of K known basis function. 

                                                  vvi

K

v
i c φψ ∑

=

=
1

           i = 1, 2,…,K 

       The one-electron orbitals, vφ , are commonly called basis functions. More 

sophisticated calculations use more basis than a minimal set. In accordance with the 

variation theorem, the set of coefficients, vic , giving the lowest energy wavefunction 

are required. For a given basis set and a given functional form of the wavefunction 

(i.e. a Slater determinant), the best set of coefficients that gives minimum energy are 

from the point that 0=
∂
∂

vic
E . If equation (24) is substituted into the Hartree-Fock 

equation equation (18), the Hartree-Fock equation can be written in the form of 

equation (25). 

)1()1()1(
11

vvi

K

v
ivvi

K

v
i ccf φεφ ∑∑

==

=  

(23)

(24)

(25)
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 The derivation of the Hartree-Fock equations for such a system was first 

proposed by Roothaan and Hall. The resulting equations are known as the  Roothaan 

equations or the Roothaan-Hall equations. Unlike the integral-differential form of the 

Hartree-Fock equations, Roothaan and Hall propose the equations in matrix form 

which can be solved using standard techniques and can be applied to systems of any 

geometry. By premultiplying each side of equation (25) by )1(μφ  ( μφ is also a basis 

function) and integrating, the matrix equation is given in equation (26). The Fock 

operator, f(1), is an one-electron operator, and any set of one-electron functions 

defines a matrix representation of this operator. 

)1()1()1()1()1( 1
1

1
1

vvi

K

v
ivivi

K

v

dcfdc φφτεφφτ μμ ∫∑∫∑
==

=  

  

The overlap matrix, Sμν, has been defined in equation (27), it is the overlap 

integral between the basis functions μ and ν.  

∫= )1()1(1 vdS φφτ μμν  

  

The Fock matrix, Fμν, is the matrix representation of the Fock operator with 

the set of basis function }{ μφ , as defined in equation (28). 

∫= )1()1()1(1 vifdF φφτ μμν  

With these definitions of Fμν and Sμν, equation (26) can be written as in the 

following equation. 

                                           vi
v

ivi
v

cScF μνμν ε ∑=∑       i = 1, 2,…, K                            (29) 

 This equation is the Roothaan-Hall equation, which can be conveniently 

written as a matrix equation (equation (30)). 

 

                                                            FC = SCE                                                       (30) 
 
Where C is a K x K square matrix of the expansion coefficients Cμi. 

(26)

(27)

(28)



 

 

117

 
 
And ε is a diagonal matrix of the orbital energies εi. 

 

 
  

From equation (24) and equation (31), it is the columns of C which describe 

the molecular orbitals, i.e., the coefficients describing Ψ1 are in the first column of C, 

those describing Ψ2 are in the second column of C, etc.  

  

In molecular modeling, the ground states of molecules which have closed-

shell configurations are usually concerned. In a closed-shell system containing N 

electrons in N/2 orbitals, there are two spin orbitals, Ψi: Ψiα and Ψiβ. There is the 

energy of each electron moving in the field of the bare nuclei. For an electron in a 

molecular orbital χi, this contribute an energy core
iiH . If there are two electrons in the 

orbital then the energy is 2 core
iiH and for N/2 orbitals the total contribution to the 

energy will be core
ii

N

i
H2

2/

1=
∑ . The expression of the Hartree-Fock energy for the closed-

shell system is shown in equation (33).   

 

)2(2
2/

1

2/

1

2/

1
ijij

N

j

N

i

core
ii

N

i
KJHE −∑∑+∑=

===
 

 

The corresponding Fock operator is shown in equation (34). 

 

(31)

(32)

(33)
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( ) ( ) ( ) ( )}112{11
2/

1
jj

N

j
i KJhf −+= ∑

=

 

 The Fock matrix, Fμν (equation (28)), for a closed-shell system can be 

expanded as follows by substituting the expression for the Fock operator. 

 

∫ ∫ −∑+=
=

)1()]1()1(2)[1()1()1()1( 1

2/

1
1 vjj

N

j
v KJdhdF φφτφφτ μμμν  

)1()]1()1(2)[1(1

2/

1
vjj

N

j

core KJdHF φφτ μμνμν ∫ −∑+=
=

 

 

Where a core-Hamiltonian matrix, coreH μν , is defined in equation (37). This matrix is 

integral involving the one-electron operator h(1), describing the kinetic energy and 

nuclear attraction of an electron, as shown in equation (8).  

 

∫= )1()1()1(1 v
core hdH φφτ μμν  

 

 Recall that the coulomb operator ( ( )1jJ ) due to interaction with a spin orbital 

χj is shown in equation (21). The terms of appropriate linear combination of basis 

functions are replaced to the spin orbital terms (χj), as shown in equation (38).   

)2(1)2()1(
1121

2 λλ
λ

σσ
σ

φφτ j

K

j

K
c

r
cdJj

==
∑∑∫=  

Where σ and λ are the basis functions. 

 

Similarly, the terms of appropriate linear combination of basis functions are 

replaced to the spin orbital terms (χj) of the exchange operator in equation (22), as 

shown in equation (39).  

)2()]2(1)2([)1()1(
1121

2 λλ
λ

σσ
σ

φχφτχ j

K

ij

K

i c
r

cdKj
==
∑∑∫=  

(34)

(35)

(36)

(37)

(38)

(39)
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 When the coulomb and exchange operators are expressed in terms of the basis 

functions and the orbital expansion is substituted for χi, then their contribution to the 

Fock matrix element, Fμν, are in the following form. 

  

)1()]1()1(2)[1(1

2/

1
vjj

N

j
KJd φφτ μ∫ −∑

=
 

])2()2(1)1()1()2()2(1)1()1(2[
12

21
12

21
11

2/

1 ∫∫ −∑∑∑=
===

σνσμσλμσλ
σλ

φφφφττφφφφττ
r

dd
r

ddcc vjj

KKN

j
 

)]|()|(2[
11

2/

1
νσμλλσμνσλ

σλ
−∑∑∑=

===
jj

KKN

j
cc  

  

In equation (40), the shorthand notations for the integrals are used. The two-

electron integrals may involve up to four different basis functions (μ, ν, λ, σ), which 

may in turn be located at four different centers. To simplify equation (40), the charge 

density matrix, P, is defined in equation (41).  

                              

       ii

N

i
ccP νμμν

2/

1
2

=
∑=      and     ii

N

i
ccP νμμν

2/

1
2

=
∑=                                   (41) 

  

Therefore, the Fock matrix, Fμν, for a closed-shell system of N electrons can 

be shown in equation (42). 

)]|(
2
1)|[(

11
νσμλλσμνλσ

σλ
μνμν −∑∑+=

==
PHF

KK
core  

 

The electronic energy in terms of the density matrix can be calculated by using 

equation (43). 

)(
2
1

11
μνμνμν

νμ
FHPE core

KK
+∑∑=

==
 

 The electron density in terms of the density matrix at a point r can also be 

shown in equation (44). 

)()()(
11

rrPr
KK

νμμν
νμ

φφρ
==
∑∑=  

(40)

(43)

(42)

(44)
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 Consider the elements of Fock matrix in Roothaan-Hall equation equation 

(30), it should be noted that the element in the left-hand side depends on the 

molecular orbital coefficients icν , which also appear on the right-hand side of the 

equation. It indicated that the solution of this equation required an iterative procedure. 

The coreHμν  due to the electron moving in the field of the bare nuclei do not depend on 

the basis set coefficients and unchanged throughout the calculation. In case of 

coulomb and exchange contributions depend on the coefficients and vary throughout 

the calculation. The individual two-electron integrals (μν|λσ) are constant throughout 

the calculation. To solve the Roothaan-Hall equation by using standard eigenvalue 

methods, Roothaan-Hall equation is required in the following form.   

                                                          

                                                           FC = CE                                                          (45) 

  

This equation will be in this form if S is the unit matrix (I). The basis sets, φ , 

that are used in molecular calculations are not orthonormal set. They are usually 

normalized but they are not orthogonal to each other. This gives rise to the overlap 

matrix in Roothaan-Hall equation, so they must be transformed (matrix X) (equation 

(46)).   

                                                           XTSX  =  I                                                       (46) 

 

Where XT is the transpose of X.  

  

To obtain two different transformation matrices X, S can be diagonalized by a 

unitary matrix, U, as shown in equation (47). 

                                                         

                                                         UTSU  =  s                                                         (47) 

 

Where s is the diagonal matrix of the eigenvalues of S. 

  

This expression is often written in equation (48) since for real basis function                

U-1 = UT. 
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                                                        U-1SU  =  s                                                         (48)          

   

Then the matrix X is given by equation (49). 

                                                        

                                                       X  =  Us-1/2UT                                                      (49) 

  

It can be considered X as S-1/2, as shown in equation (50). 

                                                    

                                                     S-1/2SS-1/2   =   I                                                     (50) 

  

The Roothaan-Hall equations can now be manipulated as follows. Both sides 

of Roothaan-Hall equation (equation (30)) are pre-multiplied by the matrix S-1/2 

(equation (51)). 

                                        

                                          S-1/2FC  =  S-1/2SCE  =  S1/2CE                                         (51) 

  

Inserting the S-1/2 S1/2 into the left-hand side, it is shown in equation (52).  

              

                                            S-1/2F(S-1/2 S1/2)C  =  S1/2CE                                           (52) 

  

Equation (52) can be written as in equation (53) that can be solved using 

standard method. 

                                                          F’C’  = C’E                                                      (53) 

 

Where F’= S-1/2F S-1/2 and C’= S1/2C 

  

A commom scheme for solving the Roothaan-Hall equations by using SCF 

procedure is shown in Appendix Figure A1.  
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Appendix Figure A1  A common scheme for solving the Roothaan-Hall equations 

by using SCF procedure. 

  

In quantum mechanical molecular orbital calculations, it can be separated into 

two major categories. They are the ab initio and the semi-empirical methods. Ab initio 

usually refers to a calculation which uses the full Hartree-Fock/Roothaan-Hall 

equations, without ignoring or approximating any of the integrals or any of the terms 

in the Hamiltonian. By contrast, semi-empirical method reduced the CPU time during 

calculation by using parameters for some of the integrals and/or ignoring some of the 

terms in the Hamiltonian.  
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2. Basis set 

  

The basis sets most commonly used in quantum mechanical calculations are 

composed of atomic functions. For atoms, the Hartree-Fock equations are usually 

solved numerically if it is assumed that the electron distribution is spherically 

symmetrical. For example, in case of the hydrogen atom, the analytical approximation 

to its successful solution has the form, as shown in equation (54).   

                                                    

                                                   ),()( φθψ lmnl YrR=                                                  (54) 

 

Where Y is a spherical harmonic and R is a radial function. The radial function 

obtained for hydrogen atom cannot be used directly for polyelectronic atoms due to 

the screening of the nuclear charge by the inner shell electron. Slater has suggested a 

simpler analytical form for the radial function, universally known as Slater–type 

orbitals (STOs) (equation (55)).   

                                      

                                     rnn
nl ernrR ζζ −−−+= 12/12/1 ])!2[()2()(                                       (55) 

  

Unfortunately, Slater–type orbitals for many electron atoms are not suitable in 

implementation in molecular orbital calculation, because some of integrals are 

difficult to evaluate. It is common in ab initio calculations to replace the Slater 

orbitals by Gaussian function. The Gaussian function is shown in equation (56). 

                                         

                                         )exp(),( 2rzyxrg cba αα −=                                               (56) 

  

It is found that replacing a Slater type orbital by a single Gaussian function 

leads to an unacceptable errors. However, this problem can be overcome by 

representing each atomic orbital as a linear combination of Gaussian function, as in 

equation (57). By using a basis set of contracted Gaussian functions, each basis 
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function is a fixed linear combination (contraction) of Gaussian functions 

(primitives). 

                                                 μμ
μ

φψ i

K

i c
1=

∑=                                                              (57)

  Some commonly used of basis sets are described as follows.  

  

2.1 Minimal basis set 

       

      A minimal basis set is a relatively inexpensive one which contains just the 

number of functions that are required to accommodate all the filled orbitals in each 

atom. For instance, hydrogen and helium has a single s-type function. STO-nG are all 

minimal basis sets using a contraction of n primitive Gaussian functions to represent 

each orbital. 

 

2.2 Split valence basis set 

 

      Because a minimal basis set uses only a contraction for each orbital, to 

improve this problem, more than one function (i.e. double, triple, etc.) is used for each 

orbital. A basis set which uses two functions for each of minimal basis set of valence 

electron is described as a double zeta basis set, for example 3-21G, 4-31G and 6-31G. 

 

2.3 Polarized basis set 

 

      This type of basis set was performed by adding polarization function, ex. 

p-type or d-type function. The use of polarization basis function is indicated by an 

asterisk (*). For example, 6-31G* refers to a 6-31G basis set with polarization 

functions on the heavy (i.e. non-hydrogen) atoms. 
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2.4 Diffused basis set 

 

     To include a significant amount of electron density away from the nuclei 

center such as anions and molecule containing lone pairs, diffused function, denoted 

by +, was added to increase the amplitude or size of Gaussian basis function. For 

example, 3-21G+ basis set contains an additional single set of diffuse s- and p-type 

Gaussian functions. 

   

3. Møller-Plesset perturbation theory (MPPT) 

 

The difference between the exact energy (determined by the Hamiltonian) and 

the HF energy is known as the correlation energy, as shown in equation (58). 

                              

                                      Ecorrelation   =   Eexact - EHF    <   0                                           (58) 

 

This difference is referred to as the electron correlation energy and is 

attributable to the neglect in HF theory of the instantaneous interactions (correlations) 

between electrons. Several approaches are known that try to calculate the correlation 

energy, i.e. Configuration Interaction (CI), Møller-Plesset Perturbation Theory 

(MPPT) and Multi-Configuration SCF (MCSCF or CASSCF). 

 

Møller-Plesset perturbation theory treats electron correlation as a perturbation, 

V, on the Hartree–Fock problem and both the wavefunction and the energy are 

expanded in a power series of the perturbation, as shown in equation (59)-(61). 

 

                                                   VHH HF λ+=                                                        (59) 

Where λ is a parameter that can vary between 0 and 1  

                                )(

0

)2(2)1( ... n
i

n

n
iiHFi ψλψλλψψψ

=
∑=+++=                                 (60) 
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=
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 The Møller-Plesset calculation is specified using the level of theory used (i.e. 

MP2, MP3) together with the basis set. For example, MP2/6-31G* indicated a 

second-order Møller-Plesset calculation with 6-31G* basis set.  

 

4. Density functional theory (DFT) 

 

Density functional theory (DFT) is presented by Hohenberg and Kohn. The 

basis for DFT is the Hohenberg–Kohn theorem that states that the exact ground state 

energy of a molecular system is a functional only of the electron density (ρ) and the 

fixed positions of the nuclei. The energy functional E(ρ) can be written in terms of its 

composite parts as follows. 

                   

                     )()()()()( ρρρρρ xcHCKE EEEEE +++=                               (62) 

 

Where )(ρKEE  is the kinetic energy, )(ρCE  is the electron-nuclear interaction term, 

)(ρHE is the electron-electron coulombic energy, and )(ρxcE  contains the exchange 

and correlation contributions. 

 

 All of the electron-electron interactions are contained within HE  and 

xcE terms. Hohenberg and Kohn also proved that the exact electron density is the one 

which minimizes the energy, thereby providing a variational approach for finding the 

density.  

 

Molecular docking 

 

An important method widely used in drug discovery is molecular docking 

(Halperin et al., 2002). Molecular docking is a computational method attempting to 

predict the three-dimensional structures of receptor-ligand complexes and to evaluate 

the relative affinity of these bound ligands. Consequently, the aims of this method are 

to identify correct poses of ligands in the binding pocket of a protein and to predict 
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the affinity of their correct poses (Krovat et al., 2005). In molecular docking, two 

proposes are needed in its procedure. They are docking algorithm used to generate a 

large number of possible structures and scoring function used to identify which are 

the most interest (Leach, 1996; Böhm, 2002; Brooijmans and Kuntz, 2003).  

 

1. Docking algorithm 

 

The first step in molecular docking method is to search the configurational and 

conformational degrees of freedom by using docking algorithm. The docking 

algorithm can be categorized by using degree of freedom. In rigid docking, the search 

algorithm finds the various position of ligand in the active site of receptor using 

translational and rotational degrees of freedom. To perform conformationally flexible 

docking, torsional degree of freedom of ligand is added to explore it in the active site 

of receptor.    

 

1.1 Rigid docking 

  

       Rigid docking fits a rigid ligand into a rigid active site. The usual 

approach of this algorithm has been to generate a discrete model of the binding site 

consisting a set of points that define its spatial extensions with special emphasis on 

surface properties. Atoms of ligands are then matched onto these receptor points. The 

first docking program using this technique is DOCK program (Kuntz et al.,1982). 

DOCK program represents a binding site as overlapping spheres. Ligands are then 

matched to sphere centers by using clique technique, as shown in Appendix Figure 

A2. 
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Appendix Figure A2  DOCK algorithm. Atoms are matched to a binding site 

represented as a collection of overlapping spheres.  

Source: Leach (1996) 

 

1.2 Conformationally flexible docking 

 

      Docking by using rigid docking is fast but highly inaccurate for ligands 

with rotatable bonds, therefore the flexibility of ligands have been considered in 

docking algorithm, as called conformationally flexible docking. It can be divided in 

three types, i. e. systematic, stochastic and deterministic searches.  

  

 1.2.1 Systematic search 

 

          This algorithm is based on a grid of values for each formal degree of 

freedom. Each of these grid values is explored in a combinatorial fashion during a 

search. An example of a systematic search is the anchor-and-grow or incremental 

construction algorithm. In this algorithm, the ligand conformers are not an external 

pre-processing step. Their conformers are generated within the boundaries of the 

binding site. Ligands are generally divided into rigid (anchor) and flexible parts. 

Conformers are generated by growing the ligand from an anchor fragment. The 

procedure is described as follows. Firstly, one or more anchors with flexible parts are 

defined by perception of rotatable bonds. Secondly, the anchor fragment is docked 

into the active site. Finally, the flexible parts are added sequentially with systematic 
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scanning of torsional angles. The anchor-and-grow or incremental construction 

algorithm is implemented in several docking programs, e. g. DOCK, FlexX, and 

Hammerhead.  

  

 1.2.2 Stochastic search 

 

          Because of the combinatorial fashion in incremental construction 

algorithm, it is appealing idea to search the whole orientational and conformational 

space in one process, e.g. stochastic search. Stochastic search algorithms make 

random changes, usually changing one degree of freedom of the system at a time. 

Advantage of the stochastic search algorithms is the less complicated data structure 

requirement. Examples of stochastic searches are Monte Carlo (MC) methods and 

evolutionary algorithms. 

 

          In Monte Carlo (MC) algorithms, a whole ligand is usually 

represented by a string of real value variables describing translation, rotation and 

variable torsional angles. Random changes in these variables form the basis of these 

algorithms. After each move, the structure is minimized, and the energy of the new 

structure is determined. Several docking programs using the Monte Carlo (MC) 

algorithms are AutoDock, ICM, MCDOCK, ProDock, and PRO_LEAD. 

 

  Evolutionary algorithms are stochastic methods using to find the 

energy minimum. Evolutionary algorithms involve generation of an initial population 

of ligand conformations. They did not include crossover process, a process that swaps 

large regions of the “parents” during evolution. When these algorithms include 

crossover process, it is known as genetic algorithms (GA). The common feature of 

evolutionary and genetic algorithms is a cyclic variation-selection process. “Parents” 

breed “offspring”, and the best of each generation according to a fitness measure 

becomes the parent of the next optimization cycle. The general procedure of GA is 

shown in as shown in Appendix Figure A3.   The examples of programs using these 

algorithms are GOLD, GA-DOCK, and AutoDock. 
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Appendix Figure A3  Genetic algorithm (GA) procedure. 

 

 1.2.3 Deterministic search 

 

                           In deterministic searches, the initial state determines the move that 

can be made to generate the next state, which generally has to be equal to or lower in 

energy than the initial state.  Examples of deterministic searches are energy 

minimization methods and molecular dynamics (MD) simulations. 

 

2 Scoring function 

 

If it is assumed that docking algorithm have performed very well in searching 

the conformational space in the binding site, accurate scoring function is considered 

to be the most important and challenging step (Seifert et. al., 2003). Scoring function 

is a function giving an estimate of binding of a molecule or molecular fragment in a 

given orientation and conformation (called a pose) in the binding site. The scoring 

function can be categorized into three main classes, i.e. force field-based methods, 

empirical scoring functions and knowledge-based method. 
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2.1 Force field-based methods 

 

       The force field-based scoring functions use the molecular mechanics force 

fields for the estimation of binding affinity. The interaction energies (van der Waals 

and electrostatic) between the receptor and ligand are computed. The overestimation 

of complex stability can be partially ascribed to the neglect of solute entropic terms. 

This scoring function can also added the empirical terms to take into account the 

entropy and solution changes. The AMBER and CHARMM force field are widely 

used as a scoring function in several docking program. Examples of the programs 

implemented the force field-based scoring functions are DOCK and AutoDock 

programs.   

 

 2.2 Empirical scoring functions 

 

 The empirical scoring functions are the most widely utilized in current 

drug design/discovery software. The empirical scoring functions are based on the 

assumption that the binding free energy (ΔGbinding) is a sum of interactions multiplied 

by weighting coefficients (ΔGi), as shown in equation (63). The energy contributions 

in scoring function usually contain individual terms for hydrogen bonds, ionic 

interactions, hydrophobic interactions, and binding entropy. 

),( 'lliibinding rrfGG Δ∑≈Δ  

Where each fi is a simple geometrical function of the ligand coordinate rl and 

the receptor coordinate rl’. Most empirical scoring functions are derived by evaluating 

the functions fi on a set of protein-ligand complexes and fitting the coefficients (ΔGi) 

to experiment binding affinities of these complexes. The relative weight of each 

energy contribution depends on the training set. General problems of empirical 

scoring functions are that they are difficult to know what each term exactly accounts 

for and to access where errors come from. Binding free energy estimations can only 

be successful if the molecules make similar interactions to the ones in the training set 

complexes. Examples of the programs implemented the empirical scoring functions 

are FlexX, GOLD, AutoDock and LUDI.   

(63)
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2.3 Knowledge-based methods 

 

 The knowledge-based scoring functions use the structural data of protein-

ligand complexes to observe frequencies of atom-atom interactions. Force and 

potentials are collected to get a score for their binding affinities, as called potential of 

mean force (PMF). The major different with the empirical scoring function is that no 

binding data are needed. This is an advantage of knowledge-based scoring functions 

that they can be derived from large training set. Such knowledge-based approaches 

have their foundation in the inverse formulation of the Boltzmann law, as shown in 

equation (64). 

                                             Eijk   =   -kTln(pijk) + kTln(Z)                                        (64) 

 

Where the energy function (Eijk) is called PMF for a state defined by the variables i, j, 

and k, pijk is the corresponding probability density, and Z is the partition function. The 

second term of the sum is constant at constant temperature T and does not have to be 

regarded, since Z = 1 can be chosen by definition of a suitable reference state leading 

to normalized probability densities, pijk. Variables i, j, and k can be chosen to be 

protein atom-types, ligand atom-types, and their inter-atom distance. The reference 

state is defined as the state where protein and ligand do not interact each other. PMF 

and DrugScore are the examples of knowledge-based scoring functions. 

 

Up to now, there is no single scoring function that can correctly rank every 

protein-ligand complex because the relative contribution of different protein-ligand 

interactions may vary between structural families (Krovat et al., 2005). The scoring 

functions still need the improvements to enhance the reliability of discrimination 

correctly docked from misdocked conformation or consensus scoring that is a 

combination of two or three scoring function has been proposed (Kontoyianni et al., 

2005). 
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APPENDIX B: Ultrasensitive Reverse Transcriptase Assay 

 

To measure the activities of the 32 selected compounds for inhibiting the 

reverse transcriptase activity of wild-type, K103N and Y181C HIV-1 RT, an 

ultrasensitive reverse transcriptase assay is used by Assistant Professor Dr. Arunee 

Thitithanyanont and coworkers at Pr-615 virus laboratory, Department of 

microbiology, Faculty of Science, Mahidol University. 

 

From transfection plasmid, molecular clone of wild-type, K103N and Y181C 

HIV-1 RT in RT sequence are generated. These molecular clones are sensitive to the 

drugs. The methods are separated into three parts, i.e. reverse transcription (RT), real-

time polymerase chain reaction (PCR), and the measurement of %inhibition of RT 

and  IC50.  

 

1. Reverse transcription 

 

      The preparation of master mix contains 5x Buffer, DTT, dNTP, EMCV 

primer, RNase-inhibitor, EMCV RNA template, RNase-free water and NP40. The 

master mix is added to each tube of standard enzyme (AMV reverse transcriptase (10 

units/µl), QIAGEN), wild-type HIV-1 RT, K103N HIV-1 RT, and Y181C HIV-1 RT.  

Standard enzyme, wild-type HIV-1 RT, K103N HIV-1 RT, and Y181C HIV-1 RT are 

prepared as following. Standard enzyme (AMV reverse transcriptase) is 10 fold 

diluted and used at 106, 107, and 108 nanounits/µl for making standard curve. For 

wild-type, K103N, and Y181C HIV-1 RT, they are 10 fold diluted and used at 107 

nanounits/µl. They are added with the compounds for testing HIV-1 inhibition. The 

mixture of the master mix, AMV-RT of HIV-1 RT and the compounds are incubated 

in the water bath at temperature 42 oc for an hour. In this step, RT activity of AMV-

RT and HIV-1 RT will convert EMCV RNA template to EMCV cDNA. If the 

compound has inhibitory affinity for RT, EMCV cDNA in the tube will be decreased. 

After an hour, RT activity is degraded by the incubation in heat block at temperature 

95 oc for 5 minutes. 
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2. Real-time polymerase chain reaction (PCR) 

 

The master mix consisting of 10x Buffer, MgCl2, dNTP, Probe, EMCV 

forward and backward primers, hot tag DNA polymerase and distilled water are 

prepared. The products from reverse transcription are added to the master mix. They 

are performed real-time PCR in rotor gene for two hours for increasing the number of 

EMCV cDNA by DNA polymerase. Finally, the numbers of EMCV DNA product are 

detected by probe. 

 

3. The measurement of %inhibition of RT and IC50 

 

RT activities of wild-type, K103N and Y181C are detected by comparing 

with RT activity of AMV RT. The %inhibition of RT of the selected compounds are 

calculated by the following formula. 

 

100
1

)11(% *

**

x
RTHIVblankofactivityRT

compoundaddedRTHIVofactivityRTRTHIVblankofactivityRTRTofinhibition
−

−−−
=  

 

Where  HIV-1 RT* = wild-type or K103N or Y181C HIV-1 RT 

 

        %inhibition of RT and the concentration of compound (M) are plotted the 

non-linear regression by using GraphPad Prism. The IC50 is then calculated by the 

following relationship. 

 

)101/(1 )( 50 SlopeMLogICY −+=  

 

Where  Y = %inhibition x 0.01 
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APPENDIX C: Oral Presentations and Poster Contributions to Conferences 

 

Oral Presentation and Proceedings 

 

1. Patchreenart Saparpakorn, Pornpan Pungpo and Supa Hannongbua. Interaction 

Energy and Bound Conformational Prediction of HIV-1 Reverse Transcriptase 

Inhibitor: Nevirapine Derivatives by Using Molecular Docking. The 7th 

Annual National Symposium, On Computational Science and Engineering 

(ANSCSE 2003), Mar 23-25, 2003, Department of Chemistry, Faculty of 

Science, Chulalongkorn University, Bangkok, Thailand. 

 

2. Patchreenart Saparpakorn, Supa Hannongbua and Didier Rognan. Virtual 

screening of K103N and Y181C HIV-1 reverse transcriptase based on 

nevirapine and some NNRTIs. RGJ-Ph.D. Congress VI, Apr 28-30, 2005, 

Jomtien Palm Beach Hotel, Pattaya, Thailand. 

 

3. Patchreenart Saparpakorn, Supa Hannongbua and Didier Rognan. Design of 

nevirapine derivatives insensitive to the K103N and Y181C HIV-1 Reverse 

Transcriptase Mutants. In the proceeding of The 3rd International Symposium 

Computational Methods in Toxicology & Pharmacology Integrating Internet 

Resources, Oct 29- Nov 2, 2005, Shanghai, Republic of China, page 47. 

 

4. Patchreenart Saparpakorn, Jae Hyoun Kim and Supa Hannongbua. Binding 

study of Polycyclic Aromatic Hydrocarbons (PAHs) and Alkylphenols (APs) 

with Fulvic acid (FA), Humic acid (HA) and Soil Organic Matter (SOM). In 

the proceeding of The 10th Annual National Symposium, On Computational 

Science and Engineering (ANSCSE 2006), Mar 22-24, 2006, Department of 

Chemistry, Faculty of Science, Chiang-Mai University, Chiang-Mai, Thailand 

page 122-127. 
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Poster Contribution to Conferences 

 

1. Patchreenart Saparpakorn, Supa Hannongbua and Didier Rognan. Virtual 

screening of K103N and Y181C HIV-1 reverse transcriptase mutants based on 

nevirapine and some NNRTIs. The 15th European Symposium on Quantitive 

Structure - Activity Relationships & Molecular Modelling, Sep 5-10, 2004 at 

Istanbul, Turkey. 

 

2. Patchreenart Saparpakorn, Supa Hannongbua and Didier Rognan. Virtual 

Screening of K103N HIV-1 Reverse Transcriptase Mutant Based on PNU-

142721. The 2nd Asian Pacific Conference on Theoretical and Computational 

Chemistry, May 2-6, 2005 at Chulalongkorn University, Bangkok, Thailand. 

 

3. Pornpan Pungpo, Patchreenart Saparpakorn and Supa Hannongbua. 

Elucidating inhibitory models of efavirenz analogues as potent HIV-1 reverse 

transcriptase inhibitors by 3D QSAR and docking studies. The 2nd Asian 

Pacific Conference on Theoretical and Computational Chemistry, May 2-6, 

2005 at Chulalongkorn University, Bangkok, Thailand. 

 

4. Pornpan Pungpo, Oradee Pankwang, Patchreenart Saparpakorn, Peter 

Wolschann and Supa Hannongbua. Theoretical investigations on potent HIV-1 

reverse transcriptase inhibitors of efavirenz analogues by using conformational 

analysis, molecular docking and 3D-QSAR studies. The XIIth International 

Congress of Quantum Chemistry (XII-ICQC2006), May 21-26, 2006, Kyoto 

TERRSA, kyoto, JAPAN. 

 

5. Suwipa Saen-oon, Mayuso Kuno, Thanyada Rungrotemongkuol, Peerapol 

Nunrium, Patchreenart Saparpakorn and Supa Hannongbua. Drug-enzyme 

interaction; structural information for inhibitor design. The XIIth International 

Congress of Quantum Chemistry (XII-ICQC2006), May 21-26, 2006, Kyoto 

TERRSA, kyoto, JAPAN. 
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