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ABSTRACT 

TITLE MOLECULAR MODELING AND COMPUTER-AIDED 

MOLECULAR DESIGN FOR OPTIMAL DRUG DESIGN OF 

NEW HIGH POTENTIAL ANTI-TUBERCULOSIS AGENTS AND 

ANTI-CANCER AGENTS 

AUTHOR : PHARIT KAMSRI 

DEGREE DOCTOR OF PHILOSOPHY 

MAJOR CHEMISTRY 

ADVISOR ASSOCIATE PROFESSOR PORNPAN PUN GPO, PhD 

KEYWORDS: TUBERCULOSIS, CANCER, QSAR, MD SIMULATION, 

VIRTUAL SCREENING 

Molecular modeling and computer-aided molecular design approaches is 

becoming an essential tool in assisting fast and cost-efficient lead discovery and 

optimization. In the present study, molecular modeling and computer-aided molecular 

design approaches were applied to understand the molecular basis for developing new 

and more potent anti-tuberculosis (TB) and anti-cancer agents. The first target for 

anti-TB agents, enoyl-ACP reductase (InhA) of M. tuberculosis, has been shown to be 

the primary target of the isoniazid, frontline drugs. The high levels of INH resistance 

arise from the mutations in InhA and catalase-peroxidase (KatG) enzymes. Because of 

the INH resistance associated with KatG mutations, diphenyl ether and benzofuran 

pyrrolidine pyrazole derivatives have been developed as the direct InhA inhibitors. 

To achieve the structural basis to improve InhA and antimycobacterial activity, QSAR 

and molecular dynamics (MD) simulations were applied to elucidate beneficial 

information. Inhibition of bacterial and host cell signaling is a novel drug discovery 

concept in the second selected target of anti-TB agents. Serine/threonine protein 

kinase G (PknG), an enzyme in signal transduction pathways, has been identified as a 

promising target. MD simulations combined with 3D-QSAR studies were used to 

investigate the structural requirements of benzothiophene derivatives to rational design 

new potent PknG inhibitors. The integrated results from MD simulations and QSAR 

approaches provided useful structural information at the molecular level, a powerful 



VI 

guideline for designing effective PknG inhibitors as anti-TB agents. Moreover, 

a structure-based virtual screening approach was applied to identify novel scaffolds of 

InhA and PknG inhibitors as anti-TB agents. In an attempt to develop highly effective 

anti-cancer agents showing lower toxicity levels, azanaphthoquinone annelated pyrrole 

analogues have been developed. MD simulations and QSAR studies were applied on 

azanaphthoquinone derivatives to evaluate their key structural features, binding mode, 

and binding interactions in the DNA duplex. Accordingly, the results were 

informative, providing key features and beneficial guidelines for further modification 

leading to the design of new and more potent azanaphthoquinone annelated pyrrole 

compounds. Newly designed compounds with higher predicted activities compared 

with the parent compounds and novel scaffolds of anti-TB agents and anti-cancer 

agents were proposed in this study. 
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CHAPTER I 

INTRODUCTION 

1.1 Drug discovery and design 

Drugs are essential for the prevention and treatment of disease. To find new drugs 

entry to market, drug researchers discover new drugs through new insights into a 

disease process. The initial drug research, often occurring in academic and clinical 

research and from the commercial sector, generates data to develop a hypothesis that 

the inhibition or activation of a protein or pathway will result in a therapeutic effect in 

a disease state (Hughes et al., 2010). The entire drug discovery process with the 

tentative timeline is presented in Figure 1.1. Drug discovery process started from 

target identification and validation to find essential biological process to block disease 

cause. Ideally the drug candidate should be binds to a single target only (Martis et al. , 

2012). In drug target validation process, validation techniques help drug researchers 

to modulation of a desired target in disease patients through the use of whole animal 

models (Hughes et al. , 2010; Martis et al. , 2012). Following the target validation 

process, hit identification and lead discovery steps are developed via screening 

strategies. Potential lead compounds obtained from lead identification process may be 

assumed to have met the initial goals of the lead optimization to find new candidate 

compounds. Then, candidate compounds were subjected to preclinical studies is to 

investigate the safety of the newly molecule in drug development process. The next 

process after preclinical studies is the clinical studies, actual testing of the newly 

molecule in the human volunteers to study the safety and efficacy. This process 

consists of three phases, phase 1, phase 2 and phase 3 studies. Three of these steps are 

carried out after the drug has been launched in to the drug market. The Food and Drug 

Administration (FDA) issues an approval to the company, based on their data 

compiled from the clinical trials, the drug can be launched in the market. Overall 

process took times approximately 12 years and cost more than US$800 million on 

average (DiMasi et al. , 2003). The Therefore, the process of drug discovery and 

development is challenging, complex process, time consuming, expensive, and 
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requires consideration of many aspects (Mandal et al. , 2009). Several new 

technologies have hence been developed and applied in drug research and 

development to shorten the research timeline and to reduce the cost of research (Tang 

et al. , 2006; Jorgensen, 2004 ). 

Target 
'alidalion 

• Disconr 11enes • Charactrrize and 

Lead 
optimization 

that are dru1 discriminate 
Experimental methods target bioloi1ical function 
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pharmacokinetic 
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Figure 1.1 Drug discovery pipeline vs. CAMD tools 

Resource: Tang et al. (2006); PhRMA, (2016) 

Computer aided molecular design (CAMD) or computer aided drug design 

(CADD) approaches are new technologies to increase the efficiency of the drug 

discovery process in the past decade. Several CAMD approaches have been developed 

for drug research process. Particular emphasis is placed on virtual screening, 

molecular docking, pharmacophore, de novo design, quantitative structure-activity 

relationship (QSAR), evaluation of druglikeness, and advanced methods for 

determining protein-ligand binding affinity (Ooms, 2000; Jorgensen, 2004; Tang et al. , 

2006; Kapetanovic, 2008; Talele, Khedkar and Rigby, 2010). New drug compounds 

that discovered or optimized via CAMD approaches were reported such as Captopril, 

Dorzolamide, Saquinavir, Zanamivir, Oseltamivir, Aliskiren, Boceprevir, Nolatrexed, 
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TMI-005, LY-517717, Rupintrivir and NVP-AUY922 (Talele, Khedkar and Rigby, 

2010; Kubinyi, 2006(c)). Therefore, CAMD method has even been used in the drug 

discovery pipeline, from target identification to lead discovery, from lead optimization 

to preclinical or clinical trials for a certain target. Two types of disease, tuberculosis 

(infectious disease) and cancer (non-infectious disease) were selected to develop new 

and more potent inhibitors in this study. 

1.2 Tuberculosis 

1.2.1 Tuberculosis and situation 

Tuberculosis (TB) is a communicable infectious disease usually caused by 

pathogenic Mycobacterium tuberculosis (M tuberculosis). M tuberculosis is non

motile, nonsporulating, weakly gram-positive, acid-fast bacilli and aerobic that 

appears microscopically as straight or slightly curved rods, 1 to 4 µm in length and 0.3 

to 0.6 µm wide as shown in Figure 1.2 (Sakamoto, 2012). To establish an infection, 

the pathogenic bacterium M tuberculosis host to host transmission is transmitted 

between TB patients to new infected TB patient via aerosol droplets that contain 

mycobacteria as shown in Figure 1.3. M tuberculosis pathogen reaches lung airways 

and is rapidly phagocytosed by alveolar macrophages and dendritic cells in host cell 

(Gengenbacher and Kaufmann, 2012; Nunes-Alves et al. , 2014). The TB infected host 

cell induces a localized proinflamatory response that attracts macrophages and other 

leukocytes leads to build up a granuloma, which can contain M tuberculosis (the 

hallmark tissue reaction of TB). Dendritic granulomas also phagocytose M 

tuberculosis and then migrate to regional lymph nodes to present mycobacterial 

antigens to lymphocytes (Sakamoto, 2012; Tang Yam and Chen, 2016). The site of the 

TB infection can often be recognized as a granulomatous lesion. 
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Figure 1.2 M. tuberculosis scanning electron micrograph 

Resource: Carr (2005) 
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Figure 1.3 TB infection and host immune responses 

Resource: Tang Yam and Chen (2016) 

TB is a major global health problem. Every year, the reports of statistical 

TB situation from World Health Organization (WHO) were released. This disease 

became to leasing cause of death from infection disease worldwide in 2014 (WHO, 

2015( c )). The numbers of new patient are slightly increasing every year. There were 

an estimated 9.6 million new TB cases with 5.4 million among men, 3.2 million 

among women and 1.0 million among children. The 58% patients of new TB cases in 
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2014 were in the South-East Asia and Western Pacific regions followed by African 

Region (28 %). Small numbers of new TB patient were Eastern Mediterranean Region 

(8%), the European Region (3%) and the Region of the Americas (3%). TB killed 1.5 

million people, which approximately 890,000 were men, 480,000 were women and 

140,000 were children. Thailand was reported as 18th ranging of the 22 high TB 

burden countries (HBCs). From, 67,726,000 population in Thailand, total new and 

relapse TB patients are 67,722 and total cases notified are 71,618. Among 34,394 new 

cases of TB case notifications 2014, 119 cases aged less than 15 years. The ratio of 

patient between male and female are 2.5. 

1.2.2 Current treatment against tuberculosis 

Current treatment of TB is based on drugs that are more than 40 years old 

(Zumla, Nahid and Cole, 2013; Global Alliance for TB Drug Development, 2008; 

Lienhardt Vernon and Raviglione, 2010).Two classification of TB drugs, first-line and 

second-line drugs based on their efficiency and toxicity were summarized in Table 1.1 . 

There are 10 approved TB drug from FDA. The TB drugs are used in differing 

combinations in different circumstances. The first line TB drug includes the four key 

drugs, isoniazid, rifampicin, pyrazinamide and ethambutol that make up the initial 

phase of the ideal short-course chemotherapy regimen. Isoniazid was discovered in 

1952. This compound is the highest bactericidal against replicating tubercle bacilli 

through inhibition of mycolic acid synthesis. Therefore, _this drug is mostly used for 

anti-TB drug. Rifampicin, the first line drug found in 1963 inhibits the essential rpoB 

gene product 13-subunit of DNA dependent RNA polymerase activity. This drug has 

excellent bactericidal activity on actively dividing as well as slowly metabolizing 

tubercle bacilli, and this property was instrumental in shortening the duration of 

treatment. In 1954, pyrazinamide was found to be kill tuberculosis. This compound is 

synthetic analogue of nicotinamide. Pyrazinamide is only weakly anti-bacterial agent 

against M tuberculosis, but this compound had potent sterilizing activity in the 

relative acidic intracellular environment of macrophages via inhibition of translation 

and trans-translation at S 1 component of 30S ribosomal subunit (Shi et.al, 2011 ). This 

drug plays a unique role in shortening the duration of tuberculosis chemotherapy. 

Ethambutol, the first line drug was found in 1961. This compound inhibits arabinosyl 

transferases involved arabinogalactan and lipoarabinomannan biosynthesis pathway in 
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mycobacterium cell-wall biosynthesis. The attractive target of ethambutol is 

arabinosyl transferases. 

The second line drug, para-amino salicylic acid found as anti-tuberculosis 

agent in 1948 was reported as dihydropteroate synthase inhibitor in folate 

biosynthesis. This drug is now mostly used as a second-line drug (Chakraborty et al. , 

2013). Ethionamide, a structural analog of isoniazid, an important second-line drug 

used for the TB treatment inhibits enoyl-ACP reductase function in mycolic acid 

biosynthesis pathway; the attractive target of tuberculosis drug was found in 1961 . 

Cycloserine, an amino acid derivative was reported as second line anti-TB drug that 

found in 1955. Cycloserine works as an antibiotic by inhibiting peptidoglycan 

synthesis in cell-wall biosynthesis of M tuberculosis. The attractive target of this drug 

is d-alanine racemase and ligase (Wargel et al., 1971; Bruning et al. , 2011 ; Prosser and 

de Carvalho, 2013). Ofloxacin, fluoroquinolone compound is a DNA gyrase and DNA 

topoisomerase inhibitors that is responsible for supercoiling of DNA found in 1980 

(Fillion et al., 2013; Li et al., 2014). This action inhibits DNA replication process in 

(Bryskier, 1993, Drlica et al. , 2003(a), 2009(b ), Fabrega et al. , 2009, Aldred et al., 

2014). This compound is weakly bactericidal agents. Protein synthesis inhibitor, 

capreomycin, the cyclic polypeptide found in 1963 inhibits protein synthesis by 

binding to the interbridge B2a between 30S and 50S ribosomal subunits (Johansen et 

al. , 2006, Sirgel et al., 2011). Kanamycin, an aminoglycoside compound was found in 

1957. This compound was used as the second line tuberculosis drug inhibited at 16S 

rRNA in the 30S ribosomal subunit (Salian et al., 2012). Amikacin found in 1972 is 

aminoglycoside that inhibits protein synthesis by binding tightly to the conserved A 

site of 16S rRNA in the 30S ribosomal subunit (Sirgel et al., 2011).Streptomycin, an 

antibiotic purified from Streptomyces griseus was discovered in 1944 that is used for 

tuberculosis treatment and sensitive gram-positive bacteria. Streptomycin is a protein 

synthesis inhibitor. It binds to the S12 and 16S rRNA components of 30S ribosomal 

subunit (Schatz, Bugie, and Waksman, 1944; WHO, 1991(a)). 
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Table 1.1 Main tuberculosis drugs in clinical use and their targets 

Drug (year of discovery) Target Effect 

First-line drugs 

Isoniazid (1952) Enoyl-ACP reductase Inhibits mycolic acid synthesis 

Rifampicin (1963) RNA polymerase, beta subunit Inhibits transcription 

Pyrazinamide (1954) S 1 component of 30S ribosomal Inhibits translation and 

subunit trans-translation, acidifies 

cytoplasm 

Ethambutol (1961) Arabinosyl transferases Inhibits arabinogalactan 

biosynthesis 

Second-line drugs 

Para-amino salicylic acid 1948) Dihydropteroate synthase Inhibits folate biosynthesi 

Ethionamide (1961) Enoyl-ACP reductase Inhibits mycolic acid synthesis 

Cycloserine (1955) ct-alanine racemase and ligase Inhibits peptidoglycan synthesis 

Ofloxacin (1980) DNA gyrase and DNA Inhibits DNA supercoiling 

topoisomerase 

Capreomycin (1963) Interbridge B2a between 30S Inhibits protein synthesis 

and 50S ribosomal subunits 

Kanamycin (1957) 30S ribosomal subunit Inhibits protein synthesis 

Amikacin (1972) 30S ribosomal subunit Inhibits protein synthesis 

Streptomycin (1944) Sl2 and 16S rRNA components Inhibits protein synthesis 

of30S ribosomal subunit 

Resource: Z~la, Nahid and Cole (2013) 
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1.2.3 Tuberculosis treatment regimen 

The WHO guidelines for the programmatic management of drug-resistant 

tuberculosis classified available anti-TB drugs in five groups based on evidence of 

efficacy, potency, drug class and experience of use as shown in Table 1.2 (Caminero et 

al., 2010). Many classes of antibiotics have been approved for the treatment of TB, the 

long treatment regimens required for cure can result in poor patient compliance and in 

the rapid emergence of drug-resistant strains. That emergence has made the 

administration of monotherapy for TB obsolete. The WHO now recommends the 

Direct Observed Therapy, Short Course (DOTS) programme, a multidrug cocktail 

consisting of four first-line drugs (isoniazid, rifampicin, pyrazinamide and ethambutol) 

administered for 2 months, followed by administration of isoniazid and rifampicin for 

an additional 4 months under direct observation by a healthcare worker. The DOTS 

programme has proven to be effective for treating TB and for minimizing the 

emergence of more drug-resistant strains, but it still imposes major burdens on patients 

and healthcare workers, given the long treatment regimens and the necessity to track 

drug cocktails. From the treatment of TB guidelines, the standard treatment regimens 

for TB, DOTS and the stop TB Strategy were recommended as shown in Table 1.3. 



11 

Table 1.2 TB drug classification and daily dose 

Group Classed Used Drug (Abbreviation) Daily dose 

First-line anti-TB drugs 

Group I Oral Isoniazid (H) 5 mg/kg 

Rifampicin (R) 10 mg/kg 

Pyrazinamide (Z) 30 mg/kg 

Ethambutol (E) 15-25 mg/kg 

Second-line anti-TB drugs 

Group 2 Injectable aminoglycosides Streptomycin (S/Stm) 15 mg/kg 

Kanamycin (Km) 15 mg/kg 

Amikacin (Amk) 15 mg/kg 

Injectable polypeptides Capreomycin (Cm) 15 mg/kg 

Viomycin (Vim) 

First-line anti-TB drugs 

Group 3 Oral and injectable Ciprofloxacin (Cfx) 500-750 mg 

fluoroquinolones Levofloxacin (Lfx) 15 mg/kg 

Moxifloxacin (Mfx) 7·5-10 mg/kg 

Ofloxacin (Ofx) 15 mg/kg 

Gatifloxacin (Gfx) 400 mg 

Group 4 Oral Para-aminosalicylic acid (Pas) 150 mg/kg 

Cycloserine (Des) 15 mg/kg 

Terizidone (Trd) 15 mg/kg 

Ethionamide (ETH) 15 mg/kg 

Prothionarnide (Pto) 15 mg/kg 

Thioacetazone (Thz) 150 mg 
. . 

Linezolid (Lzd) 600 mg 

Third-line anti-TB drugs 

Group 5 Clofazimine (Cfz) 100 mg 

Linezolid (Lzd) 600 mg 

Amoxicillin plus clavulanate 875/125 mg every 12 h 

(Arnx/Clv) 

lmipenem plus cilastatin 

(lprn/Cln) 

Clarithromycin (Cir) 500 mg/12 h 

Resource: Caminero et al. (2010) 
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Table 1.3 WHO-recommended treatment regimens 

Treatment Patients Tuberculosis treatment* 
category Initial phase Continuation phase 

I New cases of smear-positive 2 months H3R3Z3E3 or 4 months H3R3 
pulmonary tuberculosis or severe 2 months H3R3Z3S3 4 months HR 
extrapulmonary tuberculosis or 2 months HRZE or 6 months HE 
severe smear-negative pulmonary 2 months HRZS 
tuberculosis or severe concomitant 
HIV disease 

II Previously treated smear-positive 2 months H3R3Z3E3S3/ 5 months H3R3E3 
pulmonary tuberculosis; relapse; 1 month H3R3Z3E3 5 months HRE 
treatment failure; treatment after 2 months HRZES/ 
default 1 month HRZE 

III New cases of smear-negative 2 months H3R3Z3E3 4 months H3R3 

pulmonary tuberculosis or with 2 months HRZE 4 months HR 

less severe forms of 6 months HE 

extrapulmonary tuberculosis 

*Subscript after letters refers to the number of doses per week; daily has no subscript. 

Resource: WHO (2010(b)) 

1.2.4 Tuberculosis treatment problems 

In the TB treatment process, TB patients must take drugs from 6 months to 

2 years or longer. The mycobacteria that cause TB can develop resistance to the 

antiriiiCrobial drugs used to cure the disease. The efficiencies of anti-TB drug were 

decreased based on TB drug resistant. Moreover, the other problem of TB treatment is 

co-infection with human immunodeficiency virus (HIV). The treatment of TB 

becomes more complicated. 

1.2.4.1 Multidrug resistant tuberculosis (MDR-TB) 

Multidrug resistant tuberculosis, MDR-TB (defined as resistance 

against the two most potent anti-TB drugs, namely, at least Rifampicin and Isoniazid) 

is a worldwide public health problem. This problem means standard first-line 

tuberculosis drugs failed to treat TB. Globally, an estimated 3.3% (480,000) of new 

cases and 20% (300,000) of previously treated cases have MDR-TB. An estimated 

190,000 people died ofMDR-TB. In Thailand, 2% (1,100) of new TB cases and 19% 

(1,100) ofretreatment TB cases with MDR-TB were reported. 



13 

1.2.4.2 Extensively drug resistant tuberculosis (XDR-TB) 

Extensively drug-resistant tuberculosis (XDR-TB) is defined as TB 

caused by M tuberculosis with resistance to at least two first line TB drugs, isoniazid 

and rifampicin, any fluoroquinolone, and at least one of three injectable second-line 

aminoglycoside drugs (amikacin, capreomycin, or kanamycin) (Jassal and Bishai, 

2009). The term and definition ofXDR-TB were first developed by the US Centers for 

Disease Control and Prevention (CDC) (Raviglione and Smith, 2007). Globally 

reported in 2014, an estimated 9.7% of people with MDR-TB have XDR-TB (WHO, 

2015(c)). In case of Thailand, 9,580 XDR-TB patients were reported in 2014. These 

data included 13% (4,370) of new TB cases and 38% (2,209)of retreatment TB cases. 

1.2.4.3 Totally drug resistant tuberculosis (TDR-TB) 

Totally drug resistant TB (TDR-TB) or extremely drug resistant TB 

(XXDR-TB) is a generic term for TB strains that are resistant to a wider range of TB 

drugs than XDR-TB strains. TDR-TB has been identified in three countries; India, 

Iran, and Italy. Isolated cases were reported in Italy that had resistance to all first-line 

anti-TB drugs and second-line anti-TB drugs. 

1.2.4.4 Co-infection of TB with HIV 

Patients with HIV-associated tuberculosis have an increased 

recmrence rate, which results from re-infection rather than relapse. In 2014, an 

estimated 1.2 million (12%) of the 9.6 million people who developed TB worldwide 

were HIV-positive. 

1.2.5 Drug discovery and development for TB drugs 

Development of new drugs for tuberculosis is lengthy, expensive, and risky, 

and the expected revenues are too small to justify commercial investment. The focus 

of TB drug development has always been on regimens rather than single drugs (Fox, 

Ellard and Mitchison, 1999; Ma et al. , 2010). To achieve global control of this 

epidemic, there is an urgent need for new TB drugs, which can: (1) shorten treatment 

duration; (2) target MDR or XDR strains; (3) simplify treatment by reducing the daily 

pill burden; (4) lower dosing frequency (for example, a once-weekly regimen); and (5) 

be co-administered with HIV medications (Koul et al. , 2011). Figure 1.5 shows some 

of the major milestones in the discovery and development of TB drugs and regimens. 

The identification and development of novel TB drug combinations are essential to 
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address the challenges associated with the present treatments for tuberculosis 

(Ginsberg and Spigelman, 2007). An ideal drug combination should consist of at least 

three TB drugs that are active against MDR and XDR tuberculosis, and have potent, 

synergistic, and complementary activities against various types of M tuberculosis. 
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1948 
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1940 
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lsoniaztd 

Discovery of drugs for tuberculosis 
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1954 1957 
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J96o 
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1970 

1982 
otloxacin 

198o 

1996 2005 
Moxifloxacin TMC-Z07 

2006 
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1990 2000 2010 ... 
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Addition of rifampidn: streptomycin, isoniazid. 
rifampidn and tthambutol 
9-12 months of treatment 

Devefopment of regimens 

Figure 1.6 History of drug discovery and development of treatment regimens for 

tuberculosis 

Resources: Ma et al. (2010) 

The "ideal" drug targets are considered. TB drug target that essential for 

growth and/or survival under the various conditions encountered during M 

tuberculosis infection in humans (Koul et al. , 2011 ; Ioerger et al. , 2013; Xiong et al. , 

2013; Zumla, Nahid and Cole, 2013; Kana et al., 2014). Moreover, the target should 

be vulnerable to inhibition under these conditions. TB drug targets that have a low 

tolerance for mutation would limit the emergence of drug-resistant variants. These 

targets would serve as ideal chokepoints, inhibition of which would lead to rapid cell 

death due to the buildup of toxic metabolites. A drug target that is intrinsically 

essential for the bacteria in both active and latent disease is extremely desirable and 

would allow for the treatment of both of these clinical presentations. Furthe1more, 

those drug targets or metabolic pathways that are required for prolonged survival of M 
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tuberculosis during latent TB infection (L TBI) may be similar to those required for 

persistence of tubercle bacilli in the face of prolonged TB chemotherapy (Boshoff and 

Barry, 2006). The GC-rich (65.6%) 4.4-Mbp genome of M tuberculosis is one of the 

biggest among the bacteria and encodes about 4,000 predicted proteins. The important 

enzymes that important in M tuberculosis were validated as potential drug targets to 

develop new TB drugs as summarized in Table 1.4 (Xiong et al., 2013 ). 

Table 1.4 Summary of validated drug targets in M tuberculosis 

Mechanism/Pathway Target Rv number Human Homologue 

Cell wall biosynthesis 

Peptidoglycan biosynthesis AIR Rv3423c None 

Ddl Rv298Jc None 

DapA Rv2753c None 

DapB Rv2773c None 

LdtA Rv0116c None 

LdtB Rv2518c None 

Arabinogalactan biosynthesis DprEI Rv3790 None 

DprE2 Rv3791 None 

AftA Rv3792 None 

AftB Rv3805c None 

RmlC Rv3465 None 

RmlD Rv3266c None 

EmbA Rv3794 None 

EmbB Rv3795 None 

Mycolic acid biosynthesis 

KasA Rv2245 None 

KasB Rv2246 None 

FabH Rv0533c None 

FabGl/MabA Rvl483 None 

lnhA Rvl484 None 

PcaA Rv0470c None 

CmaAl Rv3392c None 

CmaA2 Rv0503c None 

* The listed drugs or inhibitors are launched or in clinical studies 

Resource: Xiong et al. (2013) 

Drug/ Inhibitor* 

D-cycloserine 

D-cycloserine 

OPC-67683, 

PA-824 

Isoniazid, 

Ethionamide 

khanitha
Rectangle

khanitha
Rectangle
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Table 1.4 Summary of validated drug targets in M. tuberculosis (continued) 

Mechanism/Pathway Target Rv number Human Homologue 

MmpL3 Rv0206c None 

AccD4 Rv3799c None 

Pks13 Rv3800c None 

FadD32 Rv380lc None 

FadDl3 Rv3089 None 

EmbC Rv3793 None 

GpgS Rvl208 None 

GlmU Rv!018c None 

RNA Transcription I RNA 
None 

DNA Replication Polymerase 

GyrA Rv0006 None 

GyrB Rv0005 None 

DnaB Rv0058 None 

CarD Rv3583c None 

NrdF2 Rv3048c Yes 

ThyX Rv2754c None 

LigA Rv3014c None 

Amino acid I Glutamine 
Rv2220 Yes 

Protein biosynthesis Synthetase 

HisG Rv2121c None 

TrpC Rv1611 None 

TrpD Rv2!92c None 

ArgC Rv1652 None 

IlvBI Rv3003c None 

IlvB2 Rv3470c None 

Map A Rv0734 Yes 

MapB Rv2861c Yes 

Def Rv0429c Yes 

Chorismate 
Rv1885c None 

Mutase 

* The listed drugs or inhibitors are launched or in clinical studies 

Resource: Xiong et al. (2013) 

Drug/ Inhibitor* 

SQ109 

Ethambutol 

Rifampicin, 

Rifabutin, 

Rifapentine 

Moxifloxacin, 

Ofloxacin, 

Levofloxacin, 

Ciprofloxacin 
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Table 1.4 Summary of validated drug targets in M. tuberculosis (continued) 

Mechanism/Pathway Target Rv number Human Homologue 

Ribosome Yes 

Cofactor biosynthesis 

Biotin/Vitamin H BioA Rvl568 None 

PantothenateNitamin 85 Pane Rv3602c None 

RiboflavinNitamin 82 RibH Rv1416 None 

MenaquinoneNitamin K2 MenA Rv0534c None 

MenB Rv0548c None 

CoenzymeA CoaA Rvl092c None 

Fol ate DfrA Rv2763c Yes 

FolB Rv3607c None 

MEP Pathway DXS Rv2682 None 

DXR/lspC Rv2870c None 

IspD Rv3582c None 

IspE RvlOI 1 None 

IspF Rv3581c None 

Shikimate pathway AroG Rv2178c - None 

AroD Rv2537c None 

AroE Rv2552c None 

AroK Rv2539c None 

AroF Rv2540c None 

ATP synthesis ATP Synthase Yes 

Signal transduction DosS/ DevS Rv3132c None 

DosR/DevR Rv3133c None 

PtpB Rv0153c Yes 

PknB Rv0014c Yes 

PknG Rv0410c Yes 

Cytochrome P450 systems CYP51 Rv0764c Yes 

CYP121 Rv2276 Yes 

* The listed drugs or inhibitors are launched or in clinical studies 

Resource: Xiong et al. (2013) 

Drug/ Inhibitor* 

amikacin, 

kanamycin, 

pyrazinamide, 

capreomycin, 

streptomycin, 

linezolid, 

AZD-5847, 

PNU-100480 
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Table 1.4 Summary of validated drug targets in M. tuberculosis (continued) 

Mechanism/Pathway Target Rv number Human Homologue 

Mycothiol biosynthesis MshA Rv0486 None 

MshC Rv2130c None 

Other important targets Mbtl Rv2386c None 

BlaC Rv2068c None 

CysH/APSR Rv2392 None 

CanB Rv3588c None 

GlgE Rvl327c None 

Isocitrate Lyase Rv0467 None 

AhpC Rv2428 None 

AhpD Rv2429 None 

ClpPI Rv2461 Yes 

ClpP2 Rv2460c Yes 

FtsZ Rv2150c None 

Rel None 

* The listed drugs or inhibitors are launched or in clinical studies. 

Resource: Xiong et al. (2013) 

1.2.6 Enoyl-ACP reductase (InhA) 

1.2.6.1 Mechanism oflnhA 

Drug/ Inhibitor" 

There are two types of fatty acid synthetase systems present in M 

tuberculosis and other mycobacteria, named type I and type II fatty acid synthase 

(FAS) systems (Figure 1.6). Both systems are indispensable for synthesis of mycolic 

acids, the mycobacterium cell wall (Takayama, Wang and Besra, 2005). The product 

of FAS-I, acyl-coenzyme A (CoA) (C 16-C26), is extended by FAS-II to form the 

precursor of mycolic acids (C60-C90) (Barry et al., 1998). Enoyl-ACP reductase, 

InhA of M tuberculosis catalyzes the NADH-specific reduction of 2-trans-enoyl-ACP 

in the elongation cycle of the FAS II pathway as shown the mechanism in Figure 1.6. 

Mycolic acids are very long chain (C74-C90) a-alkyl b-hydroxy fatty acids covalently 

linked to arabino-galactan. C 16 substrate, a product of FAS I, is utilized as a starting 

point for further elongation by FAS II cycle. Therefore, lnhA is specific for substrate 

with aliphatic chains C 16 and longer. Mycobacterial InhA molecule is a homotetramer 

in aqueous solution, and its crystal structure in complex with NAD+ and a fatty acyl 
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substrate reveals that the substrate binds in a general U-shaped conformation 

(Rozwarski et al. 1999(b)). The residues crucial for trans-enoyl reduction catalysis, 

Tyr158 and Lys165, are situated at the active site. Tyr158 and Lys165 residues 

promote deprotonation of the 20-nicotinamide hydroxyl group. InhA facilitates 

reduction by a catalytic mechanism in which a hydride is transferred to the C3 carbon 

of the C2-C3 double bond. The Cl carbonyl oxygen accepts a proton from the Tyr 

158 hydroxyl, which forms an enolate anion (Parikh et al. , 1999). The fatty acyl chain 

of the bound substrate is completely surrounded by hydrophobic residues, the majority 

of which are located on the substrate binding loop (Met103 , Phe149, Tyr158, Lys165, 

Thr196, Met199, Leu207 and Ile215). Tyr158 is conserved in the bacterial Fabls and 

plant enoyl-ACP reductases; interaction with Tyrl 58 is likely to be a key feature of 

fatty acyl substrate binding common to other enoyl-ACP reductases (Parikh et al., 

1999). The impaired action of InhA therefore leads to the loss cell integrity and 

consequently to the cell death. Since InhA plays a crucial role in the fatty acids 

elongation cycle it was validated as a promising target of novel antitubercular 

compounds (Lu et al. , 2011 ; Tonge, Kisker and Slayde, 2007). 
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Figure 1. 7 Schematic diagrams of the biosynthetic pathways involved in lipid 

metabolism in M tuberculosis 

Resource: Wilson et al. (1999) 
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1.2.6.2 Indirect InhA inhibitors 

There are two available anti-TB drugs that reported as indirect 

InbA inhibitors. Isoniazid (INH) (Figure 1.7) is a well-known as first line anti-TB 

drug. This drug is pro-drug. It has been used in clinical treatment since 1952. The 

second-line anti-TB drug, ·ethionamide (ETH) as shown the chemical structure in 

Figure 1.7 (Dessen, et al. , 1995) was also reported as the indirect InhA inhibitors. 

Although ETH is the analogue of INH, the activation pathways for these two drugs are 

different. INH is activated by catalase peroxidase (KatG) to generate the reactive acyl 

radical of INH. Then, reactive radical covalently formed between NAD+ to generate 

the INH-NAD adduct, the active form of INH (Zhang, et al., 1992, Rozwarski, et al. , 

1998(a)) as shown in Figure 1.7. On the other hand, the flavin-dependent 

monooxygenase enzyme, ethA-encoded mono-oxygenase activates ETH to yield the 

ETH-NAD adduct (DeBarber, et al., 2000, Vannelli, 2002). These two adducts 

subsequently inhibit InhA and NADH-dependent enoyl-ACP reductase effectively to 

block the mycolic acid biosynthesis and leading to cell lysis (Vilcheze et al., 2005; 

Kumar and Shaik, 2011 ). The study of M tuberculosis clinical isolates carrying ethA, 

inhA, and katG mutations indicated that katG mutation cannot change the level of 

ETH resistance, but do confer INH resistance, particularly mutation at codon 315. In 

contrast, ethA and inhA structural genes mutations were relevant to relatively high 

levels of _ETH resistance (Morlock, et al., 2003). Dominant mutations in InhA or 

recessive mutations in ndh, which encode a type II NADH dehydrogenase (NdhII), 

could mediate the cross-resistance to INH and ETH. The M. smegmatis strain with the 

ndh mutation had high-level resistance to INH and ETH, while the mutants in M. 

bovis BCG showed a lower resistance to INH and ETH. The mechanism of resistance 

was mediated by increasing the NADH cellular concentration and then competitively 

inhibiting INH-NAD or ETH-NAD adduct binding of InhA (Vilcheze, et al., 2005) 
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Figure 1.8 Formation of INH-NAD and ETH-NAD adducts 

Resource: Vilcheze et al. (2005) 

1.2.6.3 Direct InhA inhibitors 

The specificity is determined by a loop of the binding region of 

InhA, called the substrate-binding loop, which has been shown to be flexible 

(Rozwarski et al., 1999(b ); Kuo et al. , 2003). Superposition of the crystal structure of 

ecFabl with InhA demonstrates that there is a significant difference between these two 

enzymes with respect to the location of their substrate-binding loops. In InhA, the loop 

(residues 194 - 220) creates a substance-binding crevice (18 A) with more depth than 

loop (residues 192 - 209) of ecFabl (10 A). The intrinsic specificity observed in the 

substrate-binding loop is consistent with the size and shape of the conserved 

hydrophobic pocket adjacent to the active site oflnhA (Lu, Huang and You, 2011). 
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1) InhA inhibitors with Tyr158-in conformation 

Triclosan was reported as the first direct InhA inhibitors at the 

acyl substrate-binding pocket (Parikh, Xiao and Tonge, 2000). This structure was 

modified to obtained potent triclosan inhibitors (Freundlich et al., 2009; Stec et al., 

2014). The first generation of alkyl substituted diphenyl ethers (structure of most 

active compound depicted at Figure 1.8) was prepared to improve affinity towards 

lnhA (Sullivan et al., 2006). The biological activity results against InhA and M 

tuberculosis suggest that 5-octyl-2- phenoxyphenol (Figure 1.8) is the most potent 

compound with a K i value of l. lnM for InhA. Then, this series were continuously 

modified (am Ende et al, 2008; Pan et al. , 2014). Pyrrolidine carboxamide derivatives 

were discovered through high-throughput screening co-workers also performed a high 

throughput screening of a library of 30,000 compounds and were then structurally 

modified (He et al., 2006). Modification of various substitutions at phenyl ring of 

pyrrolidine carboxamides resulted in compounds with significant activity. 

Unfortunately, pyrrolidine carboxamide classes with good enzyme inhibitory do not 

exhibit ideal activity against M tuberculosis H37Rv with MIC above 125 µM. The 

results suggest that pyrrolidine carboxamides may exhibit poor membrane 

permeability. Similar high-throughput experimental design published by He and co

workers (He et al., 2006) led to arylamide derivertives a novel direct InhA inhibitors 

(He et al., 2007). Based on the strucmres modifications, aryl amide derivatives display 

high InhA inhibitory activity but poor membrane permeability or are easily extruded 

by efflux pumps (He et al. , 2007; Chollet et al., 2015). The natural product, 

pyridomycin was reported as InhA inhibitors in 2012 (Hartkoorn et al., 2012). 2-(4-

0xoquinazolin-3(4H)-yl)acetamide derivatives and benzo[d]oxazol-2(3H)-one 

derivatives were identified from virtual screening followed by biological evaluation 

(Kumar et al., 2013; Pedgaonkar et al, 2014(a); 2014(b)). Cell-based high-throughput 

screen of 2.2 million compounds using M tuberculosis H37Ra resulted in -8000 hits 

were reported. 4-Hydroxy-2-pyridone presented as an attractive hit series based on the 

in vitro pharmacokinetic properties and moderate potency against M tuberculosis 

(MICso = 1.54 µM) (Manjunatha and Smith, 2015; Ng et al., 2015). Rhodanine 

derivatives were developed as InhA inhibitors (Slepikas et al., 2016). 
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Figure 1.9 Structure of Yl58-in InhA inhibitors 
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2) InhA inhibitors with Tyr158-out conformation 

Methyl triazole and it derivatives were reported as direct InhA 

inhibitors with a novel mechanism of InhA inhibition, unreported "Yl58-out" 

inhibitor-bound conformation (Shirude et al. , 2013; Sink et al. , 2015). Benzofuran 

pyrrolidine pyrazole derivatives were found as Y158-out lnhA inhibitors in 2014. 

These compounds were identified based on the Encoded Library Technology (Encinas 

et al, 2014). A tetrahydropyran scaffold as Y158-out InhA inhibitors was identified by 

high-throughput screening against InhA with the GlaxoSmithKline compound 

collection. The modification compounds in these showed good biological activity with 

improved antimycobacterial activity and low cytotoxicity (Pajk et al., 2016). N

Benzyl-4-((heteroaryl)methyl)benzamide derivatives were identified by high

throughput screening against InhA (Guardia, et al. , 2016). 

Methyl triazole Benzofuran pym:_>lidine pyrazole 

0 Cl 

~~~~ N;N~ llAF 
Tetrahydropyran N-Benzyl-4-((heteroaryl)methyl)benzamide 

Figure 1.10 Structure of Yl58-out InhA inhibitors 
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1.2.7 Serineffheonine Kinase G (PknG) 

1.2. 7 .1 Mechanism of PknG 

Due to the success of kinase inhibitors in the treatment of non

infectious human diseases, M tuberculosis signal transduction pathway has become a 

prime target for the development of novel TB therapeutics. In M tuberculosis, signal 

transduction is co-mediated by five main families of kinases and phosphatases. The 

first class is a histidine kinase and a response regulator. The second encodes the 

"eukaryotic-like" serine/threonine protein kinases (STPKs). The third contains a sole 

Ser/Thr phosphatase belonging to the protein phosphatase type 2C (PP2C) family. The 

fourth class contains a pair of protein tyrosine phosphatases (PTPs); and fifth, M 

tuberculosis protein tyrosine kinase {PTK) (Chao et al., 2010). STPKs have been 

shown to be important virulence factors in various pathogenic bacteria (Cozzone, 

2005). The M tuberculosis genome contains eleven STPKs (namely PknA-PknL, 

excluding PknC) two of which are soluble proteins (PknG and PknK) and the rest are 

transmembrane kinases (Cole et al. , 1998; Av-Gay and Everett, 2000). The 

Diagrammatic representation of the domain organization of serine/threonine protein 

kinases found in M tuberculosis displays in Figure 1.10. Phylogenetic analysis based 

on neighbor-joining method revealed clustering of mycobacterial STPKs into five 

different clades as shown in Table 1.5 (Narayan et al., 2007). Nine of these kinases 

were predicted to be localized to the cell membrane due to the presence of a putative 

transmembrane domain as shown in Figure 1.10. 

Table 1.5 Different clades of mycobacterial STPKs 

Clade Serine/threonine protein kinases Description of clade 

I PknA, PknB, PknL, ABL group The group of transmembrane sensor kinases from 

different mycobacterial species 

I PknH, PknE, PknD, HED group The group of integral membrane receptor as well as 

cytoplasmic kinases 

III PknF Pknl, PknJ, FIJ group The group ofkinases that cluster along with PknF, Pknl 

and PknJ 

IV PknK The soluble kinase that cluster along with PknK 

v PknG The soluble kinases that cluster along with PknG 

Resource: Narayan et al. (2007) 
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Figure 1.11 Schematic representation of M. tuberculosis STPKs 

Resource: Chakraborti et al. (2011) 
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Serine/threonine protein kinase G (PknG) is one of two soluble 

STPKs (PknG and PknK) in M tuberculosis, containing an N-terminal rubredoxin 

domain (Scherr et al. , 2007), a central kinase domain, and a C-terminal 

tetratricopeptide repeat (TPR) domain (Av-Gay and Everet, 2000; Scherr et al. , 2007). 

PknG is classified as a non-RD kinase. This enzyme has been shown to play a role in 

the survival of the pathogen in host macrophages by modulating phagosome-lysosome 

fusion (lysosomal transfer) after macrophages phagocytose mycobacterium as shown 

in Figure 1.11 (Walburger et al. , 2004; Nguyen and Pieters, 2005; Warner and 

Mizrahi, 2007; Chakraborti et al. , 2011). Most microbes and nonpathogenic 

mycobacteria quickly find themselves in lysosomes in the host cell, where they are 

killed. By contrast, M tuberculosis stays within phagosomes; the bacterium releases 

PknG to block phagosome-lysosome fusion. More importantly, identification and 

va lidation of this protein as novel drug targets for TB therapeutics have been explored 

for screening and designing specific inhibitors against M tuberculosis PknG (Av-Gay 

and Everett 2000; Alber, 2009). 
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Figure 1.12 PknG affects the intracellular traffic of M. tuberculosis in 

macrophages 

Resource: Warner and Mizrahi (2007) 

1.2.7.2 PknG inhibitors 

PknG is attractive target for anti-TB drugs research thought 

inhibitor screening. Using combined screening and medicinal chemistry strategies, 

AX2001 7, a tetrahydrobenzothiophene compound was identified as the first inhibitor 

that specifically inhibits PknG kinase activity in vitro (Walburger et al. , 2004). This 

inhibitor showed low inhibitory activity in other bacterial serine/threonine kinases and 

human kinases (Walburger et al. , 2004; Scherr et al. , 2007). The Nested Chemical 

Library™ (NCL) technology and pharmacophore modelling were applied to find the 

hit PknG inhibitors and structural modification of tetrahydrobenzothiophene 

derivatives (Hegymegi-Barakonyi et al. , 2007; Banhegyi, 2008 ; Szekely et al. , 2008; 

Sipos et al. , 2015). Triazolylmethoxy 2-aminopyrimidine derivatives were designed, 

synthesized and inhibitory activity against PknG evaluated. The obtained results 

showed that this series displayed moderate activity against PknG (53 ± 0.61 % 

inhibition at 100 µm) (Anand et al. , 2012). The compound FMOOl 74 that identified as 

PknG inhibitors from virtual screening method showed 78 % inhibition respectively 

against PknG at 25µM (Singh et al. , 2015). 
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Cancer (a noncommunicable disease) is a group of diseases characterized by the 

uncontrolled growth (division beyond the normal limits), invasion (intrusion on and 

destruction of adjacent tissues), and sometimes metastasis (spread to other locations in 

the body via lymph or blood) of abnormal cells. It is characterized by alterations in the 

expression of multiple genes, leading to dysregulation of the normal cellular program 

for cell division and cell differentiation. Cancers are usually classified as simple (or 

benign) and malignant. Benign cancers tend to remain localized, are often surrounded 

by a capsule and rarely give rise to serious effects. Cancers are classified according to 

the embryological origin of the tissues (Table 1.6) (Calman and Paul, 1978; King and 

Robins, 2006; Ruddon, 2007). 
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Table 1.6 Classification of the commoner types of cancers 

Tissue Normal cells involved Benign cancer Malignant cancer 

Connective tissue and Fibrocyte Fibroma Fibrosarcoma 

muscle Myxoma Myxosarcoma 

Fat cell Lipoma Liposarcoma 

Osteocyte Osteoma Osteosarcoma 

Muscle Myoma Myosarcoma 

Muscle, smooth Leiomyoma Leiomyosarcoma 

Muscle, striped Rhabdomyoma Rhabdomyosarcoma 

Vascular endothelium Haemangioma Haem angiosarcoma 

Lymphangioma 

Epithelium Squamous and Papilloma Carcinoma 

transitional (squamous, basal-cell) 

Glandular Adenoma Glandular carcinoma 

Neural Glial Glioma 

Nerve Ganglionic neuroma Sympathicoblastoma 

(neuroblastoma) 

Melanoblast Melanoma Malignant melanoma 

Ocular melanoma 

Haemopoietic Reticulum cell Lymphoma Lymphosarcoma 

Plasma cell Reticulosarcoma 

LeucocYtes Myeloma 

Leukaemia 

Embryonal Teratoma Teratocarcinoma 

Chorioncarcinoma 

Resource: Calman and Paul (1978) 

1.3.1 Principles of cell cycle and cancer 

The cell cycle, the process by which cells progress and divide, lies at the 

heart of cancer. In normal cells, the cell cycle is controlled by a complex series of 

signaling pathways by which a cell grows, replicates its DNA and divides. Cell 

division consists of two consecutive processes, mainly characterized by DNA 

replication and segregation of replicated chromosomes into two separate cells. 

Originally, cell division was divided into two stages: mitosis (M), i.e. the process of 
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nuclear division; and interphase, the interlude between two M phases (Figure 1.13). 

Stages of mitosis include prophase, metaphase, anaphase and telophase. Under the 

microscope, interphase cells simply grow in size, but different techniques revealed that 

the interphase includes G1, S and G2 phases (Norbury and Nurse 1992). Replication of 

DNA occurs in a specific part of the interphase called S phase. S phase is preceded by 

a gap called G1 during which the cell is preparing for DNA synthesis and is followed 

by a gap called G2 during which the cell prepares for mitosis. G1, S, G2 and M phases 

are the traditional subdivisions ofthe standard cell cycle (Figure 1.13). Cells in G1 can, 

before commitment to DNA replication, enter a resting state called Go. Cells in Go 

account for the major part of the non-growing, non-proliferating cells in the human 

body (Vermeulen, Bockstaele and Bememan, 2003). In cancer, as a result of genetic 

mutations, this regulatory process malfunctions, resulting in uncontrolled cell 

proliferation. 

Figure 1.14 Simplified model of the mammalian cell cycle 

Resource: Vermeulen Van Bockstaele and Bememan (2003) 
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1.3.2 Steps of cancer development 

Cancer development and progression is a complex process that involves a 

host of functional and genetic abnormalities. This can include epigenetic modifications 

as well as the development of genomic mutations and other insults that can lead to 

altered gene expression and overall cell function. Generally, cancer develops in 3 main 

steps, initiation, progression and metastatic, respectively. It can take a long time for 

cancer to develop because several steps and several genetic mutations are usually 

required. Inquiries into the molecular mechanisms behind malignant transformation 

and metastatic progression, is the basis for the development of many new diagnostic 

and therapeutic strategies. 

The first cell to exhibit growth disinhibition has entered a process known as 

tumor initiation. This initial change may be caused by carcinogens, such as chemicals, 

smoking or exposure to radiation, but often the cause is unknown and may be a 

random. Initiation of malignant transformation of normal cells by a carcinogenic agent 

involves a permanent, heritable change in the gene expression of the transformed cell. 

Tumor-initiating agents most likely act by interacting with DNA to induce mutations, 

gene rearrangements, or gene amplification events that produce a genotypically altered 

cell (Ruddon, 2007). The initiation and progression of tumors can either involve loss 

of tumor suppressor function or induction of oncogene function. The development of 

cancer exhibits several noteworthy phenomena. The first obvious behavior is the lack 

of normal constraint on cell proliferation. Cancer cells do not exhibit normal contact 

inhibition, in which cells proliferate until they reach a finite density, determined in part 

by the availability of certain growth factors. Transformed cells are often noted to 

survive in the absence of the growth factors that are normally required by their 

untransformed ancestors. This failure to undergo apoptosis during a state of 

deprivation has been postulated to contribute to the growth and survival of metastatic 

cells in ectopic sites. Instead of responding to the signals that cause normal cells to 

cease proliferation and enter the Go phase of the cell cycle, cancer cells continue to 

grow beyond the normal density limit. New phenotypes which portend lower rates of 

apoptosis, faster rates of division, lower metabolic requirements, increased ability to 

recruit neo-vasculature, and metastatic competency gain a selection advantage and will 

ultimately assume a more dominant proportion of the tumor burden. This process of 
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clonal selection continues as the disease progresses. As cancer cells divide, they can 

invade surrounding tissue. Figure 1.14 is a summary of cancer development and 

progression. 
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Figure 1.15 Cancer development and progression 

Resource: Collino (2011) 

The aims of the classification system developed for cancer staging are (1) to 

aid oncologists in planning treatment; (2) to provide categories for estimating 

prognosis and evaluating results of treatment; and (3) to facilitate exchange of 
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information (Rubin, 1973). The staging categories listed below represent a useful 

generalization (Ruddon, 2007). 

Stage I: Primary tumor is limited to the organ of origin. There is no 

evidence of nodal or vascular spread. The tumor can usually be removed by surgical 

resection. Long-term survival is from 70% to 90%. 

Stage II : Primary tumor has spread into surrounding tissue and lymph 

nodes immediately draining the area of the tumor ("first-station" lymph nodes). The 

tumor is operable, but because of local spread, it may not be completely resectable. 

Survival is 45% to 55%. 

Stage III: Primary tumor is large, with fixation to deeper structures. First

station lymph nodes are involved; they may be more than 3 cm in diameter and fixed 

to underlying tissues. The tumor is not usually resectable, and part of the tumor mass 

is left behind. Survival is 15% to 25%. 

Stage IV: Extensive primary tumor (may be more than 10 cm in diameter) is 

present. It has invaded underlying or surrounding tissues. Extensive lymph node 

involvement has occurred, and there is evidence of distant metastases beyond the 

tissue of origin of the primary tumor. Survival is under 5% (Ruddon, 2007). 

1.3.3 Cancer situations 

From the world cancer statistical report in 2012, there were 14.6 million 

(14,067,900) new cancer cases and 8.2 million (8,201,600) cancer deaths. The 5 most 

frequent cancers that ranked from total number of cases are lung (13.0%), breast 

(11.9%), colorectum (9.7%), prostate (7.8%), ·and stomach (6.8%) cancers, 

respectively. The most frequent cancer in men is lung cancer (16.8%, 1,241,601 from 

7,410,376 incidence cases). For women, the most frequent cancer is breast (25.1%, 

1,671,149 from 6,657,518 incidence cases). In Thailand, there were 62,764 new cancer 

cases and 48,100 cancer deaths in 2012. The 5 most frequent cancers that ranked from 

total number of cases are liver (16.5%), lung (15.8%), breast (11.0%), colorectum 

(9.3%) and cervix uteri (6.6%) cancer respectively. The most frequent cancer in men is 

liver cancer (22.5%, 14,739 from 62,764 incidence cases). For women, the most 

frequent cancer is breast (22.4%, 13,653 from 61,037 incidence cases) 

(GLOBOCAN2012, 2012). 
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1.3.4 Cancer treatments 

Cancer therapy is based on surgery and radiotherapy, which are, when 

possible, rather successful regional interventions, and on systemic chemotherapy. 

Approximately 50% of cancer patients are not cured by systemic chemotherapy and 

obtain only a prolonged survival. Surgery is a common cancer treatment option. 

Radiotherapy also known as radiation cancer treatment can also be used to treat many 

forms of cancer. However, the side effects of radiotherapy are different for each 

patient and depend on the type of cancer, location, doses, and your patient health. 

Approximately half of cancer patients are not cured by these treatments and may 

obtain only a prolonged survival or no benefit at all (Avendano and Menendez, 

2007(a)). Photodynamic therapy (PDT) is cancer treatment method minimally invasive 

therapeutic procedure that can exert a selective cytotoxic activity toward malignant 

cells. The procedure of PDT process involves administration of a photosensitizing 

agent followed by irradiation at a wavelength corresponding to an absorbance band of 

the sensitizer. In the presence of oxygen, a series of events lead to direct tumor cell 

death, damage to the microvasculature, and induction of a local inflammatory reaction 

(Pass, 1993; Dougherty et al., 1998; Dolmans, Fukumura and Jain, 2003; Brown, 

Brown and Walker, 2004; Castano, Demidova and Hamblin, 2004; Hopper, 2000; 

Agostinis et al. , 2011). PDT is suitable to treat solid tumours (bladder cancer, lung 

cane~ and in malignant diseases of the skin and upper aerodigestiv..e tract) 

(Schuitmaker et al., 1996). Activating the immune system for cancer immunotherapy 

therapeutic benefit in cancer has long been a goal in immunology and oncology 

(Rosenberg, Yang and Restifo, 2004; Mellman, Coukos and Dranoff, 2011). 

1.3.5 Cancer drugs 

The aim of modem cancer chemotherapy of most chemotherapeutic drugs in 

clinical used is to kill malignant tumor cells by inhibiting some of the mechanisms 

implied in cellular division. Anti-cancer drugs were classified based on the role of 

drug mechanisms of action as shown in Table 1.7 (Avendano and Menendez, 2007(a); 

2015(b)). 
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Table 1.7 Classifications of anti-cancer drugs 

Drug classes Description 

1 Antimetabolites that interfere with nucleic acid biosynthesis 

2 Anticancer drugs that modulate hormone action 

3 Anticancer drugs acting via radical species 

4 Anticancer drugs acting via DNA alkylating agents 

5 Anticancer drugs acting via DNA minor groove 

6 Anticancer drugs acting via DNA intercalation 

7 Epigenetic therapy 

8 Anticancer drugs targeting tubulin and microtubules 

9 Drugs that inhibit signaling pathways for tumor cell growth and proliferation 

10 Non-biological approaches to targeted cancer chemotherapy 

11 Biological therapy of cancer 

Resource: Avendano and Menendez (2008(a)); (2015(b)) 

1.3.6 DNA intercalating agents 

1.3.6.1 Mechanism of DNA intercalating agents 

DNA has been identified as a primary target for anticancer drugs, 

which can change DNA conformation and inhibit duplication or transcription of DNA 

in cell cycle, and is considered one of the most promising biological receptors for the 

development of chemotherapeutic agents (Li et al., 2012; Rescifina et al., 2014). They 

are many anticancer drugs in clinical therapy that interacted with DNA via non

covalent bond interactions (pi-stacking, hydrophobic, ionic, hydrogen bonding, and 

van der Waals of the small molecule with nucleic acid bases). There are few major 

modes for reversible binding of anti-cancer drug with double-helical DNA, DNA 

intercalation and DNA groove binding (Chaires, 1998; Palchaudhuri and 

Hergenrother, 2007; Nakamoto, Tsuboi and Strahan, 2008; Ihmels and Thomas, 2011; 

Rescifina et al., 2014). The binding mode of anti-cancer with DNA can be classified as 

(i) electrostatic attractions with the anionic sugarphosphate backbone of DNA, (ii) 

interactions with the DNA major groove, (iii) interactions with the DNA minor 

groove, (iv) intercalation between base pairs via the DNA major groove, (v) 

intercalation between base pairs via the DNA minor groove, and (vi) threading 

intercalation mode as shown in Figure 1.15 (Ihmels and Thomas, 2012; Rescifina et 
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al., 2014). The binding mechanism of DNA intercalating agents interacted with DNA 

was studied (Rizzo, Sacchi and Menozzi, 1989; Lei, Wang and Wu; 2012). The five 

step kinetic model proposed based on the experimental data studied by Rizzo (Rizzo, 

Sacchi and Menozzi, 1989) and simulations results provided by Le (Le, Wang and 

Wu; 2012) includes a parallel arrangement of step 1 (one off-pathway weak bound 

step) and step 2 (on-pathway weak bound step, on-pathway minor groove binding), 

followed by on-pathway intercalation step 3 (an opening and flipping of base), 

followed by another parallel arrangement of step 4 (flipping back of one base) and 5 

(either conformational rearrangement of the drug-DNA complex or redistribution of 

bound drug to preferred sites without dissociation). 

intercalation Groove Binding Threading Intercalation 

Figure 1.16 DNA-drug binding mode 

Resource: Rescifina et al. (2014) 

1.3.6.2 Classifications of intercalating agents 

Intercalating anti-cancer drug can be defined as the process by 

which compounds containing planar aromatic or heteroaromatic ring systems are 

inserted between adjacent base pairs perpendicularly to the axis of the helix DNA. 

Most of intercalating drugs contain three or four fused rings. Intercalation of a drug 
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molecule into DNA is only the first step in a series of events that eventually lead to its 

biological effects. Structural changes induced in DNA by intercalation lead to 

interference with recognition and function of DNA-associated proteins such as 

polymerases, transcription factors, DNA repair systems, and, especially, 

topoisomerases. The anti-cancer drugs that interacted with DNA duplex via DNA 

intercalation process were summarized in Table 1.8 (Avendano and Menendez, 

2007(a); 2015(b)). 

Table 1.8 Classifications of intercalating anti-cancer drugs 

Mechanism Class Drug or clinical trial inhibitor 

Monofunctional Ellipticine and its analogs Celiptium® 

intercalating agents Datelliptium® 

Actinomycin Actinomycin D ( dactinomycin, 

Cosme gen®) 

Fused quinolines TAS-103 

N aphthalimides Mitonafide 

Amonafide 

Chartreusin and Elsarnicin A Chartreusin 

IST-622 

Elsamicin A 

Other monofunctional Acri dines 

intercalating agents Anthracyclines 

Bifunctional intercalating Ditercalinium 

agents Elinafide (LU 79553) 

Echinomycin 

Research: Avendano and Menendez (2007(a)); (2015(b)) 
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Table 1.8 Classifications of intercalating anti-cancer drugs (continued) 

Mechanism 

Indirect DNA damage by 

DNA topoisomerase 

inhibitors 

Class 

Camptothecin as 

Topoisomerase I inhibitors 

Non-camptothecin as 

topoisomerase I inhibitors 

Drug or clinical trial inhibitor 

Camptothecin (CPT) 

Topotecan (Hycampin®) 

Irinotecan (Camptosar®) 

elomotecan (BN80927) 

diflomotecan (BN80915) 

S39625 

Silatecan (AR67)85 

Karenitecin (BNP1350) 

Rubitecan 

9-aminocamptothecin 

Lurtotecan 

Exatecan (DX-8951f) 

DRF1042,94 

Belotecan (Camtobell®) 

Gimatecan 

Namitecan (STl 968) 

CMMD-Gly 

TLC388 (Lipotecan®) 

Sta~_!"9sporine 

UCN-01 

Rebeccamycin 

NSC-655649 (BMY-27557-14) 

NB-506 

Edotecarin (J-107088) 

NSC-725776 

NSC-724998 

ARC-111 (topovale) 

Genz-644282 

Lamellarin D 

Research: Avendano and Menendez (2007(a)); (2015(b)) 
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Table 1.8 Classifications of intercalating anti-cancer drugs (continued) 

Mechanism Class 

Acridine derivatives as 

topoisomerase II poisons 

inhibitors 

Drug or clinical trial inhibitor 

Amsacrine (m-AMSA, 

Amsidyl®, Amsidine®, 

Amerkin®) 

Asulacrine 

DACA (XR5000) 

KW-2170 

PD-115934 

Anthracyclines and related Doxorubicin (Adriamycin®, 

compounds topoisomerase II Rubex®) 

poisons inhibitors Daunomycin (Cerubidine®) 

Idarubicin (Idamycin®, 4-

demethoxydaunorubicin) 

Nogalamycin 

Mitoxantrone (N ovantrone®) 

Pixantrone (Pixuvri®) 

Etoposide and its analogs as Podophyllotoxin (PPT, 

non-intercalating podofilox) 

topoisomerase II poisons Etoposide (VP-16-213) 

inhibitors Teniposide (Vumon®) 

Etoposide phosphate 

(Etopophos®) 

TOP-53 

F14512 

Tafluposide 

Salvicine as non-intercalating Salvicine 

topoisomerase II poisons 

inhibitors 

Research: Avendano and Menendez (2008(a)); (2015(b)) 
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Table 1.8 Classifications of intercalating anti-cancer drugs (continued) 

Mechanism 

Telomerase inhibitors and 

Class Drug or clinical trial inhibitor 

Inhibitors of the binding of Aclarubicin (aclacinomycin A, 

topoisomerase II to DNA Aclacin®) 

G-quadruplex ligands 

Merbarone 

Dexrazoxane hydrochloride 

(Totec®, Savene®) 

Sobuzoxane (MST-16, 

Perazolin®) 

Ethidium bromide 

other anticancer Dibenzo[ bj]( 1, 7)phenanthroline 

approaches targeting 115405 

telomeres Telomestatin 

DNA repair inhibitors 

Quarfloxin (quarfloxacin, CX-

3543) 

Inhibitors of telomerase BIBRl 532 (Sirong®) 

reverse transcriptase 

Inhibitors of the RNA Imetelstat (GRN-163 L) 

domain template 

Ecteinascidin 743 (trabectedin, 

ET-743, Yondelis®) 

Nemorubicin 

Research: Avendano and Menendez (2007(a)); (2015(b)) 

1.3 .6.3 Azanaphthoquinone annelated pyrrole derivatives 

The anthracyclines analogues and mitoxanthrone, a DNA 

intercalating compounds have been known as a key class of compounds for cancer 

chemotherapy (Fox and Smith, 1990; Thuston and Lobo, 1998; Edan, Morrissey and 

Le Page, 2004; Vuimo et al., 2006). However, the major drawback of using these 

agents is the cytotoxicity (mostly blood, bone marrow and heart) (Frishman et al., 

1997; Gonsette, 2007). For these reasons many efforts are focusing on the 

development of new core structures of DNA intercalating agents which show lower 

organ toxicity. In the search for new core structures of DNA intercalating agents with 
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lower cardiotoxicity, the development of aza-bioisosteric chemotypes were applied 

(Krapcho et al., 1994; Shchekotikhin et al., 2009). Based on the aza-bioisosteric 

chemotypes approach, an aza-anthracene-9,10-dione, BBR 2778 (Pixantrone) was 

reported an DNA intercalatine agent with less cardiotoxicity (Engert et al. , 2006; 

Cavalletti et al., 2007; Tomillero and Moral, 2009; Mukherji and Pettengell, 2009). 

Based on this finding, aza and diaza bioisosteric anthracene-9, 10-dione were 

developed as anti-cancer agents (Krapcho et al., 1995(a); 1998(b); Burckhardt et al. , 

1998; Sissi and Palumbo, 2004; Antonini et al., 2008). Azanaphthoquinone annelated 

pyrrole core structures as shown in Figure 1.16 were developed by H. Spreitzer 

(Spreitzer et al., 2001 ). With the continuous effort to develop novel DNA intercalating 

agents, compounds based on the azanaphthoquinone annelated pyrrole scaffold were 

developed as anti-cancer agents (Shanab et al. , 2007(a); 2010(b); 201 l(c); Pongprom 

et al; 2009(a); 2010(b); 2012). The evaluation for cytotoxic activity against different 

human cancer cell lines shows the promising activities of azanaphthoquinone 

annelated pyrrole derivatives. Moreover, lead compounds of this derivative show 

better antiproliferative effects than paclitaxel and doxorubicin on multidrug resistant 

cell lines (Shanab et al., 2007(a)). However, the major drawback of these compounds 

is the easy metabolic cleavage of the oxime group (Pongprom et al; 2009(a)). To 

overcome this disadvantage of azanaphthoquinone annelated pyrrole derivatives, 

compounds containing a piperidinyl carbinol instead of the oxime group were 

developed (Pongprom et al; 2009(a)). The replacement of the oxime group with a 

piperidinyl carbinol could increase the stability of compounds from the metabolic 

cleavage. However, the series of synthesized compounds containing a piperidinyl 

carbinol display only moderate activity (Pongprom et al; 2009(a)). 

0 0 

~ o):NH 
0 0 

Figure 1.17 Structure of azanaphthoquinone annelated pyrrole core structures 

Resource: Spreitzer et al. (2001) 
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1.4 Objectives 

In the present work, molecular modeling and computer aided drug design 

approaches have been applied to elucidate both anti-tuberculosis agents targeting the 

InhA and PknG inhibitors; and cancer in the class of DNA intercalating agents with 

the aim 

1.4.1 To gain insight into the structural requirement to improve the inhibitory 

activity against InhA and PknG enzymes using 3D-QSAR CoMSIA method 

1.4.2 To elucidate the potential anti-TB binding modes and important inhibitor

enzyme interactions of direct InhA and PknG inhibitors using MD simulation 

calculations and binding free energy calculations 

1.4.3 To design new and highly potent InhA and PknG inhibitors as anti-TB 

agents based on the combination results from 3D-QSAR CoMSIA model and MD 

simulations 

1.4.4 To discovery new analogues of InhA and PknG inhibitors as anti-TB agents 

thought structure based virtual screening approach 

1.4.5 To determine the structural requirement of intercalating agent in a series of 

azanaphthoquinone anulated pyrrole derivatives as anti-cancer agents using 3D-QSAR 

CoMSIA method 

1.4.6 To gain insight into the potential binding modes and main interactions of 

azanaphthoquinone anulated pyrrole derivatives on DNA duplex using MD simulation 

and binding free energy calculations 

1.4.7 To design novel azanaphthoquinone anulated pyrrole derivatives as anti

cancer agents with the high predicted inhibitory activities based on the integrated 

results from 3D-QSAR CoMSIA model and MD simulations 



CHAPTER2 

COMPUTER AIDED DRUG DESIGN STRATEGY 

To find of new potential anti-TB agents and anti-cancer agents, the potential 

CAMD approaches were applied. The theories and methods of drug design methods 

were summarized in this chapter. 

2.1 Theory of drug design and discovery methods 

The explosive growth of computer power has led to the development of large

scale simulation for rational design new potent inhibitors (Sagui and Darden, 1999). 

Characteristic length-scales currently associated with varying levels of description in 

biomolecular simulations. From the scale of the atom to a whole organism as 

illustrated in Figure 2.1, various types of simulations have been performed to 

investigate electronic, atomic and physical properties of molecules. Ab initio and 

semi-empirical quantum mechanical calculations permit the study of chemical 

reactions in electronic detail within single molecules and small proteins while 

molecular dynamics simulations allow for the study of biological phenomena from the 

individual protein level to large subcellular organelles, and at all levels in between 

(Perilla et al., 2015). Various calculations methods of CAMD were applied in this 

study to gain insight into the structural information in drug design. Two maims 

approaches of drug design, ligand based drug design (LBDD) and structure based drug 

design (SBDD) were applied. In addition, virtual screening technique was applied to 

identify potential hits for anti-TB agents and anti-cancer agents. 
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Figure 2.1 Characteristic time and length scales for various biological processes 

Resource: Perilla et al. (2015) 

2.1.1 Ligand based drug design (LBDD) 

Ligand based drug design (LBDD) is the drug design methods that used the 

information of ligands or small molecules to design new potential compounds. This 

approach was used when the absence of an experimental 3D structure of the target. 

This work, quantitative structure- activity relationships (QSAR) was applied. QSAR is 

the ligand based drug design methods that developed to understand the relationship 

between chemical structure and biological affects with the aims to obtain a reliable 

statistical model for prediction of the activities of new chemical entities and 

comprehend and rationalize the mechanisms of action within a series of chemicals as 

shown in equation. QSAR is the mathematic equation that used to explain the 

relationship between the biological effects with the molecular properties of ligands as 

shown the simple mathematic equation in equation 1. 

B = f(x) (1) 

B is the biological activities of ligands. f(x) is functions of x (molecular 

descriptors) that representation of their ligand structure. Based on dimensionality, 

QSAR methods are classified into following classes, based on the structural 

representation (Verma, Khedkar and Coutinho, 2010; Cherkasov et al, 2013). 

lD-QSAR correlating activity with molecular formula and global molecular 

properties like pKa, log P etc. 
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2D-QSAR correlating activity with two-dimensional structural formula (structural 

patterns like connectivity indices, 2D-pharmacophores etc.) without taking into 

account the 3D-representation of these properties 

3D-QSAR correlating activity with non-covalent interaction fields (conformation-

dependent) surrounding the molecules 

4D-QSAR additionally including ensemble of ligand configurations in 3D-QSAR 

5D-QSAR explicitly representing different induced-fit models in 4D-QSAR 

6D-QSAR further incorporating different solvation models in 5D-QSAR 

The most commonly used mathematical technique in classical QSAR work is 

multiple regression analysis. In the classical QSAR studies, biological activities of 

ligands with atomic, group or molecular properties have been correlated. 

2.1.1.1 Comparative Molecular Field Analysis (CoMF A) 

Three-dimensional quantitative structure-activity relationships 

(3D-QSAR) were developed. 3D-QSAR approaches attempt to map a receptor surface 

by analyzing a QSAR equation for noncovalent interactions of the different positions 

of substitution of ligands (Kubinyi, 1993(a)). Comparative molecular field analysis 

(CoMF A) is one of the most popular 3D-QSAR methods used to investigate the 

structural requirements of ligands to improve the biological activity. The idea 

underlying the CoMF A methodology is that differences in biological activity are often 

related to differences in the magnitudes of molecular fields surrounding the 

investigated receptor ligands (Bordas, Komives and Lopata, 2003). Receptor binding 

is directly proportional to the biological activity (Verma, Khedkar and Coutinho, 

2010). CoMFAs describe 3D structure activity relationships in a quantitative manner. 

Two observations were decried as (1) the interactions at the molecular level which 

produce an observed biological effect are usually non-covalent; and (2) molecular 

mechanics force fields, most of which treat noncovalent (non-bonded) interactions 

only as steric and electrostatic forces, can account precisely for a great variety of 

observed molecular properties (Cramer, Patterson and Bunce, 1988). The CoMF A 

approach uses in its standard implementation only steric forces (Lennard-Jonesas 

potential shown in equation 2) and electrostatic forces (Coulomb potentials as shown 

in equation 3) (Cramer, Patterson and Bunce, 1988) as shown in Figure 2.2. In close 

proximity to the surface of the atoms both potentials have very steep slopes. They 
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approach infinite values if the atom positions of two molecules overlap. To avoid this, 

arbitrary cut-offs are defined and all larger positive (or negative) values are set to these 

cut-off values. 

(2) 

Evdw =van der Waals, interaction energy, rij = distance between 

atom i of the molecule and the grid pointj where the probe atom is located; Aij and Bij 

are constants that depend on the van der Waals, radii of the corresponding atoms. 

(3) 

Ee = coulomb interaction energy, qi =partial charge of atom i of 

the molecule, C}j = charge of the probe atom, D = dielectric constant, fij = distance 

between atom i of the molecule and the grid point j, where the probe atom is located 

E(r) 

i 
Leonard·Jones 
potential 

cut-off value 

Coulomb 
potential 
(ldeo1lcal charges) 

Figure 2.2 Electrostatic and steric fields in Co MF A studies are calculated from 

Coulomb and Lennard-Jones potentials, respectively 

Resource: Kubinyi (1998) 
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The process of CoMF A as shown in Figure 2.3, the 3D-structure of 

ligands was sampled at the intersections of a 3D-lattice to calculate the steric and 

electrostatic interactions fields between the compounds of interest, and a "probe atom" 

placed at the various intersections of a 3D-lattice (Cramer, Patterson and Bunce, 

1988). Then, QSAR models were set up using partial least squares (PLS) (an iterative 

regression method that produces its solutions based on linear transformation of a large 

number of molecular descriptors to a small number of new orthogonal terms of 

molecular descriptors) using cross-validation to maximize the likelihood that the 

results have predictive validity (Cramer, Patterson and Bunce, 1988; Clark et al, 

1990). A cross-validated r2 (r2 
cv or q2

) or predictive ability much be higher than 0.6 as 

shown in equation 4 was used to determine the performance of QSAR models. 

r2 2 = l-(PRESS) = l 
cv'q SSY 

L (y exp - Y proo Y 
L (Y exp - Y mean ,exJ

2 (4) 

Where Yexp is experimental biological activity, Ypred is predicted 

biological activity and Ymean,exp is average experimental biological activity. Finally, 

graphic presentation of QSAR results, as contoured three-dimensional coefficient plots 

we:re derived to determine the structural requirements of ligands to ing>rove their 

biological activity. 
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LATTICE 

EQUATION 

Bio - y + a x S001 + b x SOD2 + .. ~.. + .m x S1198 + n x EOOf 
*" ...... + zx El/98 

Figure 2.3 Standard Co MF A process 

Resource: Cramer et al. (1988) 

2.1.1.2 Comparative molecular similarity indices analysis (CoMSIA) 

Comparative molecular similarity indices analysis (CoMSIA) was 

developed to solve the problems from CoMF A method (Klebe, Abraham, and 

Mietzner, 1994). In CoMFA method, the Lennard-Jones potential is very steep close to 

the van der Waals surface and the potential energy expressed at grid points in the 

proximity of the surface changes dramatically. It is likely that values from this region 

display significant descriptors in a QSAR. CoMSIA method was developed to 

compute property fields based on similarity indices of drug molecules that have been 

brought into a common alignment. The fields of different physicochemical properties 

use Gaussian-type distance dependence and no singularities occur at the atomic 

positions. The most important advantage of the CoMSIA fields is their 'smooth' 

nature (Figure 2.4). The slopes of the underlying Gaussian functions are not as steep as 
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the Coulomb and Lennard-Jones potentials; therefore, no cut-off values need to be 

defined. Moreover, additional molecular descriptors were added to gain insight into 

the crucial structural requirement of ligands. Similar to the usual CoMF A approach, a 

data table has been constructed from similarity indices calculated via a common probe 

atom which is placed at the intersections of a regularly spaced lattice. A grid spacing 

of 1 A has been used throughout this study. Similarity indices A F , k between the 

compounds of interest and a probe atom, systematically placed at the intersections of 

the lattice, have been calculated according to (e.g. , at grid point q for molecule j of the 

data set) . 

E(r) 

l 

0 

Lennard-Jones 
potential with 
CoMFA cut-off 

Coulomb 
potential with 
CoMFA cut-off 

~ 
r 

Figure 2.4 Bell-shaped Gaussian functions of CoMSIA fields 

Resource: Kubinyi (1998) 

Aq ( ·)- fi -ar;! 
F,k } - - L.t W probe,k Wi ,k e 

i=I 

(5) 

Where i = summation index over all atoms of the molecule j under investigation; 

Wi,k = actual value of the physicochemical property k of atom i ; Wprobe,k = probe atom 

with charge + 1,radius 1 A, and hydrophobicity +l; a= attenuation factor; and 

riq = mutual distance between probe atom at grid point q and atom i of the test 

molecule. 
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2.1.2 Structure based drug design (SBDD) 

Structure based drug design (SBDD) is the drug design approaches that used 

an experimental 3D structure available. There are many available structure based drug 

design approaches used to rational design potential drug. This works, molecular 

docking calculations and molecular dynamics (MD) simulation combined with binding 

free energy calculations were applied. 

2.1.2.1 Molecular docking calculations 

Molecular docking calculations is a simple structure based drug 

design (the use of three-dimensional structural information gathered from biological 

targets) that among the most frequently used SBDD strategies (Kalyaanamoorthy and 

Chen, 2011). This method can go hand in-hand with major phases of drug discovery 

that ideally exhibit some degree of potency and specificity against the target. There are 

three important steps of docking, target identification, binding site recognition and 

scoring function, respectively. 

1) Target site identifications 

A typical molecular docking method begins with the 

identification and validation of the drug binding target structure (Kalyaanamoorthy 

and Chen, 2011 ). The choice and preparation of the structural model of a drug targeted 

binding site are important variables (Kitchen et al., 2004). Normally, the information 

of drug binding site was derived from experimental methods such as X-ray 

crystallography or NMR techniques. However, some of drug binding targets are no 

experimentally determined structures. Computational modeling approaches, such as ab 

initio modeling, threading and comparative modeling can be used to predict 3D 

structures of drug binding targets. 

2) Binding site recognition 

The drug binding site is a small region, where ligands can best 

fit or bind to activate the target and produce the desirable effect (Kalyaanamoorthy and 

Chen, 2011 ). In molecular docking approaches, conformation search is especial step to 

find best fit binding mode of ligand. Docking algorithms are methods to sampling the 

orientation of ligand in the binding site. There are three types of docking algorithms. 

There are different levels of approximation in docking. The basic approximations in 

docking algorithms are flexible ligand-search docking (very popular approaches) and 

• 
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flexible protein docking, respectively. A list of widely used docking algorithms 

categorized according to the conformational search methodology is provided in Table 

2.1 (Sousa, Fernandes and Ramos, 2006). Two types of docking algorithms, 

systematic and random/stochastic search algorithms are wildly used to develop 

docking programs. Listed docking programs with different docking algorithms were 

summarized in Table 2.2. 

Table 2.1 Types of flexible-ligand and flexible receptor search algorithms 

Flexible-ligand docking Flexible-protein docking 

(flexible-rigid docking) (flexible- flexible docking) 

1. Systematic Molecular dynamics (MD) 

1.1 Conformational Monte Carlo (MC) 

1.2 Fragmentation Rotamer libraries 

1.3 Database Protein-ensemble grids 

2. Random/stochastic Soft-receptor modeling 

2.1 Monte Carlo (MC) 

2.2 Genetic algorithm (GA) 

2.3 Tabu Search 

3. Simulation methods 

3.1 Molecular dynamics (MD) 

3.2 Energy minimization 

Resource: Sousa, Fernandes and Ramos (2006) 
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Table 2.2 Examples of docking programs with conformational search 

algorithms 

Systematic Random/Stochastic 

eHiTS AutoDock 

FRED Gold 

Surflex-Dock PRO LEADS 

DOCK EADock 

Glide ICM 

EUDOC LigandFit 

FlexX Molegro Virtual Docker 

Hammerhead CDocker 

Flog GlamDock 

SLIDE PLANTS 

ADAM MolDock 

MOE Dock 

Resource: Ferreira et al. (2015) 

3) Scoring function 

To select the best fit binding mode of ligand in the receptor 

binding pocket, molecular docking program used scoring functions to estimate the 

binding-mode prediction (binding energetics), relative affinity ranking, and/or 

estimation of absolute binding free energy of the predicted ligand-receptor complexes 

(Ferreira et al., 2015; Foloppe and Hubbard, 2006; Sousa, Fernandes and Ramos, 

2006; Meng et al., 2011). The purpose of the scoring function is to delineate the true 

ligand binding modes from incorrect ligand binding modes, or binders from inactive 

compounds in a reasonable computation time (Meng et al., 2011; Sousa, Fernandes 

and Ramos, 2006). Estimating binding free energies accurately is a time-consuming 

process (Brooijmans and Kuntz, 2003). In docking program, fast and highly efficient 

methods to discriminate the ligand-protein binding affinity are required simplified 

scoring functions. Therefore, scoring function for docking studies has led to a number 

of different functions that can be divided into three main classes, namely force-field 
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based scoring functions , empirical methods, and knowledge-based potentials. The 

listed of docking with programs with different docking scoring functions were 

summarized in Table 2.3. 

Table 2.3 Scoring functions implemented in widely used molecular docking 

programs 

Force-field based Empirical Knowledge-based 

DOCK AutoDock SMoG 

AutoDock GlideScore DrugScore 

GoldScore Chem Score PMF Score 

ICM X Score MotifScore 

LigandFit F Score RF Score 

Molegro Virtual Docker Fresno PESD SVM 

SYBYL G-Score SCORE PoseScore 

SYBYL D-Score LUDI 

MedusaScore SFCscore 

HYDE 

LigScore 

PLP 

Resource: Ferreira et al. (2015) 

4) Docking programs 

The most commonly used docking programs as shown in Figure 

2.5 are Autodock (25.87%), GOLD (16.69 %) and Glide (14.91 %), respectively 

(Chen, 2015). Therefore, three of most used docking programs were selected to predict 

the binding modes of ligands into the binding site in this study. In addition, MOE 

docking program was used. 
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Autodock 
GOLD 
Glide 
FlexX, Flex-Ensemble ( FlexE) 
Surflex-Dock 
FITIED 
Autodock vina 
MOE 
HADDOCK 
ICM 
LigandFit 
Others 

25.87% 

Figure 2.5 All docking publications from 1990 to 2013 

Resource: Chen (2015) 

4.1) Autodock 

Autodock program uses a Lamarckian genetic algorithm 

(LGA) as the docking algorithm to generate ligand orientations in the active site of 

receptors. This program was developed to provide an automated procedure for 

predicting the interaction of ligands with biomacromolecular targets (Morri et al. , 

2001). A semi-empirical free energy force field to evaluate conformations during 

docking of Autodock was used. The force field evaluates binding of ligand in the 

active site in two steps as shown in. Figure 2.6. The ligand and receptor start in a 

receptor-ligand unbound state. In the first step, the intramolecular binding energetics is 

estimated for the transition from these unbound states to the ligand and protein in the 

bound state. The second step then evaluates the intermolecular energetics of 

combining the ligand and protein in their bound stage (Huey et al. , 2007(b); Olson et . 
al. , 201 2). The docking scoring function of Autodock program divided into six pair-

wise evaluations (V) and an estimate of the conformational entropy lost upon binding 

(~Sconf) as shown in equation 6. 



ligand unbound 
ir1lrarno~lar 

m 
ligand bound ' 

intramolecular ~ 

protein bound 
lntramolecular 

bound intermolecular 

Figure 2.6 Force field evaluates binding in two steps. The ligand and protein 

start in an unbound conformation 

Resource: Huey et al. (2007(b)) 
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(6) 

Where L refers to the "ligand" and R refers to the "ligand 

receptor" in a ligand-protein docking calculation. Each of the pair-wise energetic 

terms (ligand-ligand, receptor-receptor and receptor-ligand) includes evaluations for 

dispersion/repulsion, hydrogen bonding, electrostatics, and desolvation terms as 

shown in equation 7. 

'°'(A.. B.J '°' ( {C DJ V = Wwtw ~;· r,'; - r~ + Whbond ~;· Et r.'; + r1~ + 
, I I) , I) I) 

W " qiqj w rs v s v \J-r,Jt ui) 
elec L.J

1

_ 

1
_ ~ + solv ~ i j + j i ;e 

. evij Tij (7) 

The weighting constants W were optimized to calibrate the 

empirical free energy in a set of experimentally determined binding constants (Huey et 

al , 2004). The intermolecular potentials were calculated by summations over all pairs 

of ligand atoms, i, and protein atoms, j, as a function of their distances (r). The 

dispersion/repulsion energy (van der Waal's interaction energy), first term is a typical 

6/12 potential for dispersion/repulsion interactions. The parameters of 
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dispersion/repulsion energy term (A and B) are based on the Amber force field. 

AMBER force field energy functions were designed to determine potential energy of 

two atoms in the gas phase, which is only one component of the free energy change in 

a receptor-ligand binding process (Liu and Wang, 2015; Weiner et al., 1984). The 

second term is a directional hydrogen bond interaction term based on a 10/12 

potential. The hydrogen bond parameters (C and D) are assigned to give a maximal 

well depth of 5 kcal/mol at l.9A for hydrogen bonds with 0-H and N-H, and a well 

depth of 1 kcal/mol at 2.5A for hydrogen bonds with (S-H) (Goodford, 1985). The 

function E(t) is a function of the angle (t) of the probe atom away from the ideal 

position for hydrogen bonding (Huey et al., 2004). The third term is a screened 

Coulomb potential for electrostatics with a distance-dependent dielectric screening 

(s).Where qi and qj are the atomic charges of ligand atom i and receptor atom j. The 

radial permittivity function, s(rij ) is usually set to 4rij , reflecting the screening effect 

of water on electrostatic interactions (Mehler and Solmajer, 1991; Huang and Zou, 

2010). The final term is a desolvation potential based on the volume of atoms (V) that 

surround a given atom and shelter it from solvent, weighted by the solvent-accessible 

surfaces of ligand (Si) and receptor (Sj); and an exponential term with distance

weighting factor cr=3.5A (Huey et al., 2007(b); Forli and Olson, 2012). 

The entropy of ligand binding (~Sconr) in receptor is 

included to account for the loss of degrees of freedom upon binding, which is 

proportional to the number of sp3 bonds in the ligand CNtor) (Huey et al., 2007(b); Forli 

and Olson, 2012). 

(8) 

The number of rotatable bonds includes all torsional degrees 

of freedom, including rotation of polar hydrogen atoms on hydroxyl groups and the 

like. 

4.2)GOLD 

Genetic Optimisation for Ligand Docking, GOLD docking 

program is an automated ligand docking used a genetic search algorithm based search 

method for generating ligand poses and allows for full ligand flexibility (Jones et al., 
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1995; 1997; Sousa et al. , 201 3). GoldScore, ChemScore, Astex Statistical Potential 

(ASP), and Piecewise Linear Potential (PLP) were developed ad scoring functions to 

estimate the binding affinity of ligand in the active site of receptor. 

The GoldScore fitness function is the original scoring 

function provided with GOLD. The Goldscore fitness function, a molecular

mechanics-like function has four components as shown in equations 9. 

GoldScore fi tness= Shb _ex1 + Svdw _ ext + Shb_int + Svdw _int (9) 

where Shb_ext is the receptor- ligand hydrogen-bond score 

and Svctw_ext is the receptor- ligand van der Waals score. S11b_int is the contribution to the 

Fitness due to intramolecular hydrogen bonds in the ligand; Svctw_int is the contribution 

due to intramolecular strain in the ligand. Normally, the best result is obtained by 

letting the internal hydrogen bonding (S1ib_int) tend to zero. Therefore, the Goldscore 

fitness was calculated from equation 10. 

GoldScore fitn ess= ~( :r -~f) + ~ [(E"' + E •• )-(E""' + E_ )] + 

{ '°' (c. D .. ) " 1 [ n r1 )i]} L.J 1
1

~ - --f + L.J - V 1 + - cos~nlco 
ligand r.ij - r ij ligand 2 lnl (10) 

The frrst term, complexed van der Waals score was 

determined from the placement of the ligand into the active site of the receptor, a 4-8 

potential with linear cut-off (Jones et al. , 1997). Where complexed van der Waals 

score was the energy of interaction between two atoms (ligand atom I and receptor 

atom j) and ru was the distance between them. The parameters A and B were the 

pairwise interaction, which it is much softer than the standard 6-12 potential. 

Complexed van der Waals score was zero for the interaction between a donor 

hydrogen atom and an acceptor, while the distance between the donor and acceptor is 

scaled by a factor of 1.43. 

Second term, hydrogen bond energy was obtained for the 

complex. This . energy was the sum of all individual bond energies found from all 
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combinations of ligand donor hydrogen atom and receptor acceptor and all 

combinations ofligand acceptor and receptor donor hydrogen atom (Jones et al. , 1995; 

1997). The hydrogen-bond energy between a donor and an acceptor is an important 

component of the fitness function since each hydrogen-bonding pair contributes to the 

overall energy of binding. Initially the donor (d) and the acceptor (a) are in solution 

but on coming together (da) water (w) is stripped off. 

The last term is the internal energy term included the ligand 

van der Waals score and torsional energies. The steric energy was determined using a 

6-12 potential. The energy of association between two molecules can be represented 

using a Lennard-Jones 6-12 potential, where the second term accounts for the 

attractive dispersion energy between two molecules. C and D parameters were 

calculated as the pairwise interactions. 

The ChemScore fitness function incorporates a term, ~G, 

that represents the total free energy change that occurs on ligand binding and was 

trained by regression against binding affinity data for 82 complexes (Eldridge et al. , 

1997; Baxter et al., 1998). The ChemScore fitness function also incorporates a protein

ligand atom clash term and an internal energy term. ChemScore takes account of 

hydrophobic-hydrophobic contact area, hydrogen bonding, ligand flexibility and metal 

interaction. The empirical scoring function can be written in the form equation 11 

~G/ipoL IL J(rlL )+~GrotHrot (11) 

The ~G coefficients are unknown and will be obtained by 

multiple linear regression. The hydrogen bond term, Ing1g2, is calculated for all 

complementary possibilities of hydrogen bonds between ligand atoms, i, and receptor 

atoms, I. The functions g1 and g2 are of the same form as used by Bohm as shown in 

equation 12 and 13: 
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0 

1 if !:M ~ 0.25A 

g 1 (~r )= 1-(~r -0.25) / 0.4if0.25A ~ & ~ 0.65A (12) 
0 

0 if&> 0.65A 

(13) 

~r is the deviation of the H ... O!N hydrogen bond length 

from 1.85 A and ~a is the deviation of the hydrogen bond angle N/0-H .. . O!N from its 

ideal value of 180°. The hydrogen-bond term is computed as a sum over all possible 

donor-acceptor pairs (Equation 14) 

all donor-acceptor pairs 

(14) 

Where r is the ideal hydrogen ... acceptor (H ... A) distance in 

A (Default value is 1.85 A). ~r is the absolute deviation of the actual H ... A separation 

from r. &ideal is the tolerance window around the H ... A distance, r, within which the 

H-bond is regarded as ideal. This value was set at 0.25. &max is The maximum 

possible deviation from the ideal distance; above this, the interaction is not regarded as 

an H-bond. The default value was set as 0.65. crr is the Gaussian smearing sigma 

associated with this term (0.1). a is the ideal D-H . .. A angle (in degrees) (Default is 

180 degree). The absolute deviation (~a) of the actual D-H ... A angle from a was 

calculated for each H-bond. ~aideal is the he tolerance window around the D-H ... A 

angle, a , within which the H-bond is regarded as ideal (30 degree) . ~amax is the 

maximum possible deviation from the ideal D-H ... A angle; above this, the interaction 
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is not regarded as an H-bond (80 degree). cra is the e Gaussian smearing sigma 

associated with this term (10.0). B'* is the sum of all possible values for a given 

hydrogen bond. f3 is the ideal H ... A-X angle (in degrees) (default is 180 degree). ~f3 is 

the absolute deviation of the actual H ... A-X angle from f3. ~f3 i ctea l is the tolerance 

window around the H ... A-X angle, f3 , within which the H-bond is regarded as ideal at 

70 degree. ~f3max is e maximum possible deviation from the ideal H ... A-X angle; 

above this, the interaction is not regarded as an H-bond (80 degree). cr13 is the Gaussian 

smearing sigma associated with this term (10). The metal-binding term in ChemScore 

is computed as a sum over all possible metalion ... acceptor pairs defined in equation 

15 

p metal = L L B(r aM ' R idea/' Rm ax 'a metal ) 
al/ ligand acceptors all protein meta/ 

(15) 

raM is the actual acceptor-metal distance (in A) that 

calculated for each acceptor-metal pair. Ricteal is the ideal acceptor-metal distance. This 

default was set at 2.6 A. Rmax is the maximum acceptor-metal distance to be 

considered a binding interaction (3.0 A). crmetal is Gaussian smearing sigma associated 

with this term (0.1 ) . The lipophilic term (equation 16) is defined in a similar way: 

~ipo = L L B~il' Ridea/ 'Rm ax ' alipo ) (16) 
al/ ligand lipophilicatoms all proteinlipophilicatoms 

r11 is the actual distance (in A) betbeen the pair of lipophilic 

atoms that calculated for each atom-atom pair. Ricteal is the ideal acceptor-metal 

distance. This default was set at 4.1 A. Rmax is the maximum acceptor-metal distance 

to be considered a binding interaction (7.1 A). cr1ipo is Gaussian smearing sigma 

associated with this term (0.1). The following formula is used to estimate the entropic 

loss that occurs when single, acyclic bonds in the ligand become non-rotatable upon 

binding in equation 17: 

(17) 
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Nrot is the number of frozen rotatable bonds in the ligand 

(The expression is deemed to have a value of zero if there are no rotatable bonds in the 

ligand. Pn1(r) and P' n1(r) are the percentages of non-hydrogen atoms on either side of 

the rotatable bond that are not lipophilic. P ni(r) and P' ni(r) are 30% and 10%, 

respectively. 

The Astex Statistical Potential (ASP) fitness function is an 

atom-atom distance potential derived from a database of protein-ligand complexes and 

can be compared to other knowledge-based scoring potentials. ASP score (Equation 

18) incorporates some ChemScore terms that can be rewritten as (Mooij and Verdonk, 

2005) 

Asp( .. )=-1 cobs(i,j,r) 
z,J, r n '=So 

(cobs (i, j, r')) :'=60 
(18) 

Defining Cobs (i,j,r), the volume-corrected density of 

observations at distance r for the atom types i andj is equation 19. 

(19) 

The fraction of available volume for a protein atom type i is 

calculated as the fraction of non-protein grid points at distance r, averaged over all 

protein atoms of type i that are within 8.0 A of a ligand atom, in all complexes in the 

database in equation 20. 

(20) 

The ligand volume correction is calculated similarly, 

averaging over all ligand atoms of type j in all complexes in equation 21. 
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. gridpts'otal (r )- gridpts':rotein (r) 
J; (1' r) = J .d tiotal ( ) J grz p 

1 
r 

(21) 

Piecewise Linear Potential (CHEMPLP) uses the 

ChemScore hydrogen bonding term and multiple linear potentials to model van der 

Waals and repulsive terms. CHEMPLP is empirical fitness functions optimized for 

pose prediction in equation 22 and 23. 

fl [
WPLP · f PLP + Wiig-clash · /i;g-clash + Wiig-tors · /i;g-tors +) 

tnessPLP =-
fchem-rov + wprot . fehem-prot + WCOllS. Icons 

(22) 

fitnessCHEMPLP = fitnessPLP -(f chem-hb + f chem-cho + fc11em-me1 ) (23) 

In both cases, the f PLP is used to model the steric 

complementarity between protein and ligand, while for CHEMPLP additionally the 

distance- and angle-dependent hydrogen and metal bonding terms from ChemScore 

are considered (fchem-hb, fchem-cho and fchem-met). The internal score of the ligand consists 

of the heavy-atom clash potential (flig-ctash) as well as the torsional potential used 

within ChemScore (flig-tors). Both fitness functions are capable of covalent docking 

(fchem-cov), considering flexible side-chains (fchem-prot) and explicit water molecules as 

well as handling constraints (fcons). 

4.3) Glide 

Grid-based ligand docking with energetics, Glide was 

developed to perform as close to an exhaustive search of the positional, orientational, 

and conformational space. This program used a series of hierarchical filters to search 

for possible locations of the ligand in the binding site of receptor. The shape and 

properties of the receptor in docking procedures are represented on a grid. Initial 

ligand conformations are selected from an exhaustive enumeration of the minima in 

the ligand. Docking poses that pass these initial screens enter the final stage of the 

algorithm, which involves evaluation and minimization of a grid approximation to the 

OPLS-AA non bonded ligand-receptor interaction energy. There are three different 

choices of docking precision in Glide docking .Glide offers the full range of speed vs 

. . 
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accuracy options of docking scoring functions, from the high-throughput virtual 

screening (HTVS), to the standard precision (SP) mode, to the extra precision (XP). 

These scoring functions in Glide are specifically designed to bring speed, efficiency, 

and accuracy to lead discovery efforts at different numbers of ligand databases as 

shown in Figure 2.7. Glide scoring is the empirically based ChemScore function, 

which can be written as equation 24 

(24) 

The summation in the second term extends over all ligand

atom/receptor-atom pairs defined by ChemScore as lipophilic term. The third term 

extends over all ligand-receptor hydrogen-bonding interactions. f, g, and h are 

functions that give a full score (1.00) for distances or angles that lie within nominal 

limits and a partial score ( 1. 00-0. 00) for distances or angles that lie outside those limits 

but inside larger threshold values. For example, g(&) is 1.00 if the H---X hydrogen 

bond distance is within 0.25 A of a nominal value of 1.85 A but tails off to zero in a 

linear fashion if the distance lies between 2.10 and 2.50 A. Similarly, h(~R) is 1.00 if 

the Z-H---X angle is within 30° of 180° and decreases to zero between 150° and 

120°.GlideScore modifies and extends the ChemScore function as follows (Friesner et 

al., 2004(a); Halgren et al., 2004): 

b.Gbind = c lipo-lipo L f (rl r ) + c hbond-neut-neut L g(b.r )h(~a) + 

c hbond-neut-charged l:g(~r )h(~a )+ehbond-ch arged--diarged l:g(b.r )h(~a )+ 

CvdW Evc1w + solutionterms (25) 

The lipophilic-lipophilic term is defined as in ChemScore. 

The hydrogen-bonding term also uses the ChemScore form but is separated into 

differently weighted components that depend on whether the donor and acceptor are 
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both neutral, one is neutral and the other is charged, or both are charged. In the 

optimized scoring function, the first of these contributions is found to be the most 

stabilizing and the last, the charged-charged term, is the least important. The metal

ligand interaction term (the fifth term in equation 20) uses the same functional form as 

is employed in ChemScore but varies in three principal ways. 

The XP Glide scoring function is presented in equation 26. 

Ebind is defined in in equation 27 and Epenalty is defined in equation 28 (Friesner et al. , 

2006(b)). 

XP GlideScore = },'caul + },'vdW + },'bind +},'penalty 

},'bind = },'hyd- enc/osur + },'hb _ nn _ motif + },'hb _ cc _ motif + },'PI + },'hb _ pair +},'phobic _ pair 

H = },' r,· 
penalty desolv + ligand _ strain 

> u 
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(27) 

(28) 

Figure 2.7 Accuracy vs speed of calculations of different Glide scoring functions 

Resource: Glide (2010) 

. . 

. . 
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4.4) MOE 

Molecular Operating Environment (MOE) is a 

comprehensive software system for Life and Material Science developed by Chemical 

Computing Group Inc. (CCG). This program strongly supports drug design through 

molecular simulation, protein structure analysis, data processing of small compounds, 

molecular docking study of receptor and small molecules (Hongmao, 2016). The MOE 

dovking architecture consists of four major components: (1) ligand-conformation 

generation (2) optional pharmacophore filtering (3) ligand placement and scoring in 

the pocket, and ( 4) flexible receptor and ligand refinement with re-scoring (Corbeil, 

Williams and Labute, 201 2). Three ligand placement algorithms, Alpha PMI, Alpha 

Triangle and Triangle Matcher are entirely shape-based, geometrical whole molecule 

methods. 

Affinity dG scoring function, this scoring function estimates 

the enthalpic contribution to the free energy of binding using a linear function in 

equation 29: 

liG=CH LfH(r;)+CM LfM(rij )+C1 Lqiqjh(rij )+Cs Lfs (l/j ) (29) 
hbonds. i-j me/al-Jig: i-j ionic. i-j contacts: i-j 

H-bonds (fH) are between donor (i) and acceptor heavy 

atoms (j ). Metal ligations (fM) are between transition metal (i) and heteroatoms ( -0, -

N and -S) (j). Ionic contacts (f1) are between functional groups (not just ions). This 

term also includes hydrophobic interactions. Contacts (CH, CM, C, and C8 ) are between 

heavy atoms of receptor and ligand. f1 and f8 functions have 7.5 A cutoff. 

The London dG scoring function implemented in MOE 

docking to estimate the binding free energy was defined as follow 

liG = C + E flex+ LChb J;,b + Lcmfm + LW; 
h-bonds m-lig atoms i 

(30) 

Here c, chb and Cm are constants defined as average entropy 

loss/gain due to rotational/translational motion, H-bond maximum energy and metal 

ligation maximum energy, respectively. Eflex is a topological estimate of ligand 

entropy. Both fhb and fm are measures of geometric imperfections of protein-ligand 
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and metal-ligand interactions. ~Di is the desolvation energy term which is 

approximated using a volume integral London dispersion similar to that found in 

GBNI. (Corbeil, Williams and Labute, 2012). For London dG Desolvation Model 

(Wi) is calculated according to the equation 30 

(31 ) 

where A and B are the protein and/or ligand volumes with 

atom i belonging to volume B; Ri is the solvation radius of atom i (taken as the OPLS

AA van der Waals sigma parameter plus 0.5 A); and ci is the desolvation coefficient of 

atom i. The coefficients { c, chb, Cm, ci} were fitted from ~400 x-ray crystal structures 

of protein-ligand complexes with available experimental pKi data. Atoms are 

categorized into ~ 12 atom types for the assignment of the ci coefficients. The triple 

integrals are approximated using Generalized Born integral equations. 

2.1.2.2 Molecular dynamics (MD) simulations 

Molecular dynamics (MD) simulations are one of the most 

versatile, widely applied computational techniques and useful tools for the study of 

biological macromolecules and structure based drug design (Alonso, Bliznyuk and 

Gready, 2006; Hansson, Oostenbrink and van Gunsteren, 2002; Karplus and 

McCammon, 2002; Norberg and Nilsson, 2003; Durrant and McCammon, 2011; Dror 

et al., 2012; Zhao and Caflisch, 2015; De Vivo et al., 2015; Nair and Miners, 2014). 

They are very valuable for understanding the physical basis of the structure and 

function of proteins and drug with receptor at different timescales, from fast internal 

motions to slow conformational changes or protein folding processes (Snow et al., 

2005; Karplus and McCammon, 2002; Dror et al., 2012; Perilla et al., 2015). These 

simulations appear poised to exert a significant impact on how new drugs are found, 

perhaps even transforming the very process of drug discovery (Borhani and Shaw, 

2012, De Vivo et al., 2015). 

In MD simulations the forces between atoms and the potential 

energy of the system are defined by molecular mechanics biomolecular force fields. 

Molecular mechanic force field is a mathematical expression describing the 

. . 
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dependence of the energy of a system on the coordinates of its particles. This is 

obtained by solving the second-order differential equations represented by Newton's 

second law. 

+(t) = m.a.(t) = - av(x(t )) 
j i I I OX;(t) (32) 

where fi(t) is the net force acting on the ith atom of the system at a 

given point in time t, ai(t) is the corresponding acceleration, and mi is the mass. In 

equation 26, the instantaneous configuration of the system is represented by the vector 

x(t), which describes the position of the N interacting atoms in the Cartesian space (x = 

{x1, y1, z1, x2, y2, z2, ••• , xN, yN, zN}). The forces acting on each of the system atoms 

are then estimated from an equation like that shown in Figure 2.8 (Cornell et al., 2003; 

Durrant and McCammon, 2011; Gonzalez, 2011 ; Nair and Miners, 2014; Paquet and 

Viktor, 2015). These force fields are parameterized to fit quantum-mechanical 

calculations and experimental spectroscopic data such as neutron, X-ray and electron 

diffraction, NMR, infrared, Raman and neutron spectroscopy, etc (Cornell et al., 1995; 

Gonzalez, 2011; De Vivo et al., 2015; Durrant and McCammon, 2011; Nair and 

Miners, 2014). In brief, forces between atoms and the potential energy arising from 

interactions between bonded and non-bonded atoms contribute (Durrant and 

McCammon, 2011). The forces parameterization involve definition of chemical 

bonding, atomic angles and dihedral angles (that is, rotations about a bond) are 

modeled using a sinusoidal function that approximates the energy differences between 

eclipsed and staggered conformations. The determination of partial atomic charges for 

calculation of the electrostatic-interaction energies modeled using Coulomb's law, 

identification of appropriate van der Waals atomic radii modeled using the Lennard

Jones 6-12 potential. 
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Figure 2.8 An equation used to approximate the atomic forces 

Resource: Durrant and McCammon (2011) 

In Figure 2.8, the first three terms represent intramolecular 

interactions of the atoms. The first and second terms, bond stretching and bending 

contributions share the same functional form, as they are both described by harmonic 

potentials that control the length of covalent bonds with reference values req (the bond 

length at equilibrium) and 8eq (the bond angle at equilibrium) and force constants Kr 

and Ke, respectively . Reasonable values for req can be obtained from X-ray diffraction 

experiments, while the spring constant may be estimated from infrared or Raman 

spectra. Kr is the bond force constant, whereas Ke is bond angle force constant. The 

third term, dihedral angles is usually represented by a cosine function . V n is the 

improper dihedral angle . Where ~ is the torsional angle, y is the phase, n defines the 

number of minima or maxima between 0 and 2rc. 

Non-bonded interactions, fourth term represents van der Waals and 

electrostatic interactions between atoms. These contributions act on every pair of 

atoms in the system that is not already covered by the bonded counterpart. Van der 

Waals interactions between two atoms arise from the balance between repulsive and 

attractive forces . The 12-6 Lennard-Jones (LJ) potential is very often used to represent 

these interactions. A and B are are constants that depend on the van der Waals . Eis the 

effective dielectric constant. qi and Cli are the partial charges of a pair of atoms . The 

energy is expressed as an inverse power function of the distance between the 

considered atoms, Rij . 

2.1.2.3 Binding free energy calculations 

Molecular mechanics (MM) has broad applications in studying 

biological systems for its simplicity and efficiency (Wang, Hou and Xu, 2006). From a 
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medical perspective, one of the ultimate goals in CAMD method is the accurate 

prediction of ligand-binding affinities to a macromolecular target (Karaman and Sippl, 

2015; Wichapong, et al.. 2010(a); 2014(b)), which can facilitate and speed the routine 

identification of new candidates in early stage drug discovery projects (Gilson and 

Zhou, 2007; Hayes and Leonidas, 2010). Additionally traditional scoring methods, 

more sophisticated and demanding calculations of binding free energy (BFE) such as 

linear interaction energy (LIE) (Aqvist, Medina and Samuelsson, 1994), molecular 

mechanic/Poisson-Boltzmann (Generalized Born) surface area (MM-PB(GB)SA) 

(Srinivasan et al., 1998), free-energy perturbation (FEP), thermodynamic integration 

(Tl) (Kirkwood, 1935; Straatsma and McCammon, 1991) and water swap (Woods et 

al., 201 l(a); 2014(b)) have been developed. Although some studies show successful 

examples of lead optimization using FEP and TI methods (Archontis et al. , 2005; 

Pearlman, 2005; Homeyer and Gohlke, 2012), they are still rarely applied in the drug 

discovery process, mainly due to the high computational costs. Indeed, the success of 

exhilarating the use of these techniques (especially in industrial settings) depends 

mainly on the minimization of human resources for data analysis . The binding free 

energy calculations were calculated using the thermodynamics cycle in Figure 2.9. The 

binding free energies (~Gbinct) were obtained as shown in Equations (33) and (34). 

i'.\Gbind, gas 

+ 

+ 

Figure 2.9 Thermodynamic cycles for binding free energy calculations for a 

protein-ligand complex 
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D.Gbind = Geom -(Gree +G1ig) 

D.Gbinct = D.H - TD.S 

D.H = D.EMM+ D.Gsolv 

(33) 

(34) 

(35) 

Where Geom, Gree and G1ig are the free energies of the complex, 

receptor and ligand, respectively. In general, the binding free energy composes of an 

enthalpic (D.H) and an entropic contribution (-TD.S). The enthalpic contribution (D.H) 

contains the gas phase molecular mechanics energy (D.EMM) calculated with a sander 

module and the solvation free energy (D.Gsoiv) calculated with the PBSA program of 

the AMBER suite as shown in Equation (36). 

(36) 

D.EMM is divided into non-covalent van der Waals component 

(D.Evctw), electrostatic energies component (D.Eeie) and internal (bond, angle and 

dihedral) energies (D.EINT) in Equation (37). 

D.EMM = D.Evctw + D.Ee1e + D.EINT (37) 

D.Gsolv is demined from the summation of electrostatic solvation 

energy (polar contribution) and non-electrostatic solvation energy (non-polar 

contribution). The electrostatic solvation energy in this study was calculated using two 

different methods, Poisson-Boltzmann (PB) and Generalized Born (GB) methods. For 

GB methods, different GB models were developed and implemented in AMBER 

program. Therefore, different of GB salvation models, igbl, igb2, igb5, igb7 and igb8 

were selected to calculate the binding free energy in this study. The first selected GB 

model, igb 1 is GB model with parameters developed by Tsui and Case (Tsui and Case, 

2001). For two GB solvation models, igb2 and igb5 were developed. (Onufriev, 

Bashford and Case, 2004). The PB and GB solvation models were compared. The 

dielectric constant for GB calculations of implicit solvent and solute was set to 80 and 

1, respectively. The default value of solvent probe radius (1.4 A) was selected. 

. 
• 

, 
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i1Gsolv = i1Gsolv, polar (PB/GB) + i1Gsolv, non-polar (SA) (38) 

For non- electrostatic solvation energy, hydrophobic contribution 

(non-polar contribution) to the solvation free energy was estimated by calculating the 

Solvent Accessible Surface Area (SASA) with Molsurf method as shown in equation 

39. Where, y is a surface tension parameter and is a parameterized value. This work, 

defaults values of y and f3 were used. 

i1Gsolv, non-polar(SA) = y·SASA +f3 (39) 

The estimated entropy changes based on the number of rotatable 

bonds (NR0 t) of ligands have been reported. Server reported have been applied this 

estimations to get the entropy changes of compounds for docking and binding free 

energy calculations. The estimated entropy change was approximated as shown in 

equation 40 (Raha and Merz, 2004; Hayik, Dunbrack, and Merz, 2010). 

T i1SNRot = number of rotatable bonds x 1.0 kcal/mol (40) 

2.1.3 Virtual screening 

The identification of lead compounds showing pharmacological activity 

against a biological target and the progressive optimization of the pharmacological 

properties and potency of these compounds are the focal points of early-stage drug 

discovery. To this end, the pharmaceutical industry has adopted the experimental 

screening of large libraries of chemicals against a therapeutically-relevant target (high 

throughput screening or HTS) as a means to identify new lead compounds. Through 

HTS, active compounds, antibodies or genes, which modulate a particular 

biomolecular pathway, may be identified; these provide starting points for drug 

discovery and for understanding the role of a particular biochemical process in 

biology. Although HTS remains the method of choice for drug discovery in the 

pharma industry, the various drawbacks of this method, namely the high cost, the 

time-demanding character of the process as well as the uncertainty of the mechanism 
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of action of the active ingredient have led to the increasing employment of rational, 

drug design with the use of computational methods. 

Computer-aided drug discovery thought virtual screening (VS) has recently 

had important successes: new biologically-active compounds have been predicted 

along with their receptor-bound structures and in several cases the achieved hit rates 

(ligands discovered per molecules tested) have been significantly greater than with 

HTS (Lavecchia and Di Giovanni, 2013; Benod et al. , 2013; Cheng et al., 2012; 

Andricpoulo, Salum and Abraham, 2009). Moreover, while it is rare to deliver lead 

candidates in the nM regime through VS, several reports in the recent literature 

describe the identification of nM leads directly from VS; these strategies will be 

discussed herein (Heifetz et al., 2013; Schroder et al., 2013; Kolb et al., 2009). 

Therefore, computational methods play a prominent role in the drug design and 

discovery process within the context of pharmaceutical research. 

Virtual screening (VS) is a powerful technique for identifying hit molecules 

as starting points for medicinal chemistry. VS is a detailed, knowledge-driven, 

compound database searching approach that attempts to find novel compounds and 

chemotypes with a required biological activity as alternatives to existing ligands or 

sometimes to make first inroads into finding ligands for unexplored putative drug 

targets for which crystal structures, solution structures or high confidence homology 

models are available. VS is a knowledge-driven approach. The quality and the amount 

of information regarding the system under inspection is a critical factor when 

designing a computer-assisted drug design experiment (Klebe, 2006). Knowledge 

about the substrates may be the starting point to retrieve similar compounds by 2D/3D 

similarity or pharmacophore searches. In cases where the target structure is available, 

docking methods that sample ligand poses with respect to the receptor binding site can 

be used. An available VS methodologies and to categorize them into various groups 

were summarized in Figure 2.10 and Table 2.4 (Cheng et al., 2012; Muegge and Oloff, 

2006; Gohlke and Klebe, 2002; Ripphausen, Nisius and Bajorath, 2011; Sun, 2008; 

Kar and Roy, 2013; Bielska et al., 2011; Lionta et al., 2014). 

.. 
• 
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Figure 2.10 Schematic representation of commonly practiced VS process 

Resource: Kar and Roy (2013) 
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Table 2.4 Classification of virtual screening methods based on the amount and 

type of information available about the system under inspection 

Known ligand(s) Unknown ligands 

Known structure of target or structure-based virtual screening: de novo structure-based virtual 

close homologue protein-ligand docking screening: protein-ligand docking 

Unknown target structure ligand-based virtual screening: virtual screening cannot be applied 

few ligands: similarity searches 

several ligands: pharmacophore 

searches 

Resource: Bielska et al. (2011) 

2.1.4 Quantum chemical calculations 

2.1.4.1 Brief overview of quantum chemical methods 

Solving the Schrodinger equation for a molecule is a very complex 

problem. There are many degrees of freedom involved: for a molecule with N nuclei 

and n electrons we have 3(N + n) variables. The general strategy is based on the 
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principle of divide and conquers! This means divide the large problem into several 

smaller problems, which can be solved separately. This general theme is repeated 

many times throughout the quantum chemistry. As we will see, some errors are always 

introduced by dividing the system, but those can be subsequently corrected after the 

smaller, easier problems are dealt (Hehre, 2003, Kubeika, 2014). 

2.4.1.2 Quantum mechanics and the Schrodinger equation 

Computational quantum chemistry is concerned with predicting the 

properties of atomic and molecular systems. It is based upon the fundamental laws of 

quantum mechanics and uses a variety of mathematical transformation and 

approximation techniques to solve the fundamental equations (Szabo and Ostlund, 

1989). 

The quantum mechanical system is completely described by its 

wave function 'I'. The product of 'I' with its complex conjugate ('l'*'I', often written as 

1'1'12
) is interpreted as the probability distribution of the particle. For this reason 1'1'12 

has to be normalized to 1. The wave function is found by solving the Schrodinger 

equation: 

fI lj/(r) = E lf/(r) (41) 

where E is the energy of the particle, and is the Hamiltonian 

operator: 

A n,2 2 A( ) 
H=--V +V r 

2m 
(42) 

m is the mass of the particle, (Planck's constant divided by 2n, 1s 

the potential field in which the particle is moving and is the Laplacian operator: 

For a molecular system, the wave function 'I' is a function of the 

positions of the electrons and the nuclei within the molecule, which we will designate 

as rand R, respectively. 

'I'= 'l'(r,R) (43) 

" • 

. 
• 
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These symbols are ashorthand for the set of component vectors 

describing the position of each particle. We'll use subscripted versions of ri and R1 to 

denote the vector corresponding to a particular electron i or nucleus I. Note that 

electrons are treated individually, while each nucleus is treated as an aggregate; the 

component nucleons are not treated individually. 

electrons 1i 2 nudei 1i 2 electrons nudei z e '2 nudei z z e '2 elearons e '2 
H= - L -v; -"L-v~ - L 'L-1- + L i J + L -

; 2me 1 2M1 ; 1 ril I<J ru i<J ri/ 
(44) 

where: ru = jr; -R1 i, ru = IR1 -RJI, ri/ =Ir; -rJI , e'=el47r&
0

, e 

is elementary charge an<.t0 vacuum permittivity. 

In the above equation, the individual terms represent, respectively: 

kinetic energy of electrons, kinetic energy of the nuclei, electron-nuclear attraction, 

nuclear repulsion, electron repulsion. 

The fundamental equations of quantum chemistry are usually 

expressed in atomic units, introduced at the beginning. In atomic units the Schrodinger 

equation simplifies 

electrons 1 nudei 1 electrons nudei z nudei z z electrons 1 
H=- L -v; - "L-v~- L 'L-1 + L_1_ J + L - (45) 

; 2 I 2M1 ; I ril I<J ru i<J ri/ 

2.4.1.3 Linear combination of atomic orbitals 

Linear combination of atomic orbitals (LCAO) is a simple method 

of quantum chemistry that yields a qualitative picture of the molecular orbitals (MOs) 

in a molecule. The overall wavefunction of molecule (\{') is treated as a product of 

molecular orbitals (\jf): 

(46) 

One-electron molecular orbitals \jf are built up as linear combinations 

of atomic orbitals cj> according to 

N 

</J = L a ;lf/; 
i=I 

(47) 
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In the LCAO approximation, each MO is treated as being made up of 

the A Os of the atoms in the molecule. The set of N atomic-orbital basis functions <l>i is 

called the "basis set" and each "basis function" has associated with it some coefficient ai 

for any given MO. Use the variational principle to find the optimal coefficients. For a 

given one-electron orbital, two orbitals are permitted to interact then the general 

expression for the molecular orbital expressed as a linear combination of atomic orbitals. 

(48) 

The expression for E now becomes : 

(49) 

Hij and Sij are "resonance" and "overlap" integrals. Hamiltonian matrix 

element is define by 

integrals. 

H 11 = J <AH¢1dv 

H12 = f ¢1H¢2dv = H21 

Overlap matrix element is define by 

S11 = f ¢1¢1dv = 1 

S12 = f ¢1¢2dv = S21 

(50) 

(51) 

Note the symmetry H12 = H21 and S12= S21 in these matrix elements or 

Secular equations can be defined as: 

(H11 - E)c1 + (H12 - ES12 )c2 = 0 

(H21 -ES21 )c1 +(H22 -E)c2 =0 
(52) 

. 
• 
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These equation have a "trivial" and useless solution c1= c2 = 0. The 

condition that there should exist a nontrivial solution of these equations is that the secular 

determinant should be zero: 

(53) 

Everything in this equation is a known number except E. The equation 

is therefore an equation for E. In the present case where the molecular orbital was a linear 

combination of just two atomic orbitals it is a quadratic equation and has two solutions for 

E. These two values of E are the molecular orbital energies. We always get the same 

number of molecular orbitals as atomic orbitals we start with. 

If we multiply out the secular determinant we obtain: 

(H11 -E)(H22 -E)-(H12 -ES,2 )(H21 -ES21)=0 

E 2 -(H11 +H22 -2H12S12 )E +(H11 H 22 -H1/ ) = 0 
(54) 

which you should now be able to recognise as a quadratic equation for 

E. It has two solutions E 1 and E2. These are the two molecular orbital energies. 

These equations now have a nontrivial solution and we find the ratio 

c/ c 1 by solving them. The absolute value of the coefficients c 1 and c2 can only be found 

by using the normalization condition: 

f l//v-rdv = 1 

J (c1<A + c2¢2)Cc1¢1+c2¢2)dv=1 

c1
2 J ¢1¢1dv + c1ciJ ¢1¢2dv+ c2c1J ¢2¢1dv + c/ J ¢2¢2dv = 1 

2 2 
c1 = 2c1c2S12 + c2 = 1 (55) 

2.4.1.4 Basis set 

In quantum chemistry, the "basis set" often refers to any set of 

(usually nonorthogonal) one-particle functions used to build molecular orbitals. A 

basis set is a mathematical description of the orbitals within a system used to perform 

the theoretical calculation. Larger basis sets approximate more accurately the orbitals 
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by imposing fewer restrictions on the locations of the electrons in space (Eliav, 2016; 

Skylaris, 2016). 

1) Minimal basis sets 

Minimal basis sets contain the minimum number of basis functions 

that are needed for each atom. For example, 

H: ls . 

Minimal basis sets use fixed size atomic type orbitals. The ST0-3G 

basis set is a minimal basis set (through it is not the smallest possible basis set). It uses 

three 80 gaussian primitives per basis function ("3G"). "STO" stands for "Slater type 

orbitals", and the ST0-3G basis set approximates Slater orbitals with 80aussian functions. 

Their general definition is 

(56) 

with N being a normalization factor and Y ml being the spherical 

harmonics. 

Gaussian type orbitals (GTOs) or Gaussian type functions (GTF), 

were proposed by S.F. Boys in 1950. Linear combinations of GTO' s are used to 

approximate STOs (which are themselves approximations). STOs can be approximated as 

linear combinations of Gaussian orbitals. Gaussian type orbitals (GTOs) are defined as 

g(r,B,¢) = 2 ~(2n+l)t4r (n-l)e(-ar2 )'Yim(B,¢) 
[ 

(2n+l.5) ]0.5 

(2n-1)!/; 

Different types of basis sets use different numbers and types of 

GTOs. For the different types of basis sets were shown as below. 

2) Split valence basis sets 

(57) 

One way to increase the size of a basis set is to take more basis 

functions per atom. Split valence basis sets, such as 3-21G and 6-31G basis sets, have two 

. 
• 
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(or more) sizes of basis function for each valence orbital. For example, in the above 3-21 G 

and 6-31 G basis sets we have: 

H: ls, ls 1 

C: ls, 2s, 2s 1
, 2px, 2py, 2pz, 2px1

, 2p/, 2pz1 

Here the primed and unprimed orbitals differ in size. The double 

zeta valence basis sets form molecular orbitals from the linear combinations of two sets of 

functions for each atomic valence orbital. Similarly, triple split valence basis sets such as 

6-311 G, use three sets of contracted functions for each valence orbital type. 

3) Polarized basis sets 

Split valence basis sets could be improved by adding orbitals with 

different shapes. Polarized basis sets add orbitals with angular momentums going beyond 

of requirement for the proper description of the ground state of each atom at the HF level. 

For example, polarized basis sets add to carbon atoms and some of them add to hydrogen 

atoms. Examples for polarized basis sets are the 6- 31 G( d) and the 6-311 G( d, p) basis sets . 

4) Diffused functions 

Basis sets with additional diffuse functions are large by size 

versions of s- and p-type split valence basis sets. Diffuse orbitals occupy a larger region of 

space. Basis sets with diffuse functions are important for systems where electrons may be 

far from the nucleus. One example for diffu~e basis function is the 6-311 +G(d, p) basis 

set. The table below summarizes the number of basis functions of each and the number of 

primitive gaussian functions they are constructed of. 
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Table 2.5 summarizes the number of basis functions 

Atomic 
1-2 3-10 

number 

1 s constructed of n2 gaussians 
ls constructed of n1 gaussians 

nrn2n3n4G 
2s, 2p each constructed of n2 gaussians . 

Basis ls constructed of n3 gaussians 

function 1 s" constructed of n4 gaussians 
2s', 2p' each constructed of n3 gaussians 

2s", 2p" each constructed of n4 gaussians 

nr nrn2n3n4G basis function plus nrn2n3n4G basis function plus 

n2n3n4G(d) nothing 3d each constructed of 1 gaussian 

nrn2n3n4G basis function plus 
nr 

n2n3n4G(d,p) 
2p each constructed of nrn2n3n4G(d) basis function plus nothing 

1 gaussians 

nrn2n3n4G basis function plus 
nrn2n3n4G basis function plus 

nrn2n3n4+G 3s, 3p each constructed of 
nothing 

1 gaussian 

nrn2n3n4G basis function plus 
nrn2n3n4G basis function plus nr 

2s each constructed of 
n2n3n4++G nothing 

1 gaussian 

Resource: Eliav (2016) 
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2.2 Rational drug design procedures 

2.2.1 Rational design of anti-TB agents 

2.2.1 .1 Molecular modeling and CAMD oflnhA inhibitors 

1) Di phenyl ether derivatives 

1.1) Structure and biological activity 

Fifty-four diphenyl ether derivatives (Sullivan et al., 2006; 

am Ende et al, 2008; Freundlich et al. , 2009; Luckner et al., 2010; Pan, 2014) listed in 

Table 1 were selected for this work. Fifty-two compounds (cpd. 1-52) were used to 

build the CoMSIA model. The experimentally obtained IC50 values of each compound 

for InhA inhibition were converted to the corresponding log (1/IC50) values, and used 

as dependent variables for the QSAR model. The chemical structures of these 

compounds were constructed using standard tools available in GaussView 3.07 

program and were then fully optimized using the ab initio quantum chemical method 

(HF/3-210) implemented in the Gaussian 09 program. The compounds were divided 

into a training set of 43 compounds, and a test set of 9 compounds for model 

development and validation, respectively. The test set was randomly selected based on 

a structural diversity and wide range of activity in the data sets. 
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Table 2.6 Chemical structures and activities for lnhA inhibition of 52 diphenyl 

ether derivatives 

Cpd. R1 R2 RJ R. IC!O(nM) Log(l/IC!-0) 

1 Cl Cl H Cl 1100 5.96 

2 CHJ Cl H Cl 800 6.10 

3 CH2Cy Cl H Cl 110 6.96 

4• CH2CH3 Cl H Cl 120 6.92 

5 (CH2)2CH3 Cl H Cl 91 7.04 

6 (CH2)3CH3 Cl H Cl 55 7.26 

7 (CH2)2CH(CH3)2 Cl H Cl 63 7.20 

8 CH2CH(CH3)CH2CH3 Cl H Cl 130 6.89 

9 CH2(2-pyridyl) Cl H Cl 29 7.54 

10• CH2(3-pyridyl) Cl H Cl 42 7.38 

11 CH2( 4-pyridyl) Cl H CN 75 7.12 

12 o-CH3-Ph Cl H Cl 1300 5.89 

13 m-CH3-Ph Cl H Cl 870 6.06 

14 CH2Ph Cl H Cl 51 7.29 

15 CH2CH2Ph Cl H Cl 21 7.68 

16• (CH2)3Ph Cl H Cl 50 7.30 

17 (CH2)sCH3 H H H 11 7.96 

18 CH2CH3 H H H 2000 5.70 

19 (CH2)3CH3 H H H 80 7.10 

20 (CH2).CH3 H H H 17 7.77 

21 (CH2)1CH3 H H H 5 8.30 

22 (CH2)13CH3 H H H 150 6.82 

23• (CH2)sCH3 N02 H H 180 6.74 

24 (CH2)sCH3 H N02 H 48 7.32 

25 (CH2)sCH3 H H N02 90 7.05 

26* (CH2)sCH3 NH2 H H 62 7.21 

27 (CH2)sCH3 H NH2 H 1090 5.96 

28 (CH2)sCH3 H H NH2 55 7.26 

29 (CH2)sCH3 Br H H 10 8.00 

30• (CH2)sCH3 CFJ H H 29.7 7.53 

31 (CH2)sCH3 F H H 12. l 7.92 

32 (CH2)sCH3 I H H 44.6 7.35 

33 (CH2)sCH3 OH H H 48 7.32 

34 (CH2)sCH3 CN H H 235 .6 6.63 

35 (CH2)sCH3 Cl H H 49.5 7.3 1 

36* (CH2)sCH3 CH3 H H 50.7 7.29 

*test set 
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Table 2.6 Chemical structures and activities for InhA inhibition of 52 diphenyl 

ether derivatives (continued) 

~O~R3 
R1~ ~R4 

Cpd. R, Ri R, R., IC5-0(nM) Log(l/IC5-0) 

37 (CH2)sCHi NHCOCHi H H 1550 5.81 

38 (CH2)sCHi H H NH CON Hi 1300 5.89 

39 (CH2)sCHi NHCOC02H H H 2360 5.63 

40 (CH2)sCHi H NHCOC02H H 580 6.24 

41 (CH2)sCHi H H NHCOC202H 1930 5.71 

NHCO-
42* (CH2)sCHi H H 1220 5.91 

Jsoxazole 

CHi-N-CH3-
5.88 43 (CH2)sCHi H H 1315 

piperazine 

CH2-N-CHi-
44 (CH2)sCHi H H 306 6.51 

piperazine 

45 CH2CH2Ph H H H 144.3 6.84 

46 CH2CH2Ph CHi H H 360.1 6.44 

47 CH2Ph Cl H H 20.08 7.70 

48 CH2Ph H H H 49.6 7.30 

49 CH2Ph CHi H H 56.4 7.25 

50 CH2CH2CH20H CHi H H 4326 5.36 

51 OCH2CH20CHi H H H 253.1 6.60 

52* O(CH2)4CHi H H H 94.2 7.03 

53 CH(CHi)CHiCHi Cl H Cl 96 7.00 

54 (CH2)sCHi · CHi 0 N02 50 7.30 

*test set 

1.2) 3D-QSAR based on CoMSIA study 

The binding mode of compound 21 representing the best 

active compound for the InhA inhibition was taken from the X-ray structure (PDB 

code 2B37) (Sullivan et al., 2006) and used as a template for molecular alignment. The 

pharmacophore alignment module with the GALAHAD fit implemented in SYBYL 

8.0 program was employed to align all compounds to the molecular template. SYBYL 

8.0 molecular modeling software was then used to construct CoMSIA models (Klebe, 

Abraham, and Mietzner, 1994). Five CoMSIA descriptors including steric, 

electrostatic, hydrophobic, hydrogen bond donor and hydrogen bond acceptor fields 

were calculated using an sp3 carbon probe atom, with a formal charge of+ 1, which 
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was placed at the intersections in a grid spacing of 2 A. CoMSIA descriptors were set 

as independent variables and log (1/IC50) values were used as dependent variables in 

the partial least square (PLS) analysis to derive a linear relationship between 

molecular descriptors and activities. The cross-validation was performed using the 

leave-one-out method with a 2.0 kcal/mol column filter to minimize the influence of 

noisy columns. A final non cross-validated analysis with the optimal number of 

components was sequentially performed and was then employed to analyse the results. 

The non-cross-validated correlation coefficient (r2
) and the leave-one-out (LOO) 

cross-validated correlation coefficient ( q2
) were used to evaluate the predictive ability 

of the CoMSIA model. To estimate the predictive abilities of the best CoMSIA model, 

external validation using several statistical data was employed. According to 

Golbraikh and Tropsha (Golbraikh and Tropsha, 2002), the best CoMSIA model is 

considerably acceptable if they satisfy all of the following criteria: q2 > 0.50, r2 > 0.60, 

and 0.85:::; k:::; 1.15. 

1.3) Molecular docking calculations 

The X-ray crystal structure of diphenyl ether in complex 

with InhA (PDB code 2X23) (Luckner et al., 2010) was used as a template for 

molecular docking calculations. Two of docking programs were used to create the 

binding mode of diphenyl ether derivatives in this study. 

Docking calculations for all 54 diphenyl ether derivatives 

were carried out by the Autodock 4.02 program using Lamarckian Genetic Algorithm 

(LGA) (Morris et al., 1998). Docking parameters were used as default values, except 

for the number of docking runs, which was set to 50. The parameters of the docking 

calculations were validated by successfully reproducing the X-ray conformation of the 

ligand in the PDB structure 2X23, as well as its orientation in the binding pocket. The 

RMSD value between original and docked coordinates was lower than 1 A and 

therefore acceptable. For all 54 candidate compounds, the ligand pose with the lowest 

final docked energy was selected as the best binding mode of these potential InhA 

inhibitors. 

Molecular docking calculations using Molecular Operating 

Environment (MOE) docking program were used. The high-resolution X-ray crystal 

structure of diphenyl ether/InhA complex was obtained from Protein Data Bank (PDB 

. 
t 
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code 2X23) (Luckner et al., 2010). For molecular docking parameters, alpha PMI 

placement strategies, affinity liG scoring function and 50 run were used. 

1.4) MD simulations 

Two sets, set 1 and set2 of diphenyl ether were selected to 

perform MD simulations in this study. Set 1, six compounds (cpd. 6, 14, 21, 24, 53 

and 54) were selected to investigate the effect of R 1, R2, R3 and ~ in InhA binding 

pocket. Complex InhA structures of these compounds as generated by the previous 

docking calculations using MOE were used as initial coordinates for MD simulations. 

The AMBER12 software suite was used for all MD simulations to classically describe 

all relevant interactions within the system: InhA protein was described by the ffD3 

force field (Duan et al., 2003) while NAD+ and diphenyl ether inhibitors were 

described by the general AMBER force field (GAFF) (Wang et al., 2004(b); 2006(c)). 

All missing hydrogen atoms of InhA were added using the LEaP module. To obtain 

the partial atomic charges of diphenyl ether derivatives and NAD+, the geometry 

optimization and electrostatic potential calculation of each compound was first 

calculated at the HF/6-31G* level using the Gaussian 09 program. Then, RESP partial 

charges (Cornell et al., 1993; Bayly et al., 1993; Wang, Cieplak, and Kollman, 2000; 

Gavemet et al., 2010; Li et al., 2012) were assigned using the Antechamber module 

implemented in AMBER12. Each complex structure was solvated by TIP3P (Mahoney 

and Jorgensen, 2000) waters in a truncated octahedral box extending up to 10 A from 

each solute species. Five Na+ cations were added to neutralize the charge in each 

system. Non-bonded cut-off was set to 10 A. To relieve bad steric interactions that 

originated from addition of the water molecules and ions, the systems were first 

minimized with atomic positions of all solute species restraint (using a force constant 

of 500 kcal/mol A2
). Then, the whole systems were fully minimized without 

restraining conditions. The solvated systems were gradually warmed up from 0 K to 

300 Kin the first 20 ps followed by maintaining the temperature at 300 K during the 

last 10 ps. An integration time-step of 2 fs was used in a constant volume boundary. 

After minimization and heating, the position-restrained dynamics simulations were 

performed for 70 ps at 300 K under an isobaric condition to relax the positions of the 

solvent molecules. A weak force constant of 10 kcal/mo! A 2 restraint on solute species 

was also applied for each simulation. Then, a 5 ns production MD simulation without 
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restraints was performed on each system at a constant temperature of 300 K under 

isobaric condition. The Particle Mesh Ewald (PME) (Darden York and Pedersen, 

1993) was applied to treat the long-range electrostatic interactions with a periodic 

boundary condition during the MD simulations. The cut-off distance for the long

range van der Waals interaction was set to 8 A. The SHAKE (Ryckaert, Ciccotti, and 

Berendsen, 1977) method was applied to constrain the bond lengths of hydrogen atoms 

attached to heteroatoms. Coordinates and energy outputs during the MD simulation 

were collected every 2 ps. Finally, the root-mean-square deviations (RMSDs) of the 

InhA protein, NAD+ and diphenyl ether ligand, respectively, were analyzed along the 

MD trajectory relative to the initial structures to determine the stability of the system. 

The binding free energies were calculated to evaluate the binding affinities of di phenyl 

ether derivatives in InhA binding pocket. For set 2, MD simulations were performed 

on compounds 17, 18, 19 and 29, which are representative compounds that cover a 

wide range from highly active (17 and 29) to less active compounds (18) among the 

candidate series in this study. Compound 19 was also included in the simulations to 

represent a moderate inhibitory activity. The simulations details were similar to set 1, 

except the initial coordinate of InhA-inhibitors complexes. The initial complexed in 

set 2 were obtained from molecular docking using Autodock 4.2 program. 

1.5) Binding free energy calculation 

The free energy of binding between InhA and diphenyl 

ether inhibitors were calculated using the Molecular Mechanics Poisson-Boltzmann 

Surface Area (MM-PBSA) (Homeyer and Gohlke, 2012; Wang et al. , 2001(a), 

2006(c); Hou et al., 2011) and Normal-mode (Kaledin et al., 2011) methods. For MM

PBSA calculation, 125 snapshots were generated for each complex from the last 1 ns 

of MD trajectory with an interval of 8 ps. The entropic contribution to the binding free 

energy was estimated using normal-mode analysis with AMBER Nmode module. Due 

to a highly computational cost in the entropy calculation, the residues around the 

ligand (less than 12 A) were only considered as the receptor for normal mode 

calculations (Hou et al. , 2011; Xue et al, 2012). For this calculation, 50 snapshots were 

extracted from the last 1 ns of MD trajectory with an interval of 20 ps. 
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2) Benzofuran pyrrolidine pyrazole derivatives 

2.1) Structure and biological activities 

89 

Thirty-four benzofuran pyrrolidine pyrazole derivatives 

used for CoMF A and CoMSIA studies were identified from the published literature 

(Encinas et al. , 2014). Chemical structures and experimental biological activities in 

terms of MIC90 and IC5o values of these compounds are shown in Table 3.2. MIC90 and 

IC5o values were nominally converted into log (1/MIC90) and log (1/IC50) values for 

CoMF A and CoMSIA studies. Based on the diversity of structures and wide range of 

activities, the data set of compounds was divided into 30 training set compounds for 

final model development and 4 test set compounds for model validation. All chemical 

structures of benzofuran pyrrolidine pyrazole derivatives were constructed using the 

standard tools available in the Gauss View 3.07 program and were then fully optimized 

using the HF/6-31G method implemented in the Gaussian 09 program. The harmonic 

vibrational frequencies of the optimized geometries have also been calculated. All 

elements in the calculated Hessian matrix are positive, which indicate that the 

structures are true minima on the potential energy surface. 
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Table 2. 7 Chemical structures and activities against InhA and M. tuberculosis of 

thirty four benzofuran pyrrolidine pyrazole derivatives 

Cpd. x R1 R1 RJ ~ 
IC so MIC90 

log(l/IC5o) log(l/MIC90) 
(µM) (µM) 

1 0 H Et Me Et 0.034 8.00 7.47 5.10 

0 
2* 0 H '/~oMe Me Et 0.005 0.50 8.30 6.30 

3 0 H H Me Et 0.012 3.00 7.92 5.52 

4 0 H CH2CF3 Me Et 0.046 4.00 7.34 5.40 

5 0 H CH2CH2CH3 Me Et 0.021 15.60 7.68 4.81 

6 0 H CH2CH20Me Me Et 0.014 4.00 7.85 5.40 

7• 0 H CH2CH2C00Et Me Et 0.022 4.00 7.66 5.40 

8 0 H y,J) Me Et 0.045 4.00 7.35 5.40 

9 0 H 10 Me Et 0.040 4.00 7.40 5.40 

IO 0 H 
~CF3 

1- Me Et 0.042 16.00 7.38 4.80 

F v&F 0.009 2.00 8.05 5.70 11* 0 H Me Et 

1 
OH 
I 

0-B 
12 0 H 1J{) Me Et O.Q35 3.00 7.46 5.52 

*test set 

. . 
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Table 2. 7 Chemical structures and activities against InhA and M. tuberculosis of 

thirty four benzofuran pyrrolidine pyrazole derivatives (continued) 

Cpd. X R 1 Rz RJ Ri 
IC so MIC90 

log(l/ICso) log(l/MIC90) 
(µM) (µM) 

1i:o 13 0 H 
I~ 

Me Et 0.112 1.00 6.95 6.00 

,,,;::. 

14 0 H j~ Me Et 0.025 1.00 7.60 6.00 

15 0 H 1l0;-- Me Et 0.018 16.00 7.74 4.80 
N-o 

16 0 H 1y_)-
0 /; 

Me Et 0.009 8.00 8.05 5.10 

. -

17 0 H jtN~N_) Me Et 0.003 4.00 8.52 5.40 

N 

"> 
18 0 H N-N 

1JU 
Me Et 0.032 4.00 7.49 5.40 

19 0 H ~~ 1 0 
Me Et 0.005 1.00 8.30 6.00 

*test set 
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Table 2. 7 Chemical structures and activities against InhA and M. tuberculosis of 

thirty four benzofuran pyrrolidine pyrazole derivatives (continued) 

ICso MIC90 
log(l/IC50) Cpd. X R1 R2 RJ ~ log(l/MIC90) 

(µM) (µM) 

20 0 H J)-
'/ 0 Me Et 0.021 1.50 7.68 5.82 

0 Cycloprop 
21 0 H 1~oMe Me 0.015 1.00 7.82 6.00 

yl 

0 
22 0 H 1~oMe Et Et 0.003 0.05 8.52 7.30 

23 0 H H Et Et 0.004 0.50 8.40 6.30 

HO, 
s-o 

24 0 H y~ Et Et 0.002 0.20 8.70 6.70 

25 0 H 
N-{ 

Et Et 0.004 0.50 8.40 6.30 
~N 1 d 

26 0 H 1v Et Et 0.004 0.50 8.40 6.30 

27 0 H CH2CH20H Et Et 0.003 1.00 8.52 6.00 

28 0 H JJ 1 
Et Et 0.002 0.70 8.70 6.15 

0 
29 0 Et 1~oMe Me Et 0.005 0.70 8.30 6.15 

*test set 

. , 
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Table 2. 7 Chemical structures and activities against InhA and M tuberculosis of 

thirty four benzofuran pyrrolidine pyrazole derivatives (continued) 

Cpd. X R1 Rz RJ ~ 
ICso MIC90 

(µM) (µM) 
log(llICso) log(l/MIC90) 

0 
30 s H '/~)lOMe Me Et 0.029 1.00 7.54 6.00 

0 
31* 0 Ph Y~oMe Me Et 0.003 1.50 8.52 5.82 

0 

32 0 H '/{oMe Me Et 0.018 2.00 7.74 5.70 

OMe 

33 0 H Yjlo)( Me Et 0.007 2.00 8.15 5.70 

0 ·-
Y~N/ ' 

34 0 H Me Et 0.008 2.00 8.10 5.70 

H 

*test set 

2.2) 3D-QSAR studies based on CoMF A and CoMSIA methods 

Two biological activities against InhA enzyme and M 

tuberculosis whole cell, IC50 and MIC90 values of compounds were used to set up 

CoMFA (Crame et al., 1988) and CoMSIA (Klebe, Abraham, and Mietzner, 1994) 

models in order to evaluate the key structural features relating to the activity against 

both InhA and M tuberculosis. The predicted binding modes of training set 

compounds obtained from molecular docking calculations were used for molecular 

alignment to set up CoMF A and CoMSIA models. SYBYL 8.0 molecular modelling 
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software was used to run CoMF A and CoMSIA models. Partial least square (PLS) 

analysis was employed to derive a linear relationship between CoMF A and CoMSIA 

descriptor fields and activities. The PLS analysis, using the leave-one-out (LOO) 

cross-validation method, was performed to determine the optimal number of 

components. Sequentially, a final analysis with the optimal number of components 

was performed to construct CoMF A and CoMSIA models that were not cross 

validated. The non-cross-validated correlation coefficient (r2
) and the leave-one-out 

cross-validated correlation coefficient (q2
) were used to evaluate the predictive ability 

of CoMF A and CoMSIA models. Selected CoMF A and CoMSIA models were 

employed to predict ICso and MIC90 values oftest set compounds that were not used to 

construct models. This was done to evaluate the external predictive ability of these 

models. 

2.3) Molecular docking calculations 

In this study, molecular docking calculations using the 

GOLD Program (Jones et al., 1995; 1997; Nissink et al., 2002; Verdonk et al., 

2003(a)) were employed with the aims of generating the initial structure for MD 

simulations and performing molecular alignment to set up Co MF A and CoMSIA 

models. The available X-ray structure of InhA in a complex with compound 1 (PDB 

code 4COD) was used as an initial structure for molecular docking calculations. All 

atoms of the protein were kept rigid, whereas ligand was flexible during the molecular 

docking calculations. The number of Genetic Algorithm (GA) runs was set to 15 runs 

with the default search algorithm parameters. The docking calculations were validated 

using the root-mean-square deviation (RMSD) value between the docked and observed 

X-ray conformations of compound 1 in its pocket. A RMSD value lower than 1 A was 

acceptable. Then, molecular docking calculations with validated parameters were used 

to dock all remaining compounds into the InhA binding pocket. The binding mode that 

showed the lowest binding energy was selected for each compound and was used to 

set up CoMF A and CoMSIA models. It was then used as the initial structure for MD 

simulations of compounds 2, 22, 23 and 28. 

2.4) Molecular dynamics simulations 

Compound 28, with the best IC50 value, was selected to 

investigate its binding mode in InhA. Moreover, the binding modes of compounds 2, 
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22 and 23 were modelled by MD simulations in order to investigate the effect of R2 

and R3 substituents on the IC50 value. The AMBER12 program was employed to 

perform molecular dynamics simulations. The complex structures of compounds 2, 22, 

23 and 28 in InhA obtained from molecular docking calculations were used as the 

initial structure in MD simulations. The Amber ffil3 force field was used for the 

physical description of InhA (Duan et al., 2003). The general Amber force field 

(GAFF) (Wang et al. , 2004(a); 2006(b)) and restrained electrostatic potential (RESP) 

partial charges (Cornell et al., 1993; Bayly et al., 1993, Wang et al., 2000) of ligands 

and NAD+ were generated by the antechamber module implemented in the AMBER12 

package. To generate the system for MD simulations, the initial complex structure was 

solvated by TIP3P water (Mahone et al. , 2000) in a truncated octahedral box extending 

up to 10 A from the solute species. Five Na+ ions were added to neutralize the system 

charge. Initially, the energy of system was minimized using a steepest decent method 

followed by the conjugate gradient method. Then, the system was gradually warmed 

from 0 K to 300 K in 30 ps by restraining all atoms of the complex with a restraint 

weight of 2 kcal/mol A2. This was followed by 70 ps of the position-restrained 

dynamics simulations with a restraining weight of 2 kcal/mol A 2 at 300 K under an 

isobaric condition. Finally, 10 ns MD simulations without any restraints were 

performed using the same conditions. Long-range electrostatic interactions were 

applied using the Particle Mesh Ewald method (PME) (Darden et al., 1993) during the 

simulations. The cut-off distance for the long-range van der Waals interaction was set 

to 8 A. The SHAKE method (Ryckaert, Ciccotti, and Berendsen, 1977) was applied to 

constrain the bond lengths of hydrogen atoms attached to heteroatoms. Coordinates 

and energy outputs during MD simulations were recorded at 2 ps intervals. 

2.5) Binding free energy calculations 

The Molecular Mechanics/Poisson-Boltzmann Surface 

Area (MM-PBSA) method (Homeyer and Gohlke, 2012; Wang et al., 2001(a); 2006(c) 

Hou et al., 2011) was employed for calculating the binding free energy of compounds 

2, 22 and 23 in InhA. In this calculation, 250 snapshots of the complex, receptor and 

ligand were extracted every 8 ps from the last nanosecond of the MD trajectory, which 

represents the equilibrium state. The entropy contribution was estimated using normal 

mode analysis with the Nmode module (Kaledin et al., 2004). The entropy 

,· _, 



96 

contribution was estimated using 250 snapshots for the binding free energy 

calculation. 

2.2.1.2 Structure based virtual screening of InhA inhibitors 

Initially, with a goal to identify new chemical scaffolds with InhA 

inhibitory activity, structure based virtual screening (SBVS) using docking 

calculations was performed. The details of virtual screening to identify new analogues 

oflnhA inhibitors in this study are described below. 

1) Ligand preparation 

207,369 small compounds obtained from Spees database were 

selected as compound database for virtual screening in this study. LigPrep module of 

the Maestro molecular modeling package was used to produce the lowest energy 

conformations. Epik was used to generate the ionization/tautomeric states of 

compounds. The pH was set to 7.0. All the structure conformations of compounds 

were minimized using OPLS-2005 force field and at the most 32 conformations per 

ligands were generated. 

2) Receptor preparation 

InhA contained 269 amino acid residues. 60 % of amino acid 

residues in substrate binding pocket (the attractive target of InhA inhibitor) are 

hydrophobic residues. The binding site of InhA was reported as flexible binding 

pocket. There are "Yl58-in" and "Y158-out" conformations of Tyr158 in catalytic site 

of InhA (Shirude et al., 2013). InhA complexed with diphenyl ether compound (PDB 

code 2X23) was selected as Y158-in receptor conformation (Luckner et al., 2010). For 

Y158-out receptor conformation, InhA complexed with benzofuran pyrrolidine 

pyrazole (PDB code 4COD) was selected (Encinas et al., 2014). The selected InhA 

enzymes were prepared using protein preparation module of Schrodinger's Maestro 

Molecular modeling suit. InhA enzyme with no missing residue and side chain were 

selected as receptor for structure based virtual screening. Selected proteins were 

prepared by Protein Preparation Wizard. Hydrogen atoms were added. The 

ionization/tautomeric states of amino acid residues were generated by Epik and were 

then optimized by OPLS-2005 force field. 
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3) Validations of docking parameters 

Glide docking program (Friesner et al., 2004(a); Halgren et al., 

2004) was used to prepare the docking grid for docking calculations. The binding site 

of InhA was set as the center of ligand. Two scoring functions, Glide SP (standard 

precision mode) and Glide XP (extra precision mode) (Friesner et al. , 2006(b)) scoring 

functions were used to calculate the binding affinity of small compounds in InhA 

binding pocket for first screening and second screening. To confirm the accuracy of 

Glide docking program with different docking scoring, RMSD of ligand from X-ray 

conformations and docking conformations was calculated. The docking parameters 

produced RMSD value lower than 1 A are acceptable. 

4) Docking based virtual screening 

In this study, we used SBVS using Glide docking with different 

docking scoring, to identify the suitable binding mode and affinity of ligands within 

the binding pockets of InhA. All compounds were docked into InhA binding pocket 

using Glide SP scoring function in first round screening. Top 2,000 ranked compounds 

with the highest Glide SP docking score were selected to re-dock into InhA binding 

site again using Glide XP scoring function. Glide XP docking scores of selected X-ray 

structures were used as cut off to select compounds from second screening. Then, 

compounds found in Y158-in and Y158-out conformations were selected as hit 

compounds. 

2.2.1.3 Molecular modeling and CAMD of benzothiophene derivatives as 

PknG inhibitors 

1) Structure and biological activity 

39 PknG inhibitors were selected to study in this work. There 

were classified as three main derivatives, thiophene(a), tetrahydrobenzothiophene(b) 

and benzothiophene( c) derivatives, respectively. Chemical structures and biological 

activities of these compounds against PknG enzyme were shown in Table 3.3 (Sipos et 

al., 2015; Ban.hegyi, 2008). For 3D-QSAR study, all compounds were divided into a 

training set of 27 compounds and a test set of 4 compounds for model development 

and validation, respectively. The test set was randomly selected based on a structural 

diversity and wide range of activity in the data sets. The experimental IC50 values of 

each compound for PknG inhibition were converted to the corresponding log (1/IC50) 
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values and used as dependent variables for the QSAR model. The three-dimensional 

structures were constructed using standard tools available in the GaussView 3.07 

program and were then fully optimized using the ab initio quantum chemical method 

(HF/6-3 lG) implemented in the Gaussian 09 program. 

Table 2.8 Structure and biological activity of benzothiophene derivatives as 

PknG inhibitors 

1-2a 3-20b 21-31c 

Cpd. R1 R2 n ICso (µM) log(l/IC50) 

la NH2 Cyclopropyl 3 0.35 6.46 

2a NH2 Cyclopropyl 5 68 4.17 

Cpd. R1 R2 x ICso (µM) log(l/IC50) 

3b NH2 Cyclopropyl CH2 0.500 6.30 

4b NH2 CH3 CH2 31 4.51 

5b NH2 CH2CH3 CH2 23 4.64 

6b* NH2 CH(CH3)CH2CH3 CH2 17 4.77 

7b NH2 CH(CH3)2 CH2 4.79 5.32 

Sb NH2 Cyclobutyl CH2 1.66 5.78 

9b* NH2 C=CH2CH3 CH2 56 4.25 

IOb NH2 CHCHCH3 CH2 62 4.21 

llb NH2 CHC(CH3)2 CH2 0.41 6.39 

12b NH2 2-thiophenyl CH2 26 4.59 

13b NHCH3 Cyclopropyl CH2 22 4.66 

14b* NH2 Cyclopropyl 0 0.63 6.20 

15b NH2 Cyclopropyl NCH3 68 4.17 

16b NH2 Cyclopropyl s 0.74 6.13 

17b NH2 Cyclopropyl S=O 28 4.55 

18b NH2 Cyclopropyl COCH2CH20 3.16 5.50 

19b NH2 Cyclopropyl C=O 0.49 6.31 

20b NH2 NH-cyclohexyl 0 0.68 6.17 

2lc NH2 Cyclopropyl H 0.085 7.07 

22c OCH2CH3 Cyclopropyl H 58 4.24 

* test set compounds 
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Table 2.8 Structure and biological activity of benzothiophene derivatives as 

PknG inhibitors (continued) 

1-2a 3-20b 21-31c 

Cpd. R, Rz x ICso (µM) log(l/ICso) 

23c NH2 Cyclopropyl 5-Br 0.095 7.02 

24c NH2 Cyclopropyl 5-N02 0.093 7.03 

25c NH2 Cyclopropyl 5-NH2 0.17 6.77 

26c NH2 Cyclopropyl 6-0H 0.047 7.33 

27c NH2 NH-6-benzo[ d)[ I ,3)dioxole 6-0H, 7-Cl 0.01 8.00 

28c* NH2 NHCH2CH20H 6-0H 0.05 7.30 

29c NH2 Cyclopropyl 6-0H, 7-Br 0.02 7.70 

30c NH2 Cyclopropyl 5-Cl, 6-0CH3, 7-Cl 0.04 7.40 

31c N H2 NHCH(CH3h 6-0H 0.03 7.52 

Inl (b) OCH2CH3 Cyclopropyl CH2 > JOO <5.49 

In2(b) OH Cyclopropyl CH2 >100 <5.49 

In3(b) NH2 C(CH3)J CH2 >100 <5.49 

In4(b) NH2 2-pyrroly CH2 > 100 <5.49 

In5(b) NH2 3-pyridinyl CH2 > 100 <5.49 

In6(b) NHNH2 Cyclopropyl CH2 > 100 <5.49 

ln7(b) NHCH2CH2CH3 Cyclopropyl CH2 > 100 __ <5.49 

ln8(b) CN Cyclopropyl CH2 >100 <5.49 

* test set compounds 

2) CoMSIA model 

Molecular modeling software of SYBYL 8.0 with CoMSIA 

approach (Klebe, Abraham and Mietzner, 1994) was used to determine the relationship 

between the structures and the activities of tetrahydrobenzothiophene derivatives. The 

predicted binding modes of tetrahydrobenzothiophene derivatives derived from 

molecular docking calculations were used for molecular alignment to set up CoMSIA 

models. Five different physico-chemical properties of steric (S), electrostatic (E), 

hydrophobic (H), hydrogen bond donor (D) and hydrogen bond acceptor (A) fields are 

considered to develop a CoMSIA models. The attenuation factor was set as default 
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value of 0.3. The distance between inhibitor atoms and probe atoms of descriptors 

were calculated by gaussian-type functions at all grid points of 3D cubic lattice with 

grid spacing of 2 A. Partial atomic charges of all compounds were calculated by the 

Gasteiger-Hiickel charge calculation. To set up CoMSIA models, CoMSIA descriptors 

were used as independent variables and log(l/IC50) values were used as dependent 

variables. To derive a linear relationship between molecular descriptors and activities, 

the partial least squares (PLS) methodology analysis with the leave-one-out (LOO) 

cross-validation procedure was carried out to determine the optimal number of 

components. The cross-validation was performed using the leave-one-out method with 

a 2.0 kcal/mol column filter to minimize the influence of noisy columns. A final non 

cross-validated analysis with the optimal number of components was sequentially 

performed and was then employed to analyze the results. Non cross-validated 

correlation coefficient (r2) and the leave-one-out cross-validated correlation coefficient 

(q2
) were used to evaluate the predictive ability of CoMSIA models. 

3) Molecular docking calculations 

Molecular docking calculations using Glide program (Friesner et 

al., 2004(a); Halgren et al. , 2004) were used to predict the binding modes of PknG 

inhibitors in the PknG pocket. The X-ray structure of PknG enzyme complexed with 

tetrabenzophiophene, AX20017 compound taken from Protein Data Bank (PDB code: 

2PZI) (Scherr ct al., 2007) was employed for molecular docking calculations. All . 

compounds were docked into the PknG pocket using Glide XP (Friesner et al., 

2006(b)) docking scoring functions without applying any constraints. Molecular 

docking program and scoring functions were validated by root mean square deviations 

(RMSD) lower than 1 A. All structures of inhibitors were optimized using the OPLS 

2005 force field using the LigPrep module of Schrodinger. Tautomers and ionization 

states expected to occur in the pH range of 7.0 ± 2.0 were generated using the ionize 

module. Best docking pose for each compound was selected based on the lowest

energy docked. 

4) MD simulations 

MD simulations were performed in order to investigate the 

PknG-tetrahydrobenzothiophene and benzothiophene derivatives complexes. The 

initial coordinates for MD simulations were obtained from molecular docking 
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calculations using the Glide XP docking. AMBER12 using the Amber03 (Duan et al., 

2003) force field and the general AMBER force field (GAFF) (Wang et al., 2004(b)) 

were employed for PknG and inhibitors, respectively. To obtain the restrained 

electrostatic potential (RESP) partial atomic charges of inhibitors, the geometry 

optimization and electrostatic potential calculation of each compound was first 

calculated at the HF/6-31G* level using the Gaussian09 program. Then, RESP partial 

charges were assigned using the antechamber module implemented in AMBER12. 

PknG- tetrahydrobenzothiophene and benzothiophene derivatives complexes were 

solvated by TIP3P waters in a truncated octahedral box extending up to 10 A from the 

solute species. Eight Na+ ions were added to neutralize the charge of each system~ The 

added water molecules and ions in the solvated systems were minimized to relieve bad 

steric interactions using a steepest decent method. Non-bonded cutoff was set at 10 A. 

The force of 500.0 kcal/mol was used to restrain the atom positions of all solute 

species. Thereafter, the whole system was minimized without restraint condition using 

conjugate gradient method. The systems were then gradually warmed up from 0 K to 

300 Kin the first 30 ps followed by maintaining the temperature at 300 Kin the last 

10 ps with 2 fs time steps in a constant volume boundary by restraining all atoms of 

the complex with a restraint weight of 2kcal/mol A 2• This was followed by 70 ps of the 

position restrained dynamics simulations with a restraining weight of 2 kcal/mol A 2 at 

300 K under an isobaric conditiqn. Finally, 15 ns MD simulations without any 

restraints were performed using the same conditions. Long-range electrostatic 

interactions were applied using the Particle Mesh Ewald method (PME) during the 

simulations. The cut-off distance for the long-range van der Waals interaction was set 

to 8 A. The SHAKE method was applied to constrain the bond lengths of hydrogen 

atoms attached to heteroatoms. Coordinates and energy outputs during MD 

simulations were recorded at 2 ps intervals. Finally, the root-meansquare deviations 

(RMSDs) of the PknG enzyme and tetrahydrobenzothiophene and benzothiophene 

derivatives, respectively, were analyzed along the MD trajectory relative to the initial 

structures to determine the stability of the system. Energetics and structures of each 

system were analyzed based on the last 2 ns of the simulations, which represent the 

equilibrium state. 
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5) Binding free energy calculations 

The binding free energy calculations of 

tetrahydrobenzothiophene and benzothiophene derivatives in the PknG pocket were 

calculated using the Molecular Mechanics Poisson-Boltzmann Surface Area (MM

PBSA) and Generalised Born Surface Area (MM-GBSA) models (Wang et al. , 

2001(a); 2006(c), Hou et al. , 2011; Genheden and Ryde, 2015; Hou et al., 2011). MM

GBSA calculations were performed with the solation models. Amber03 force field 

(ff03) was used as protein parameters, whereas GAFF was used as parameter for 

inhibitors. AMl-BCC partial atomic charges of molecules were calculated with the 

Antechamber module of Amber12 . . The system was solvated using a truncated 

octahedral box of the water model TIP3P extending up to 10 A from solute species. 

Eight Na+ ions were used to neutralize. The refinement protocol consisted of two steps 

were carried out. In the first step 3000 iterations was performed to relieve the bad van 

der Waals (vdW) interactions. Atom coordinates for the PknG and ligand atoms water 

molecules were restrained to their initial coordinates with a force constant of 500 kcal 

mor1 A-2
• Non-bonded cutoff was set at 10 A. In the second step 4000 iterations were 

applied to the system with the same first step conditions. The whole system was 

minimized freely to relieve bad contacts in the entire system of PknG-inhibitors. The 

MMPBSA.py script implemented in AMBER 12 was used for the calculation of 

energy components (Miller BR 3rd et al., 2012). In this calculation, single snapshot of 

the complex, receptor, and ligand were extracted from the energy minimizations step. 

The estimated entropy changes based on the number of rotatable bonds (NRot) of 

ligands have been reported. The estimated entropy change was approximated (Raha 

and Merz, 2004; Hayik, Dunbrack, and Merz, 2010). 

2.2.1.4 Structure based virtual screening of PknG inhibitors 

To identify novel specific kinase inhibitors for PknG, specific 

kinase database was selected as chemical database. GlaxoSmithKline (GSK) database 

contained 789 compounds were selected as chemical database for identification novel 

PknG inhibitors. The structure based virtual screening procedure in the present study is 

shown as below. 

. 
• 
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1) Ligand preparation 

789 small compounds obtained from GSK database were 

prepared LigPrep method to produce the lowest energy conformations. Epik was used 

to generate the ionization/tautomeric states of compounds. pH was set at 7.0. All the 

structure conformations of compounds were minimized using OPLS-2005 force field 

and at the most 32 conformations per ligands were generated. Optimization was used 

to dock into PknG binding site. 

2) Receptor preparation 

PknG enzyme (751 ammo acids) consisted three parts, N

terminal rubredoxin domain, a central kinase domain, and a C-terminal 

tetratricopeptide repeat (TPR) domain, respectively. The X-ray crystal structure of 

PknG complexed with trtrahydrobenzothiophene compound, AX20017 (PDB code 

2PZI) was selected as receptor in this work. Selected proteins were prepared by 

Protein Preparation Wizard from Schrodinger's Maestro Molecular modeling suit. 

Hydrogen atoms were added. The ionization/tautomeric states of amino acid residues 

were generated by Epik and were then optimized by OPLS-2005 force field. 

3) Validations of docking parameters 

The docking grid for docking calculations was set as the center 

of ligand. This work, Glide XP (extra precision mode) scoring functions was used to 

calculate the binding affinity of small compounds in PknG binding. To confirm the 

accuracy of Glide docking program, RMSD of AX20017 from X-ray conformations 

and Glide XP docking conformatioris was calculated. The docking parameters 

produced RMSD value lower than 1 A are acceptable. All compounds from GSK 

database were docked into PknG binding site using Glide XP with the same protocol 

with AX20017. 

4) Docking and binding free energy based virtual screening 

To identify ATP competitive inhibitors of PknG, we used SBVS 

using Glide XP docking with binding free energy calculation with MM-GBSA to 

identify high ligand binding affinity of ligands within the PknG binding pockets. All 

compounds were docked into ATP catalytic site in kinase domain of PknG using Glide 

XP scoring function in docking calculation step. 100 compounds with high binding 

affinity based on Glide XP scoring were selected as hit compounds. MM-GBSA with 
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IGB8 was used to estimate the binding free energy of 100 small compounds in PknG 

binding pocket. 

2.2.2 Rational design of anti-cancer agents 

2.2.2.1 Data sets and biological activities 

Twenty-eight azanaphthoquinone annelated pyrrole derivatives 

taken from one laboratory were used in this work to ensure that all experimental data 

were determined under consistent assay conditions (Shanab et al.; 2007(a); 2010(b); 

201 l(c); Pongprom et al.; 2009(a); 2010(b); Pongprom and Pungpo, 2012). The 

general frame of these compounds is shown in Figure 3 .1. Chemical structures and 

antiproliferative activities on the human cancer cell line of cervical carcinoma 

(KB/HeLa) of azanaphthoquinone annelated pyrrole derivatives are listed in Table 3.4. 

All chemical structures of these compounds were constructed using the standard tools 

available in the program GaussView 3.07 and were then fully optimized using the 

HF/3-21G method implemented in the Gaussian 03 program. For QSAR study, 28 

azanaphthoquinone annelated pyrrole derivatives were divided into a training set of 24 

compounds and a test set of 4 compounds for final model development and model 

validation, respectively. The representatives of the test set were manually selected and 

are covering the utmost range of activity and structural diversity of compounds in the 

data set. 

Figure 2.11 General frame of azanaphthoquinone annelated pyrrole derivatives 
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Table 2.9 Chemical structures and antiproliferative activities on cervical 

carcinoma of azanaphthoquinone annelated pyrrole derivatives 
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Table 2.9 Chemical structures and antiproliferative activities on cervical 

carcinoma of azanaphthoquinone annelated pyrrole derivatives 

(continued) 

Cpd. Structure log(lfICso) 

5 6.17 

6 6.55 

4.45 

8 5.05 

* The test set compound 



Table 2.9 Chemical structures and antiproliferative activities on cervical 

carcinoma of azanaphthoquinone annelated pyrrole derivatives 

(continued) 

Cpd. Structure log(l/ICso) 

9 4.75 

10 4.67 
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Table 2.9 Chemical structures and antiproliferative activities on cervical 

carcinoma of azanaphthoquinone annelated pyrrole derivatives 

(continued) 

Cpd. Structure log(l/ICso) 
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Table 2.9 Chemical structures and antiproliferative activities on cervical 

carcinoma of azanaphthoquinone annelated pyrrole derivatives 

(continued) 

Cpd. Structure log(l/ICso) 
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Table 2.9 Chemical structures and antiproliferative activities on cervical 

carcinoma of azanaphthoquinone annelated pyrrole derivatives 

(continued) 

Cpd. Structure log(l/ICso) 
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Table 2.9 Chemical structures and antiproliferative activities on cervical 

carcinoma of azanaphthoquinone annelated pyrrole derivatives 

(continued) 

Cpd. 

28 I~ 
N ~ 

* The test set compound 

Structure 

2.2.2.2 3D QSAR technique 

log(l/ICso) 

5.56 

Ill 

CoMSIA (Klebe, Abraham and Mietzner, 1994) was used to 

elucidate the relationship between the structures and the activities of 

azanaphthoquinone annelated pyrrole derivatives. Molecular modeling software of 

SYBYL 8.0 was used to calculate CoMSIA models. The molecular alignment for the 

setup of appropriate CoMSIA models was carried out by the Sybyl pharmacophore 

alignment module GALAHAD (Genetic Algorithm with Linear Assignment for 

Hypermolecular Alignment of Datasets). Five CoMSIA similarity index descriptors 

including steric, electrostatic, hydrophobic, hydrogen donor and hydrogen acceptor 

fields were derived with the grid spacing of 2 A. There are no energy cutoffs for 

CoMSIA calculations. To generate a contour map with prominent molecular features 

in the CoMSIA study, an attenuation factor of 0.3 was used. To derive a linear 

relationship between molecular descriptors and activities, the partial least square (PLS) 

approach was employed, in which CoMSIA descriptors were set as independent 

variables and log (l/IC5o) values were used as dependent variables. The cross

validation was performed using the leave-one-out method with a 2.0 kcal/mol column 

filter to minimize the influence of noisy columns. A final non cross-validated analysis 

with the optimal number of components was sequentially performed and was then 

employed to analyze the results. The r2 and q2 values were used to evaluate the 

predictive ability of CoMSIA models. 
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2.2.2.3 MD Simulations 

To obtain accuracy and reliability of the binding mode information, 

five compounds covering the range of the most active to the least active compounds in 

the series studied were selected for MD simulations. Compound 12 is represented as 

the most active compound, whereas compounds 7 and 22 are representative 

compounds possessing weak inhibitory activities in the dataset. Moreover, compounds 

11 and 15 possessing moderate activities were also selected. The X-ray crystal 

structure with the pdb code of 2GB9 was used as the initial coordinates of 

d(CGTACG)2. The initial coordinates of the selected compounds complexed with 

d(CGTACG)2 were taken from molecular docking calculations using GOLD Program 

(Verdonk et al., 2003(a); 2005(b); Cole et al. , 2005). AMBER12 using the Amber99 

force field (Duan et al., 2003) for DNA duplex and the general Amber force field 

(GAFF) parameters (Wang et al., 2004(b)) for the selected compounds was employed 

for MD simulations. Each complex structure was solvated by TIP3P waters (Jorgensen 

et al., 1983) in an octahedral box extending up to 10 A from each solute species, 

d(CGTACG)2 and the selected compounds. 12 Na+ cations were added to neutralize 

the charge of each system. The added water molecules and ions in the solvated 

systems were relaxed using the Sander program to relieve bad steric interactions. Non

bonded cutoff was set at 10 A. The force of 500.0 kcal/mo! was used to restrain the 

atom positions of all solute species. Thereafter, the whole system was minimized 

without restraint condition. The systems were then gradually warmed up from 0 K to 

300 Kin the first 20 ps followed by maintaining the temperature at 300 Kin the last 

10 ps with 2 fs time steps in a constant volume boundary. The solute species in the 

solvated systems were restrained to their initial coordinates with a weak force constant 

of I 0 kcal/molA 2 during the temperature warming. Afterward, the position-restrained 

dynamics simulation using 2 fs time steps through 70 ps at 300 K under the isobaric 

condition was performed for each system to relax the positions of the solvent 

molecules. In this dynamics run, the positions of solute species were restrained with a 

weak force constant of 10 kcal/mol A2 during the position-restrained dynamics 

simulations. Finally, 20 ns MD simulations without the position restraints were 

performed under the same conditions. During the dynamics simulations, a nonbonded 

cutoff distance of 8 A was applied to handle electrostatic interactions in periodic boxes 
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by the Particle Mesh Ewald method (Darden, York and Pedersen, 1993). The SHAKE 

method (Ryckaert, Ciccotti and Berendsen, 1977) was applied to constrain the bond 

lengths of hydrogen atoms attached to heteroatoms. Coordinates and energy outputs 

during molecular dynamics simulation were printed every 2 ps. MD trajectories were 

evaluated in terms of the root mean square deviation (RMSD), complex structure and 

binding free energy. 

2.2.2.4 Binding energy calculation 

The binding free energies of all selected compounds bound to 

d(CGTACG)2 were calculated using the Molecular Mechanics/Poisson-Boltzmann 

Surface Area method (MMPBSA method) (Srinivasan et al., 1998) implemented in 

AMBER 12 package. In this work, 500 snapshots evenly from the last 10 ns on the 

MD trajectory with an interval of 20 ps were used in the MM-PBSA calculations. The 

entropy contribution (T~S) to the binding free energy was estimated using normal

mode analysis with AMBER Nmode module. To save the computational time, 100 

snapshots evenly from the last 10 ns on the MD trajectory with an interval of 100 ps 

were used to estimate the contribution of the entropy. 
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CHAPTER3 

RESULTS AND DISCUSSION 

The results derived from molecular modeling and CAMD were divided into two 

sections. First part is rational design anti-tuberculosis agents. Second part is rational 

design anti-cancer agents. The details of result that observed in this study were 

discussed in this chapter. 

3.1 Rational design novel anti-tuberculosis agents 

3.1.1 Enoyl-ACP reductase inhibitors 

3.1.1.1 Molecular modeling of diphenyl ether derivatives 

1) 3D-QSAR study 

1.1) CoMSIA model 

The PLS results of CoMSIA models are summarized in 

Table 3 .1. Ten CoMSIA models were constructed with various combinations of 

CoMSIA descriptors. Among all models, model 8 composing the steric, hydrogen 

bond donor, electrostatic and hydrophobic fields is the best CoMSIA model, giving the 

best statistical parameters with a q2 value of 0.60 and a r2 value of 0.95. There is a 

good correlation between actual and predicted activities of the training set based on the 

best CoMSIA model, as depicted in Figure 3.1. In order to assess the external 

predictive ability of this model, the InhA inhibitory activities of the test set were 

predicted. The predicted values of 9 test set compounds are within one logarithmic 

unit difference from the experimental values (Figure 3 .1 ). Therefore, the best CoMSIA 

model is reliable with highly predictive ability and could be utilized to predict the 

InhA activities for newly designed diphenyl ether inhibitors. 
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Table 3.1 Summary of statistical results of CoMSIA models 

Statistical data 
Models Fraction 

qz rz s SSE F N 

1.S/E 0.29 0.93 0.70 0.21 85.48 6 38.6/61.4 

2.S/H 0.08 0.69 0.75 0.44 43 .53 2 38.8/61.2 

3.S/D 0.54 0.89 0.56 0.27 50.30 6 53 .7/46.3 

4.S/A 0.13 0.88 0.76 0.28 54.86 5 53 .5/46.5 

5.S/D/E 0.58 0.93 0.54 0.22 77.34 6 27.9/41.7 /30.5 

6.S/D/H 0.56 0.93 0.55 0.21 85.19 6 29.9/37.6/32.5 

7.S/D/A 0.51 0.93 0.58 0.22 76.55 6 39.9/33 .1/27.0 

8. S/D/E/H 0.60 0.95 0.52 0.19 104.17 6 19.0/32.5/23.8/24.8 

9. S/D/E/A 0.50 0.93 0.58 0.22 78.66 6 23 .9/34.3/25.9/1 5.9 

10. S/D/E/H/ A 0.55 0.95 0.55 0.19 103.76 6 17.2/26.6/21.4/22.1/1 2.8 

N, optimum number of components; s, standard error of prediction; SEE, standard 

error of estimate; F, F-test value; S, steric field; E, electrostatic field; H, hydrophobic 

field; D, hydrogen donor field; A, hydrogen acceptor field 
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Figure 3.1 Plots between the experimental and predicted activities of the training 

and test sets derived from the CoMSIA model 



• 

117 

The predictive abilities of the best CoMSIA model were 

determined from the test set including 9 compounds. For the best CoMSIA model, 

internal validation of leave-one-out cross validated q2 and predicted r2 (r2 
pred or /) 

were found to be 0.64 and 0.70, respectively. The calculated of square correlation 

coefficient values between the experimental and predicted values of the test set 

compounds with intercept set at zero (r 2 
0) and without intercept (r2) were 0.56 and 

0.73 , respectively. The slope of regression line through the origin (k) of the best 

CoMSIA model was 1.02, which is close to 1. Based on the statistical results, the best 

CoMSIA model could be considered reliable. 

1.2) CoMSIA contour maps 

To reveal the importance of molecular descriptor fields on 

InhA inhibitory activities of diphenyl ether derivatives, CoMSIA contour maps were 

established. Figure 3.2 and Figure 3.3 present the CoMSIA contour maps which reveal 

the influence of steric, electrostatic, hydrophobic and hydrogen donor fields to the 

activity of diphenyl ether derivatives. Green and yellow contours indicate areas where 

favorable and unfavorable steric bulks are predicted to enhance the activities of 

diphenyl ether derivatives. Blue and red contours indicate regions where 

electropositive and electronegative groups lead to increasing of the InhA inhibitory 

activity, respectively. Magenta and white contours represent areas, where the 

hydrophobic group and the hydrophilic group are predicted to favour the biological 

activities. The cyan and orange contours indicate regions that favor the hydrogen 

donor group and unfavor hydrogen donor group, respectively. The interpretation of 

CoMSIA contour maps reveals the structural requirement of each substituent position 

in the scaffold of diphenyl ether derivatives helpful for rational design of novel and 

potent InhA inhibitors . 
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(a} 

e .. ., 
Figure 3.2 CoMSIA steric (a) and electrostatic (b) contours in combination with 

compound 29 (ball and stick in atom type colors) in InhA binding 

pocket (stick in greenblue) 

Figure 3.3 CoMSIA hydrophobic (a) and hydrogen bond donor (b) contours in 

combination with compound 29 (ball and stick in atom type colors) in 

InhA binding pocket (stick in greenblue) 

1.3) Structural requirement for the R 1 positions on the phenyl A 

rmg 

The appearance of cyan contours near the OH group of the 

phenyl A ring emphasizes the important role of this moiety to the InhA inhibitory 

activity of diphenyl ether derivatives (Figure 3.3b). The C4 and C6 atoms of hexyl 

side chain of compound 29 are covered by green and red contours (Figure 3.2a and 

Figure 3.2b). Therefore, the R1 substituent containing the bulky size and high electron 

density would be favorable for this region. In case of the R1 substituent as the alkyl 

chain, the alkyl chain with the carbon atoms higher than two atoms should be 

preferable for the InhA inhibitory activity. As exemplified, compound 21 containing 

octyl group at the R1 position possesses the most active compound in this series, 

. 
• 
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whereas compound 18 containing ethyl substituent exhibits much lower inhibitory 

activity than those of compounds 19, 20, 17 and 21 bearing butyl, pentyl, hexyl and 

octyl substituents at the R1 position, respectively. Corresponding to the MD results, 

the longer alkyl chain at R1 substituent could form hydrophobic interactions more than 

the shorter alkyl chain. 

1.4) Structural requirement for the R2, R3, Ri positions on the 

phenyl B ring 

The unfavourable hydrophobic white contour and the 

unfavourable steric yellow contour present near the R2, R3 and Ri substituents (Figure 

3.2a and Figure 3.3a). These results indicate that the small hydrophilic substituents at 

the R2, R3 and Ri positions are required for the lnhA inhibitory activity of diphenyl 

ether derivatives. Therefore, compounds 37-44 containing the bulky hydrophilic 

suhstituents at the R2, R3 and Ri positions show poor activities for InhA inhibition 

with IC50 more than 360 nM. These suggestions are in agreement with the binding 

modes of compounds 17, 18, 19 and 29 observed from the MD simulations that the R2, 

R3 and Ri substituents are located near the pyrophosphate moiety of NAD+, the 

hydrophilic backbones of Gly96 and Met98, respectively. Accordingly, the small 

substituent with hydrophilic property at the R2, R3 and Ri substituents should be 

optimal for the InhA binding pocket. Moreover, the magenta and blue contours close 

to the R2 substituent suggest additional structural requirement at this position, which 

should contain the hydrophobic property and less electron density. This suggestion is 

consistent with the MD results which indicate that the R2 position can be substituted 

with hydrophobic or hydrophilic groups so that the phenyl Bring could be favorable in 

binding with the methyl side chain of Alal 98, and the pyrophosphate moiety ofNAD+, 

respectively. Apart from hydrophobic property, the R2 substituent with the less 

electron density should be optimal for the pyrophosphate moiety of NAD+ presenting 

the negative charge. 

2) MD simulations of diphenyl ether derivatives 

To study the crucial information for binding of diphenyl ether 

derivatives in InhA binding pocket, MD simulations was performed. Selected diphenyl 

ether derivatives are classified into two groups. First group, the effect of R 1, R2, R3 and 

Ri substituents were investigated. Based on experimental data, R1 and R2 substituent 



120 

diphenyl ether derivatives were found as potent lnhA inhibitors. Therefore, the effect 

of R1 and R2 substituent diphenyl ether derivatives were studied using MD 

simulations. The obtained results derived from MD simulations of two different 

groups of selected diphenyl ether derivatives were integrated with the structural 

requirements derived from 3D-QSAR CoMSIA study. The results were discussed in 

this chapter. 

2.1) MD simulations of di phenyl ether derivatives set 1 

2.1 .1) System equilibration of first group of di phenyl ether 

derivatives 

To evaluate the reliable stability of the MD 

trajectories, the RMSDs for all atoms of the InhA, NAD+ cofactor and diphenyl ether 

derivatives relative to the initial minimized structure over the 10 ns of simulation times 

were calculated and plotted in Figure 3.4. There are three solute species in each MD 

system including the lnhA, NAD+ and inhibitor. The plateau characteristic of the 

RMSD plot over the simulation time is the criteria to indicate the equilibrium state of 

each solute species. For the equilibrium state of each MD system, the RMSD plots of 

all solute species have to reach the plateau characteristic. The lnhA, NAD+ and 

inhibitor in each system reach the equilibrium state at the different time (Figure 3 .4 ). 

For the system of compound 6, NAD+ and this compound reach the equilibrium state 

at the early time, whereas the lnhA reaches the equilibrium state after 2 ns (Figure 

3. la). Therefore, after 2 ns the RMSD plots of all solute species reach the plateau 

characteristic indicating the equilibrium state of this MD system. In case of compound 

53, its MD system reaches the equilibrium after 1 ns (Figure 3.4b). For compounds 24 

and 54, the MD systems reach the equilibrium after 2 ns (Figures 3.4c and Figure 

3.4d). The RMSD plots over 10 ns of these compound show large fluctuation in the 

range about 0.5-2.5 A. The result could be accounted by the more flexibility of the 

long hexyl chain. Therefore, the information in terms of binding free energy, 

interaction energy and structure of each system after an equilibrium state were 

analyzed. 

,• 
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Figure 3.4 RMSDs of diphenyl ether derivatives, compounds 6 (a), 53 (b), 24 (c) 

and 54 (d) complexed with the lnhA 

2.1.2) Structural flexibility of lnhA binding pocket of first 

group of diphenyl ether derivatives 

The binding ca ity volumes the lnhA complexed 

with diphenyl ether derivatives were calculated to study the flexibility of the InhA 

binding pocket by computed atlas of surface topography of proteins (CASTp) method 

on the website (http://sts.bioengr.uic.edu/castp/index.php) (Liang, Edelsbrunner and 

Woodward, 1998). Amino acid residues within 10 A from ligands-NAD+ cofactor 

were used to calculate the binding cavity volume of the lnhA binding pockets. The 

binding cavity volumes of the lnhA complexed with six diphenyl ether derivatives 

were summarized in Table 2. The binding cavity volumes ranging from 1,763 A3 to 

2,465 A3 of six inhibitors were found. Moreover, the binding cavity volume of trans-

2-hexadecenoyl-(n-acetyl-cysteamine )-thioester substrate (PDB code 1 BVR) 

(Rozwarski et al. , 1999) are 1,902 A3
. In previous study (Pauli et al. , 2013), the 

binding cavity volumes of direct lnhA inhibitors obtained from the available X-ray 

structures of lnhA inhibitors are ranging from 1,597 A3 to 3,047 A3
. These results 

indicate that the binding pocket of InhA is flexible enough to bind with the substrate 

and diphenyl ether inhibitors. The binding cavity volume of compound 24 in the InhA 

binding pocket is higher than that of the highest compound 21 and trans-2-. 
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hexadecenoyl-(n-acetyl-cysteamine)-thioester substrate. In addition, the binding cavity 

volumes of low potent compounds, compound 6 and 53 are higher than trans-2-

hexadecenoyl-(n-acetyl-cysteamine)- thioester substrate and the most potent diphenyl 

ether inhibitor. The most potent compound 21 shows the binding cavity volume is 

comparable with that of trans-2-hexadecenoyl-(n-acetyl-cysteamine)- thioester 

substrate. Compounds 6, 24, 53 and 54 creating the InhA cavity volume larger than 

that of the substrate show poor activities to inhibit the InhA. To reveal the correlation 

between the InhA cavity volume, the molecular size of compounds 6, 14, 21, 24, 53 

and 54 and their inhibitory activities, the molecular surface area of these compounds 

were calculated using Hyperchem 7.51, reported in Table 3.2. Apart from the trans-2-

hexadecenoyl-(n-acetyl-cysteamine)-thioester substrate possessing the largest 

molecular surface area with 663 A 2, the molecular surface area of compounds 21 with 

612 A 2 is the largest one. Compound 54 has the surface area of 611 A 2 close to that 

compound 21 but its cavity volume is larger. In case of compounds 6, 24 and 53, these 

compounds show smaller surface areas than that of compound 21 but their pocket 

cavity volume are larger. These results imply that compound 21 having larger 

molecular size in its smaller cavity volume could induce the InhA pocket to well fit 

with its binding better than compounds 6, 24, 53 and 54. Accordingly, compound 21 

should produce more interactions with amino acid residues in the InhA pocket than 

compounds 6, 24, 53 and 54, leading to show better inhibitory activity of this 

compound. In contrast, compound 14 has smaller surface area than that of compound 

21 but its cavity volume is close to that of compound 21. This result implies that the 

binding of compound 14 could not properly fit to the InhA pocket leading to loss its 

activity as compared with compound 21. 

. 
• 
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Table 3.2 The binding cavity volume of diphenyl ether inhibitors 

Compound Ligand Surface Area (A:t) Binding cavity volume (Aj) 

6 546 2,318 

53 530 2,042 

24 574 2,465 

54 611 2,039 

14 575 1,763 

21 612 1,876 

Substrate taJ 663 1,902 

[al trans-2-hexadecenoyl-(n-acetyl-cysteamine )- thioester substrate 

2.1.3) Binding free energy calculations of first group of 

diphenyl ether derivatives 

To evaluate the binding affinity of diphenyl ether 

derivatives in the InhA binding pocket, the binding free energies (~Gbind) were 

calculated using the Molecular Mechanics/Poisson Boltzmann Surface Area (MM

PBSA) method. The binding free energies (~Gbind) were calculated by equation 34 

(Chapter 2). The entropic (-T ~S), enthalpic (~H) energy and binding free energy of 

the diphenyl erther/InhA complexes are listed in Table 3.3. The binding free energies 

of compounds 6, 24, 53 and 54 bound to the InhA are-10.3, -7.9, -11.6 and-13 .7 

kcal/mol, respectively. Moreover, the binding free energy of the X-ray crystal 

structures of compound 14/InhA and compound 21/InhA complexes were calculated to 

compare with those of compounds 6, 24, 53 and 54. The calculated and experimental 

binding free energies were compared as shown in Table 3.3. Moreover, a good linear 

correlation (r2=0.78) between the experimental IC50 and calculated binding free energy 

is presented in Figure 3.5. It is notable that the calculated binding free energies of the 

selected compounds are in the correct order as compared with the IC50 values. The 

obtained results could be successfully used to validate the MD procedure in this study. 
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Table 3.3 Binding free energies in kcal/mol computed by the MM-PBSA method 

Contribution 
Cpd. 

AG.1e AGvdw AGMM AGso1 6.11 -T6.S AGb1nd AG up 

6 -10.5 ± 2.5 -45.2 ± 2.3 -55 .6 ± 5.6 27.2 ± 3.5 -28.4 ± 3.0 18.2 ± 0.8 -10.3 ± 1.4 

53 -12.4 ±2.9 -47.1±2.2 -59.4 ± 3.0 31.2 ± 2.5 -28.2 ± 2 .8 20.3 ± 0.8 -8.0 ± 0.8 

24 -12 .9±3.2 -55.8 ± 2 .7 -68 .7 ± 3.5 31.2±4.4 -37.5 ± 4 .0 25.9 ± 1.9 -11.6 ± 1.5 

54 -9.0 ± 2.7 -50.3 ± 2 .5 -59.3 ± 3.0 24.3 ± 2.2 -34.9 ± 2.8 21.3 ± 1.1 -13 .7 ± 1.3 

14 -12.5 ± 2.0 -51.2 ± 2.2 -63 .6 ± 3.2 32.8 ± 3.2 -30.8 ± 2.8 19.0±1.0 -11.8 ± 1.3 

21 -16.6 ± 3.0 -55 .3 ± 2 .4 -71.9 ± 3.4 24.3 ± 2.5 -36.1 ± 5.5 22.1±1.4 -13 .9± 1.5 

[aJ derived from ~G=RT ln[IC50], R represents the gas constant (1.988 cal/mol K), 

T represents the temperature (300 K). 
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Figure 3.5 Correlation of experimental IC5o and calculated binding free energy 

using MM-PBSA method 

According to the energy components of the binding 

free energies listed in Table 3.3, the van der Waals energy of diphenyl ether 

derivatives in the InhA binding pocket is the most contribution to the binding free 

energy due to the high hydrophobicity of the InhA binding pocket (Pauli et al., 2013). 

The van der Waals energy of diphenyl ether compounds 24, 54, 14 and 21 are lower 

than -50 kcal/mol. These results indicate that the increase of the hydrophobicity of 

inhibitors leads to increase the binding affinity of inhibitors in the InhA pocket. This 

result agrees with the experimental biological activity (Freundlich et al., 2009; 

Sullivan et al., 2006; am Ende et al., 2008; Luckner et al, 2010; Pan et al.,2014). 
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2.1.4) Per-residue binding energy decomposition of first 

group of di phenyl ether derivatives 

The binding energies between diphenyl ether 

derivatives with each residue in InhA pocket were calculated by MM-GBSA method 

to understand the key interactions for binding of protein-ligand complexes. Figure 3.6 

displays the binding energy decomposition of diphenyl ether derivatives. The obtained 

results indicate that nine residues including Phe97, Phe149, Tyr158, Met161, Lys165, 

Ala198, Met199, Val203 and NAD+ cofactor show lower interaction energies with 

di phenyl ether inhibitors. Figure 3. 7 shows the contribution of the van der Waals and 

electrostatic energies on the binding of diphenyl ether derivatives in the InhA binding 

pocket. Most of residues show the van der Waals energy lower than electrostatic 

energy. This result indicates that the van der Waals interactions display the important 

role on the binding of diphenyl ether derivatives in the InhA binding pocket. It is 

important to note that all repulsive energies observed for each compounds are 

generated from electrostatic energy. Particularly, the lower active compounds show 

more repulsive energies. 

(a),. Cpd.6 . (b) 20 Cpd.53 I 00 I 00 
~o ~o _., 

- -1.0 -- - ... _o 

f •o 
....... f •o -· ........ -" I ... o 
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I I .. 0 
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Figure 3.6 Per-residue binding energy decomposition of the selected diphenyl 

ether derivatives, compounds 6(a), 53(b), 24 (c) 54 (d), 14(e) and 21(f) 

using the MM-GBSA method 
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Figure 3.7 Plots of the decomposition energies in terms of van der Waals energy 

(vdw) and electrostatic energy (ele) for diphenyl ether derivatives of 

compounds 6(a), 53(b), 24(c) 54 (d), 5(e) and 6(f) 

2.1.5) Binding interactions analysis 

To elucidate the dynamic behavior of the diphenyl 

ether inhibitors in the InhA pocket, the binding modes and interaction of inhibitors in 

the InhA pocket obtained from MD simulations were analyzed. As shown in Figures 

3.8a-3.8d, the binding modes of all compounds in the InhA pocket obtained from MD 

simulations are in the same manner. For compound 6, the phenyl Bring reveals the pi

pi interaction with pyridine amide ring ofNAD+ cofactor. The hydrogen bond between 

the OH group of phenyl A ring and the NAD+ cofactor is found. The substituent Rz 

with Cl atom causes slightly repulsive interaction to the phenyl ring of Phel49. For 
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compound 53, the binding interactions between diphenyl ether with NAD+ can be 

explained as follows; (i) hydrogen bond interaction between -OH group of phenyl A 

ring with OH fragment ofNAD+ (ii) the pi-pi interaction of phenyl A ring and pyridine 

amide ring of NAD+ cofactor (iii) weak hydrogen bond of Cl substituent and CH of 

NAD+ cofactor. With regard to compound 24, the crucial interactions of diphenyl ether 

compound 3 are hydrogen bond, pi-pi interactions and hydrophobic interactions with 

NAD+ cofactor. The hydrogen bond interaction of OH group on phenyl A ring of 

diphenyl ether and OH of ribose fragment of AD+ cofactor is found. The pi-pi 

interactions between phenyl A ring of diphenyl ether and pyridine amide ring ofNAD+ 

cofactor can be formed and the hydrophobic interactions between phenyl B ring and 

all part of NAD+ cofactor can be observed. Importantly, the hydrogen bond 

interactions between N02 substituent of diphenyl ether and CH2 of Met98 are found. 

Moreover, the numerous hydrophobic interactions between the hexyl substituent 

attached to phenyl A ring of diphenyl ether with Tyr158 are observed. Compared to 

compound 24, compound 54 also reveals similar interactions. However, only one 

hydrogen bond interaction between N02 substituent of diphenyl ether and Met98 is 

formed. The weaker interactions between diphenyl ether with Tyrl 58 are observed. 

Therefore, we can summarize the binding interaction of compounds 6, 24, 53 and 54 

as follows. With regard to the phenyl B ring, the ring is surrounded by amino acid 

residues Met98, Phe97, Met161 and Ala198. The crucial interactions of this fragment 

are hydrogen bond interactions and van der Waals interactions. Regarding the phenyl 

A ring bearing the alkyl chain, the R 1 substituent of each compound is placed in the 

pocket of Phe149, Tyr158, Metl 99 and Val203. These residues show van der Waals 

interaction energies lower than electrostatic interaction energies for all compounds 

(Figure 3.7). This result could be accounted by forming of hydrophobic interactions 

between the alkyl chain at the R1 substituent with surrounding residues. The OH group 

at the phenyl A ring of compounds 6, 24, 53 and 54 lies among the OH groups of 

Tyrl 58 and ribose fragment ofNAD+. Based on binding energy decomposition of each 

residue, NAD+ shows the lowest interaction energy for all compounds (Figure 3.6) 

indicating the largest contribution ofNAD+ on binding of compounds 6, 24, 53 and 54 

in the InhA pocket. All compounds could form two strong interactions with NAD+. 

The first one is the hydrogen bond between the OH group of compound with the OH 
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group of ribose fragment. Another important interaction is the p1-p1 interaction 

between the phenyl A ring of compounds with pyridine amide ring of NAD+ (Figure 

3.8). Considering the contribution ofNAD+ in terms of van der Waals and electrostatic 

interaction energies on the binding of compounds 6, 24, 53 and 54 in the lnhA binding 

pocket (Figure 3.7), both van der Waals and electrostatic interactions show large 

attractive energy for all compounds. These results indicate that the pi-pi interaction as 

well as the hydrogen bond interaction with NAD+ play important role on the binding 

of diphenyl ether derivatives in the InhA. Accordingly, apart from the phenyl B ring 

playing important role for forming strong hydrogen bond interactions to Met98, the 

key fragment for binding of diphenyl ether derivatives in the lnhA is the phenyl A ring 

and the OH group that could generate the pi-pi interaction and the hydrogen bond 

interaction with NAD+, respectively. 

Figure 3.8 MD structure averaged over the last 2 ns of compounds 6(a), 53(b), 24 

(c) and 54 (d) in the InhA binding pocket 

• . 
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2.1.6) Structural basis of diphenyl ether derivatives for 

rational inhibitor design 

The reliable binding modes of diphenyl ether 

derivatives in the InhA binding pocket were obtained from MD simulations. The 

superposition of MD structures of compounds 6, 24, 53 and 54 and the X-ray 

structures of compounds 14 and 21 is shown in Figure 3.9. As mentioned above, the 

key fragment for binding of diphenyl ether derivatives in the InhA is the phenyl A ring 

and the OH group for generating the pi-pi interaction and the hydrogen bond 

interaction with NAD+, respectively. The R1 substituent on the phenyl A ring is 

oriented in the hydrophobic pocket of Phe149, Met155 , Pro156, Ala157, Tyr158, 

Pro193, Met199, Val203 , Leu207, Ile215 and Leu218 (Figure 3.9). Therefore, the R1 

substituent with highly lipophilic property i.e. hexyl, heptyl and octyl is optimal for 

forming hydrophobic interactions in this pocket. For the R2, R3 and R.i substituents at 

the phenyl B ring, compound 21, the highest active compound in this series, contains 

hydrogen atom at these positions. A hydrogen atom at the R2 position of compound 21 

could preferably form hydrophobic interaction with the methyl side chain of Alal 98 

and pyrophosphate group of NAD+. The CH3 group attached to the same position of 

compound 54 located close to these residues could also possibly form the hydrophobic 

interactions with Ala198 and pyrophosphate group of NAD+. Whereas Cl atom 

attached to the R2 position with respect to compounds 53 and 14 gener~te repulsive 

interaction with the pyrophosphate group of NAD+. Accordingly, the hydrophobic 

substituents such as H and CH3 should be optimal to interact with both methyl side 

chain of Ala198 and pyrophosphate group of NAD+. In case of the R3 position, H 

substituent at this position of compound 21 as well as those of compounds 6, 53, 54 

and 14 point to the carbonyl backbone of Gly96. In contrast, the N02 substituent of 

compound 24 flips away from this direction (Figure 3.9). Therefore, H substituent as a 

hydrogen bond donor substituent would be the most suitable for the R3 position to 

possibly form the hydrogen bond interaction with the carbonyl backbone of Gly96. 

For the R.i substituent, H substituent at this position of compound 21 as well as Cl and 

N0 2 substituents of compounds 53, 14 and 54, respectively, are oriented to the NH 

backbone of Met98. Therefore, at the R.i position, Cl and N02 substituents as well as 

hydrogen bond acceptor substituent that could form the hydrogen bond interaction 
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with the NH backbone of Met98 would be better for inhibitor-enzyme interaction than 

H substituent. Notably, the modification of the R2, R3 and~ substituents at the phenyl 

B ring should be optimal size because the steric effect of each substituent may cause 

the loss of the pi-pi interaction and the hydrogen bond interaction of the phenyl A ring 

bearing the OH group with NAD+. To maintain these key interactions, size of the R2, 

R3 and R.i substituents should be not too large. 

Figure 3.9 Superimposition of diphenyl ether derivatives in the InhA binding 

pocket. Compound 6 (stick in light grey color), Compound 53 (stick in 

grey color), Compound 24 (stick in dark grey color), Compound 54 

(stick in black color), Compound 14 (ball and stick in dark grey color) 

and Compound 21 (ball and stick in light grey color) 

2.2) MD simulations of diphenyl ether derivatives set 2 

2.2.1) System equilibration 

Four MD simulations of compounds 17, 18, 19, and 

29 bound with InhA were performed for 5 ns to evaluate the structural stability of the 

complexes and their binding strength. The RMSDs for all atoms of three different 

solute species (InhA, NAD+ and inhibitor) relative to the initial structure over the 5 ns 

of simulation times were analyzed and plotted in Figure 3.10. The plateau 
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characteristic of the RMSD plot over the simulation time is the criteria to indicate the 

equilibrium state of each solute species. Figure 3 .10 shows that NAD+ and compounds 

17, 18, 19 and 29 reach the equilibrium state at the early time. However, RMSDs of all 

compounds are more fluctuated , particularly compound 17. InhA complexed with 

compounds 17, 18, 19 and 29 reach the equilibrium state after 1.0 ns (Figure 3.lOa), 

1.5 ns (Figure 3.lOb), 2.5 ns (Figure 3.lOc) and 1.0 ns (Figure 3. lOd), respectively. 

Moreover, to reveal the energy stability of each system, the receptor-ligand interaction 

energies of compounds 17, 18, 19 and 29 over the 5 ns simulation time were calculated 

by MM-PBSA method. The receptor-ligand interaction energies of all compounds 

reach the equilibrium state at the beginning of the simulation time, except that of 

compound 29 which reaches the equilibrium state after the 0.5 ns simulation time 

(Figure 3.11). The average receptor-ligand interaction energies of compounds 17, 18, 

19 and 29 are -58.85 ± 2.42, -49.27 ± 2.55, -53 .85 ± 2.46 and -62 .72 ± 3.55 kcal/mol, 

respectively. Based on the receptor-ligand interaction energy and RMSD plots, the all 

system are sufficiently stable and the production simulations are reliable. Therefore, 

the subsequent free energy calculation and free energy decomposition analysis based 

on snapshots extracted from the stable state are reasonable. 
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Figure 3.11 Recepter-ligand interactions energies for the systems of compounds 

17 (a), 18 (b), 19 (c) and 29 (d) over the Sns simulation 

2.2.2) Binding free energy calculations 

The "MM-PBSA method was employed to calculate 

the binding free energies of compounds 17, 18, 19 and 29 in InhA and the results are 

shown in Table 3.4. The binding free energies (~Gbinct) of compounds 17, 18, 19 and 

29 bound to the InhA pocket are calculated to be -15.02, -9.03 , -13.90 and -15.40 

kcal/mol, respectively, which are in good agreement with those determined 

experimentally (~Gexp} Pearson correlation and Spearman rank correlation (Zar, 

1998) were employed to determine the correlation between ~Gexp . and ~Gbind· The 

accepted values of correlation coefficient are in range of -1 to 1. Based on these 

methods, the correlation between ~Gexp and ~Gbind shows the correlation coefficient of 

Pearson correlation and Spearman rank correlation to be 0.98 and 1.00, respectively. 

Therefore, there is the correlation between ~Gexp and ~Gbind· 
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Table 3.4 Binding free energies (kcal/mol) calculated by the MM-PBSA method 

Diphenyl ether-InhA complexe 
Component 

17 18 19 29 

L1GMM -58. 77 ± 2.59 -49.49 ± 2.29 -52.90 ± 2.57 -60.82 ± 2.91 

L1Gsolv. 21.59 ± 2.07 19.33 ± 1.23 20.13 ± 1.60 22.70 ± 2.69 

L1H -37.18 ± 2.93 -30.16 ± 2.24 -32.77 ± 2.47 -38.06 ± 3.21 

-TL1S 22.16 ± 0.85 21.13 ± 1.17 18.87 ± 1.06 22.66 ± 0.57 

L1Gbinct. -15.02 ± 1.32 -9.03 ± .084 -13.90 ± 1.31 -15.40 ± 1.40 

L1Gex:p. [a] -10.93 -7.83 -9.75 -10.99 

[a] derived from L1G=RT ln[IC50] , R represents the gas constant (1 .988 cal/mol K), T 

represents the temperature (300 K). 

2.2.3) The binding modes of diphenyl ether derivatives in 

InhA binding pocket 

The binding modes of compounds 17, 18, 19 and 29 

bound with InhA pocket observed from the simulations are superimposed and 

illustrated in Figure 3.12. In general, all compounds showed a similar binding mode 

and conformation: the OH group of the phenyl A ring lies in between the OH groups 

of Tyrl 58 and ribose fragment of NAD+ to form the hydrogen bond interactions. The 

phenyl A ring forms the pi-pi interaction with pyridine amide ring of NAD+. As the 

phenyl A ring bearing the R1 substituent as the alkyl chain, it is placed in the 

hydrophobic pocket that is formed by Phe149, Met155, Pro156, Ala157, Tyrl58, 

Pro193, Met199, Val203, Leu207, Ile215 and Leu218 (Figure 3.12). Compounds 17 

and 29 that holding the hexyl substituents at the R1 position could form stronger 

hydrophobic interactions with Phe149, Met155, Pro156, Ala157, Tyr158, Pro193, 

Met199, Val203, Leu207, Ile215 and Leu218 when comparing these interactions with 

compounds 18 and 19 that have shorter alkyl substituents (containing ethyl and butyl, 

respectively), loosing several hydrophobic interactions with Pro 156, Alal 57, Val203, 

Leu207 and Ile215. Therefore, the more hydrophobic interactions at the R1 position of 

compounds 17 and 29 should account for better activities against InhA. The phenyl B 
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ring containing the Rz, R3 and 1Li substituents is surrounded by the pyrophosphate 

moiety of NAD+, the hydrophilic backbones of Gly96, Met98, Phe97 and the 

hydrophobic side chains of Met103 , Met161 , Ile202, Val203, Ala198. The Hand Br 

substituents at the R2 position for compounds 17 and 29, respectively, are closed to the 

methyl sidechain of Alal98 and the pyrophosphate moiety of NAD+ (Figure 3.13). 

The Br substituent of compound 29 contributes greatly a hydrophobic interaction to 

the methyl sidechain of Alal 98 while the H substituent of compound 17 contributes a 

hydrophilic interaction to the ribose and pyrophosphate moieties of NAD+. These 

results might be explained why compounds 29 and 17 show the InhA inhibitory 

activities in the same level with ICso of 10 and 11 nM, respectively. Accordingly, the 

Rz substituent would also be hydrophobic or hydrophilic groups. For R3 position, the H 

substituents at this position for compounds 17, 18, 19 and 29 form a hydrogen bond 

interaction with the carbonyl backbone of Gly96 and, besides the H substituent, other 

hydrogen bond donor substituent would also be possible. This similar H-bond 

interaction was also found for the 1Li substituent where all four compounds point to the 

NH and carbonyl backbone ofMet98. 

Figure 3.12 The superimposition of compounds 17 (stick in cyan color), 18 (stick 

in yellow color), 19 (stick in green color) and 29 (stick in pink color) 

in the lnhA pocket obtained from MD simulation 
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NAO+ (Cpd.17) 

NAO+ (Cpd 29) 

Figure 3.13 Interactions of the R2 substituents of compounds 17 and 29 with 

Ala198 and the pyrophosphate moiety of NAD+ 
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3) Design new and more potent diphenyl ether derivatives as direct 

InhA inhibitors 

The obtained results from CoMSIA and MD simulations are 

successful to recommend the structural requirement for designing new diphenyl ether 

derivatives. The substitutions of diphenyl ether derivatives were defined as R 1, R2, R3 

and R.i positions. The suggestion of CoMSIA contour maps and MD simulations, 

hydrophobic longer alkyl chain was required to form hydrophobic interaction with 

amino acids in InhA binding pocket at R 1 position. Therefore, two compounds were 

selected as a template scaffold for designing new compounds. Compound 21 , the 

highest active compound contained octyl alkyl chain at R 1 position was selected. The 

second highly active compound, compound 29, 31 and 35 was selected as initial 

scaffold to design new diphenyl ether derivatives with hexyl substituent at R 1 position. 

The general structure of diphenyl ether derivatives is shown in Figure 3.14. 
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Figure 3.14 General structure of diphenyl ether derivatives 

Compound 21 scaffold contained octyl chain at R 1 position was 

used to design new diphenyl ether derivatives (OD series). R 1, R3 and Ri of this 

compound were kept. The small substituent with hydrophilic or hydrophobic property 

was designed as R2 substituent in this series. Twenty compounds (OD1-0D20) were 

designed. Halogen atoms, F, Cl, Br and I (OD1-0D4) were introduced into R2 

position. Based on predicted activity of halogen substituents (predicted activity in 

range of 8.21-8.28) seem to be produce predicted biological activity higher than parent 

compound 21, except fluoro (ODl) substituent. Introduced small hydrophilic 

substituents, OH, NH2 and SH (OD5-0D7) on R2 position of compound 21, the 

predicted biological activity of designed compounds (predicted activity in range of 

7.73-8.19) was lower than parent compound 21. The modification of R2 position with 

small hydrophobic substituents, CH3, OCH3, NHCH3 and SCH3 (OD8-0D11) 

produced low predicted activity (predicted activity in range of 7. 77-8.19) as compared 

to parent compound. Based on the results from design compounds ODl-ODll, 

halogen substituents at R2 position were together modified. Compounds OD12-0D20, 

the mono-, di- and tri-halogenated methyl substituents at R2 position were designed. 

The obtained results showed that tri-halogenated methyl substituents, Cf 3 (OD14), 

CCh (OD17) and CBr3 (OD20) were slightly higher than parent compound with 

predicted activity of 8.24, 8.25 and 8.23 respectively. 
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Table 3.5 Chemical structure and predicted activity of new designed diphenyl 

ether derivatives utilizing from compound 21 

Cpd. R1 Rz CoMSIA1"1 

21 (CH2hCH3 H 8.23 

OD! (CH2hCH3 F 8.21 

on21b1 (CH2)?CH3 CI 8.25 

on31b1 (CH2hCH3 Br 8.27 

OD41b1 (CH2hCH3 I 8.29 

ODS (CH2)1CH3 OH 8.01 

OD6 (CH2hCH3 NH2 7.73 

OD7 (CH2hCH3 SH 8.19 

OD8 (CH2hCH3 CH3 8.19 

OD9 (CH2hCH3 OCH3 8.10 

ODIO (CH2hCH3 NHCH3 7.77 

ODI l (CH2hCH3 SCH3 8.16 

OD12 (CH2hCH3 CH2F 8.14 

OD13 (CH2hCH3 CHF2 8.16 

OD141bl (CH2hCH3 CF3 8.24 

ODIS (CH2)1CH3 CH2Cl 8.15 

OD16 (CH2hCH3 CHC!i 8.17 

on111b1 (CH2hCH3 CCl3 8.25 

OD18 (CH2hCH3 CH2Br 8.14 

OD19 (CH2hCH3 CHBr2 8.15 

on201b1 (CH2hCH3 CBr3 8.23 

[al predicted log(l/IC5o) derived from best CoMSIA model 

[bl Bold letter represents the better predicted biological activity 
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Based on parent compound 29, R1 and Ri positions were kept as 

hexyl and hydrogen, whereas R2 and R3 were modified. The 155 new designed 

compounds were summarized in Table 3.6, Table 3.7 and Table 3.8. As considered 

experimental data, halogenate and small hydrophilic substitutions on R2 position were 

reported. Therefore, small hydrophobic, mono-, di and tri-halogenated methyl were 

modified (HDl-HDll). The obtained results showed that predicted activity of new 

designed compounds were lower than parent compounds (predicted activity in range of 

7.42-7.81). Therefore, the halogenate substitutions; Br, F and Cl from experimental 

data were used as starting structure to design new diphenyl ether derivatives (HD12-

HD155). Small hydrophilic substituents suggested from CoMSIA and MD simulation 

were modified at R3 position. New designed compounds with R2 position contained Br 

with small hydrophilic substitutions at R3 position showed higher predicted biological 

activity than parent compounds. New designed diphenyl ether with F substituent at Rz 

position and small hydrophilic substituents at R3 position (HD60-HD107) were 

considered. The obtained results showed that only HD71 (predicted activity of 7.95) 

designed compound showed predicted activity higher than parent compounds 31 and 

29. For designed diphenyl ether with Cl at R2 position and small hydrophilic 

substituents at R3 position (HD108-HD155), high predicted activity than parent 

compound 35 of new designed compounds were obtained, except compound HD138 

(predicted activity of 7.95). Among of these compounds, 3 compounds (HD114, 

HD115 and HD123) show higher predicted activity than compound 29. 
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Table 3.6 Chemical structure and predicted activity of new designed diphenyl 

ether derivatives utilizing from compound 29 

Cpd. R1 R; R3 CoMSIA1"1 

29 (CH2)sCH3 Br H 7.93 

HDl (CH2)sCH3 OCH3 H 7.44 

HD2 (CH2)sCH3 NHCH3 H 7.42 

HD3 (CH2)sCH3 SCH3 H 7.80 

HD4 (CH2)sCH3 CH2F H 7.72 

HD5 (CH2)sCH3 CHF2 H 7.76 

HD6 (CH2)sCH3 CH2Cl H 7.76 

HD7 (CH2hCH3 CHCl2 H 7.81 

HD8 (CH2)sCH3 CH2Br H 7.76 

HD9 (CH2)5CH3 CHBr2 H 7.77 

HDlO (CH2)sCH3 CHCH2 H 7.74 

HDll (CH2)sCH3 CCH H 7.43 

HD12 (CH2)sCH3 Br OH 7.83 

HD13 (CH2)sCH3 Br SH 7.89 

HD14 (CH2)sCH3 Br NH2 7.84 

HD15 (CH2)sCH3 Br COH 7.92 

HD161bl (CH2)sCH3 Br COCH3 7.98 

HD17 (CH2)sCH3 Br NHCH3 7.89 

HD181bl (CH2)sCH3 Br COOH 7.98 

HD191b1 (CH2)sCH3 Br CONH2 8.01 

HD20lbl (CH2)sCH3 Br CSH 7.96 

HD211b1 (CH2)5CH3 Br CSCH3 7.97 

HD221bl (CH2)sCH3 Br CSOH 7.97 

HD23 (CH2)5CH3 Br CSNH2 7.85 

HD24 (CH2)sCH3 Br CH20H 7.71 

HD25 (CH2)sCH3 Br CH2SH 7.71 

HD26 (CH2)sCH3 Br CH2NH2 7.82 

HD271bl (CH2)sCH3 Br CONHCH3 8.01 

HD28tbl (CH2)5CH3 Br CO NH OH 7.94 

HD291b1 (CH2)sCH3 Br CONHNH2 7.94 

[a] predicted log(l/IC50) derived from best CoMSIA model 

[bl Bold letter represents the better predicted biological activity 
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Table 3.6 Chemical structure and predicted activity of new designed diphenyl 

ether derivatives utilizing from compound 29 (continue) 

Cpd. R1 Ri R3 CoMSIA1"1 

HD301b1 (CH2)sCH3 Br CONHSH 7.97 

HD31 (CH2)5CH3 Br CH2COH 7.88 

HD32 (CH2)5CH3 Br CH2COCH3 7.90 

HD33 (CH2)5CH3 Br CH2COOH 7.89 

HD34 (CH2)5CH3 Br CH2CONH2 7.89 

HD35 (CH2)5CH3 Br CH2CSH 7.89 

HD36 (CH2)5CH3 Br CH2CSCH3 7.90 

HD37 (CH2) 5CH3 Br CH2CSOH 7.89 

HD38 (CH2hCH3 Br CH2CSNH2 7.90 

HD39 (CH2)5CH3 Br NHCH20H 7.90 

HD40 (CH2hCH3 Br NHCH2SH 7.89 

HD41 1b1 (CH2)sCH3 Br NHCH2NH2 7.94 

HD42 (CH2)5CH3 Br NHNH2 7.22 

HD43 (CH2)5CH3 Br NHCH2F 7.89 

HD44 (CH2)5CH3 Br NHCH2Cl 7.88 

HD45 (CH2)5CH3 Br NHCH2Br 7.88 

HD46 (CH2)5CH3 Br NHCHF2 7.88 

HD47 (CH2)5CH3 Br NH CH Ch 7.86 

HD48 (CH2)5CH3 Br NHCHBr2 7.86 

HD49 (CH2)5CH3 Br NHCF3 7.87 

HD50 (CH2)5CH3 Br NHCCh 7.83 

HD51 (CH2)5CH3 Br NHCBr3 7.83 

HD52 (CH2)sCH3 Br NHCOH 7.93 

HD53 (CH2)sCH3 Br NHCOCH3 7.92 

HD54 (CH2)sCRi Br NHCOOH 7.93 

HD551b1 (CH2)5CHs Br NHCONH2 7.95 

HD56 (CH2)sCH3 Br NHCSH 7.89 

HD57 (CH2)sCH3 Br NHCSCH3 7.88 

HD58 (CH2)sCH3 Br NHCSOH 7.90 

HD59 (CH2)sCH3 Br NHCSNH2 7.92 

Cal predicted log(l/IC50) derived from best CoMSIA model 

fbl Bold letter represents the better predicted biological activity 



Table 3. 7 Chemical structure and predicted activity of new designed diphenyl 

ether derivatives utilizing from compound 31 

Cpd. R1 Rz R3 CoMSIA1a1 

31 (CH2)sCH3 F H 7.92 

HD60 (CH2)sCH3 F OH 7.68 

HD6l (CH2)sCH3 F SH 7.72 

HD62 (CH2)sCH3 F NH2 7.67 

HD63 (CH2)sCH3 F COH 7.74 

HD64 (CH2)sCH3 F COCH3 7.80 

HD65 (CH2)sCH3 F NHCH3 7.69 

HD66 (CH2)sCH3 F COOH 7.82 

HD67 (CH2)sCH3 F CONH2 7.84 

HD68 (CH2)sCH3 F CSH 7.80 

HD69 (CH2)sCH3 F CSCH3 7.85 

HD70 (CH2)sCH3 F CSOH 7.80 

HD71 1b1 (CH2)sCH3 F CSNH2 7.95 

HD72 (CH2)sCH3 F CH20H 7.57 

HD73 (CH2)sCH3 F CH2SH 7.58 

HD74 (CH2)sCH3 F CH2NH2 7.65 

HD75 (CH2)sCH3 F CONHCH3 7.84 

HD76 (CH2)sCH3 F CO NH OH 7.78 

HD77 (CH2)sCH3 F CONHNH2 7.77 

HD78 (CH2)sCH3 F CO NH SH 7.80 

HD79 (CH2)sCH3 F CH2COH 7.69 

HD80 (CH2)sCH3 F CH2COCH3 7.74 

HD81 (CH2)sCH3 F CH2COOH 7.71 

HD82 (CH2)sCH3 F CH2CONH2 7.71 

HD83 (CH2)sCH3 F CH2CSH 7.74 

HD84 (CH2)sCH3 F CH2CSCH3 7.77 

HD85 (CH2)sCH3 F CH2CSOH 7.74 

HD86 (CH2)sCH3 F CH2CSNH2 7.74 

HD87 (CH2)sCH3 F NHCH20H 7.71 

HD88 (CH2)sCH3 F NHCH2SH 7.70 

[a] predicted log(l /IC50) derived from best CoMSIA model 

[bJ Bold letter represents the better predicted biological activity 
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Table 3. 7 Chemical structure and predicted activity of new designed diphenyl 

ether derivatives utilizing from compound 31 (continued) 

Cpd. R1 Rz R3 CoMSIA1"1 

HD89 (CH2)sCH3 F NHCH2NH2 7.75 

HD90 (CH2)sCH3 F NHNH2 7.19 

HD91 (CH2)5CH3 F NHCH2F 7.70 

HD92 (CH2)sCH3 F NHCH2CI 7.69 

HD93 (CH2)sCH3 F NHCH2Br 7.69 

HD94 (CH2)sCH3 F NHCHF2 7.69 

HD95 (CH2)sCH3 F NHCHCl2 7.68 

HD96 (CH2)sCH3 F NHCHBr2 7.68 

HD97 (CH2)sCH3 F NHCF3 7.68 

HD98 (CH2)sCH3 F NHCCl3 7.65 

HD99 (CH2)sCH3 F NHCBr3 7.65 

HDlOO (CH2)sCH3 F NHCOH 7.72 

HDlOl (CH2)sC!L F NHCOOH 7.72 

HD102 (CH2)sCHs F NHCONH2 7.74 

HD103 (CH2)sCH3 F NHCONH2 7.75 

HD104 (CH2)sCH3 F NHCSH 7.69 

HD105 (CH2)sCH3 F NHCSCH3 7.69 

HD106 (CH2)sCH3 F NHCSOH 7.71 

HD107 (CH2)sCH3 F NHCSNH2 7.73 

[a] predicted log(l/ICso) derived from best CoMSIA model 

[bl Bold letter represents the better predicted biological activity 

------ - - - - -- ------



Table 3.8 Chemical structure and predicted activity of new designed diphenyl 

ether derivatives utilizing from compound 35 

Cpd. R1 R1 R3 CoMSIA1"1 

35 (CH2)sCH3 Cl H 7.51 

HD108 (CH2)sCH3 Cl OH 7.78 

HD109 (CH2)sCH3 Cl SH 7.84 

HDllO (CH2)sCH3 Cl NH2 7.78 

HDl 11 (CH2)sCH3 Cl COH 7.85 

HDl 12 (CH2)sCH3 Cl COCH3 7.92 

HDl 13 (CH2)sCH3 Cl NHCH3 7.83 

HD1141bl (CH2)sCH3 Cl COOH 7.93 

HD1151b1 (CH2)sCH3 Cl CONH2 7.95 

HD116 (CH2)sCH3 Cl CSH 7.90 

HDl 17 (CH2)sCH3 Cl CSCH3 7.90 

HDl 18 (CH2)sCH3 Cl CSOH 7.91 

HD119 (CH2)sCH3 Cl CSNH2 7.78 

HD120 (CH2)5CH3 Cl CH20H 7.66 

HD121 (CH2)sCH3 Cl CH2SH 7.66 

HD122 (CH2)sCH3 Cl CH2NH2 7.76 

HD1231bl (CH2)sCH3 Cl CONHCH3 7.95 

HD124 (CH2)sCH3 Cl CO NH OH 7.89 

HD125 (CH2)sCH3 Cl CONHNH2 7.89 
-HD126 (CH2)5CH3 Cl CONHSH 7.91 

HD127 (CH2)sCH3 Cl CH2COH 7.82 

HD128 (CH2)sCH3 Cl CH2COCH3 7.84 

HD129 (CH2)sCH3 Cl CH2COOH 7.83 

HD130 (CH2)sCH3 Cl CH2CONH2 7.83 

HD131 (CH2)5CH3 Cl CH2CSH 7.84 

HD132 (CH2)sCH3 Cl CH2CSCH3 7.85 

HD133 (CH2)5CH3 Cl CH2CSOH 7.84 

HD134 (CH2)sCH3 Cl CH2CSNH2 7.84 

HD135 (CH2)sCH3 Cl NHCH20H 7.84 

HD136 (CH2)sCH3 Cl NHCH2SH 7.83 

[a] predicted log(l/IC5o) derived from best CoMSIA model 

[bl Bold letter represents the better predicted biological activity 
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Table 3.8 Chemical structure and predicted activity of new designed diphenyl 

ether derivatives utilizing from compound 35 (continued) 

Cpd. R1 Rz R3 CoMSIAlal 

HD137 (CH2)sCH3 CJ NHCH2NH2 7.88 

HD138 (CH2)sCH3 Cl NHNH2 7.19 

HD139 (CH2)sCH3 CJ NHCH2F 7.83 

HD140 (CH2)sCH3 Cl NHCH2Cl 7.82 

HD141 (CH2)sCH3 Cl NHCH2Br 7.82 

HD142 (CH2)sCH3 Cl NHCHF2 7.82 

HD143 (CH2)sCH3 Cl NHCHC12 7.80 

HD144 (CH2)sCH3 Cl NHCHBr2 7.80 

HD145 (CH2)sCH3 Cl NHCF3 7.80 

HD146 (CH2)5CH3 Cl NHCC13 7.77 

HD147 (CH2)sCH3 Cl NHCBr3 7.77 

HD148 (CH2)sCH3 Cl NHCOH 7.86 

HD149 (CH2)sCRi Cl NHCOOH 7.85 

HD150 (CH2)sCHs Cl NHCONH2 7.87 

HD151 (CH2)sCH3 Cl NHCONH2 7.89 

HD152 (CH2)sCH3 Cl NHCSH 7.82 

HD153 (CH2)sCH3 Cl NHCSCH3 7.82 

HD154 (CH2)sCH3 Cl NHCSOH 7.86 

HD155 (CH2)sCH3 Cl NHCSNH2 7.86 

[aJ predicted log(l/IC50) derived from best CoMSIA model 

[bJ Bold letter represents the better predicted biological activity 

4) Promising diphenyl ether based on rational design 

155 designed diphenyl ether based on the structural requirement 

derived from 3D-QSAR and MD simulations. Among of these compounds, high 

predicted biological activity against InhA of 22 compounds was obtained as 

summarized in Table 3.9. To ensure that designed diphenyl ether compounds favorable 

to bind with InhA, molecular docking was used to predict the binding mode of new 

designed compounds in InhA binding site. Based on docking calculation, similar 

binding mode of ten compounds (OD02, OD03, OD04, OD14, ODl 7, OD20, HD20, 
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HD41, HD115 and HD123) as compared to the X-ray binding mode of diphenyl ether 

compounds was obtained (F igure 3.15). 

Figure 3.15 Superimposition of designed diphenyl ether in lnhA binding pocket 

Table 3.9 Highly predicted activity diphenyl ether compounds 

Cpd. Structure CoMSIA a 

OH Cl 

OD2 0'6 I ~ 
8.25 

OH Br 

OD3 0'6 I ~ 
8.27 

OH I 

OD4 0'6 I ~ 
8.29 

[aJ predicted log(l/IC50) derived from best CoMSIA model 
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Table 3.9 Highly predicted activity diphenyl ether compounds (continued) 

Cpd. Structure CoMSIA a 

OH ol) ,• 

OD14 8.24 
I~ 

OH 

015' OD17 8.25 
I ~ 

OH 
0t3 OD20 8.23 

I '° 
OH Br 0 

HD16 oif 
I '° 

7.98 

OH Br 0 

HD18 0ijoH 7.98 

OH Br 0 

HD1 9 OijNH, 8.01 

OH Br s 
HD20 oij 7.96 I~ 

'° 
OH Br s 

HD21 1 ~ 0if 7.97 

'° ~ 
OH Br s 

HD22 
0ijoH 7.97 

OH Br 0 • ~ 

HD27 OijN,.- 8.01 

I '° H 
.} 

[aJ predicted log(l/IC50) derived from best CoMSIA model 
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Table 3.9 Highly predicted activity diphenyl ether compounds (continued) 

Cpd. Structure CoMSIA a 

OH Br 0 

HD28 OijN,OH 7.94 
I H 

0 

OH Br 0 

HD29 OijN,NH2 7.94 
I H 

0 

OH Br 0 

HD30 OijN,SH 7.97 
I H 

0 

OH Br H 

HD41 OON"'NH, 7.94 
lo 

OH Br H 

. HD55 OONl(NH, 7.95 . 
lo o 

OH F s 
HD71 OijNH2 7.95 

OH Cl 0 

HD114 OijOH 7.93 

OH Cl 0 

HD115 OijNH2 7.95 

OH Cl 0 

HD123 OijN/ 7.95 
I H 

0 

[aJ predicted log(l/IC5o) derived from best CoMSIA model 
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OD04 is the iodo (I) substituent at R2 position. This compound 

showed the highest predicted biological activity in OD series (Octyl substituent at R 1 

position). In addition, this compound displayed the highest binding energy (-13.25 

kcl/mol) in InhA binding pocket (Figure 3.16) that obtained from molecular docking. 

U-shape of this compound recognized in the lnhA binding site. Phenyl A ring that 

contained I substituent be vertical with Phenyl B ring. The hydroxyl group of phenyl 

A ring formed strong hydrogen bond network with hydroxyl group of Tyr158 (1.78 A) 

and nicotinamide ribose (2.00 A). Moreover, this phenyl ring bound with nicotinamide 

ring ofNAD+ cofactor via pi-pi interaction. Hydrophobic interactions of phenyl A ring 

with Phe149, Metl99 and Val203. Octyl chain of R1 substituent on phenyl A ring 

located at the substrate binding site of InhA and formed hydrophobic interaction with 

Phe149, Met155, Pro156, Ala157, Tyr158, Pro193, Ile194, Met199, Val203, Leu207, 

Cln214, Ile215 and Leu218. The position of iodine atom (Iodo substituent) of R1 

closed to the position of NAD+ cofactor, Gly96 and Ala198. Hydrogen atom at para 

position of Phenyl B ring pointed to the position of nitrogen atom of Met98 backbone 

(distant between two atoms is 2. 70 A). Therefore, hydrogen atom of this position 

cloud is form weakly hydrogen bond interaction. Side chain of Metl 61 bound with 

phenyl B ring via methyl-pi interaction. Hydrophobic interaction of phenyl B ring with 

Metl61 , Ala198, Ile202 and Val203 were observed. 
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Ala157 

Val203 

Leu218 

Met161 Leu217 

Phe149 

Figure 3.18 Binding mode of HD27 in InhA binding site derived from molecular 

docking 

3 .1.1.2 Molecular modeling of benzofuran pyrrolidine pyrazole derivatives 

1) 3D-QSAR studies 

1.1) Co MF A and CoMSIA models 

In this study, CoMFA and CoMSIA models were 

constructed from IC5o and MIC90 where prefixed with ICso and MIC90, respectively. 

IC5o and MIC90 CoMSIA models were constructed based on various combinations of 

molecular descriptor fields, in order to develop a highly predictive CoMSIA model 

(Tables 3 .10 and 3 .11 ). An IC50 Co MS IA model constructed from the combination of 

steric (S), electrostatic (E), hydrophobic (H) and hydrogen acceptor (A) fields (Klebe 

et al. , 1994) gave the highest q2 (0.646), whereas an MIC90 CoMSIA model including 

steric, electrostatic, hydrophobic and hydrogen donor (D) fields (Klebe et al. , 1994) 

showed the highest q2 (0.639). Therefore, these models were selected for graphical 

interpretation of IC50 and MIC90 CoMSIA contour maps. In order to assess the 

predictive abilities of IC5o and MIC90 CoMSIA models , IC5o and MIC90 values of the 

test set were predicted. Both IC50 and MIC90 CoMSIA models showed good ability to 

predict IC5o and MIC9o values of the test set data as shown in Figure 3.19. In case of 
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IC50 and MIC90 CoMF A models, they had poor predictive ability with q2 values of 

0.464 and 0.432, respectively. Accordingly, these CoMF A models were not used 

further in this work. 

Table 3.10 Statistical results of IC50 CoMFA and CoMSIA models 

Statistical parameters 
Models Fraction 

q2 r1 s SEE N F 

CoMFA 

S/E 0.464 0.996 0.392 0.035 6 909.618 60.3/39.7 

CoMSIA 

S/E 0.084 0.977 0.512 0.081 6 162.845 32.1/67.9 

S/H 0.465 0.950 0.383 0.118 5 90.431 29.1/70.9 

SID 0.624 0.923 0.321 0.145 5 57.579 54.3/45.7 

SIA 0.146 0.970 0.495 0.093 6 123.724 39.7/60.3 

S/E/H 0.260 0.981 0.460 0.074 6 194.704 16.6/44.5/38.9 

S/E/D 0.592 0.980 0.342 0.076 6 185.576 21.0/53.7/25.3 

SIEJA 0.281 0.975 0.454 0.085 6 149.701 22.5/42.8/34. 7 

S/E/H/DlaJ 0.646 0.990 0.318 0.055 6 363.962 13.1135.8/28.5/22.6 

S/E/H/A 0.336 0.983 0.436 0.070 6 222.520 12.3/31.5/29.4/26.8 

S/E/H/D/A 0.610 0.991 0.334 0.050 6 437.341 10.0/25.4/22.6/20.7/21.4 

[al Bold values indicate the best CoMSIA model 

N optimum number of components; s standard error of prediction; SEE standard error 

of estimate; FF-test value; S steric field; E electrostatic field; H hydrophobic field; D 

hydrogen donor field; A hydrogen acceptor field 

, 
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Table 3.11 Statistical results of MIC90 CoMFA and CoMSIA models. 

Statistical parameters 
Models Fraction 

q2 rz s SEE N F 

CoMFA 

S/E 0.432 0.853 0.442 0.225 2 78.451 53 .2/46.8 

CoMSIA 

S/E 0.456 0.949 0.469 0.143 6 71.455 25 .1/74.9 

S/H 0.459 0.780 0.432 0.275 2 47.970 34.4/65 .6 

SID 0.261 0.732 0.514 0.310 
.., 

23 .642 52 .7/47.3 .) 

S/A 0.602 0.978 0.401 0.093 6 174.060 46.3/53 .7 

S/E/H 0.477 0.961 0.460 0.126 6 93.558 13 .8/52.8/33.4 

S/E/D 0.210 0.912 0.553 0.184 5 49.990 17.7/64.4/18.0 

S/E/A 0.550 0.955 0.426 0.134 6 82.091 19.9/48.1 /32.0 

S/E/H/D 0.415 0.938 0.476 0.155 5 72 .712 I 0.9/45 .8/29.3/ 13 .9 

S/E/H/A1al 0.639 0.973 0.382 0.105 6 136.014 12.5/35.6/42.2/27. 7 

S/E/H/D/A 0.494 0.961 0.442 0.123 5 118.951 9.3/33.4/22.8/ I 0.4/24.2 

[aJ Bold values indicate the best CoMSIA model 

optimum number of components; s standard error of prediction; SEE standard error 

of estimate; FF-test value; S steric field ; E electro tatic field ; H hydrophobic field; D 

hydrogen donor field ; A hydrogen acceptor field 

9.00 8 00 
• Training set .(a) • Training set (b) 
• Test set • Test set 

8 50 •• • 
i i 7.00 

• 0 0 ; ~ • "' ::: 8.00 .. • •• a Ci .!! •• .!! 6.00 • • 'ti • • ., 'ti .. u 7.50 "~ 
., 
u '6 '6 • f! • • • Q. ct 5 00 i 7.00 • 

6.50 4.00 

6.50 7.00 7 50 8.00 8.50 9 00 4.00 5.00 6.00 7.00 8.00 

Experimental log(1/IC50) Experimental log(1 /MIC50) 

Figure 3.19 Plot of experimental and predicted activities of the training and test 

data sets derived from IC50 (a) and MIC90 (b) CoMSIA models 
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1.2) CoMSIA contour maps 

To reveal the importance of molecular descriptor fields in 

both IC50 and MIC90 values of InhA inhibitors, CoMSIA contour maps were 

established. Compound 22 (Table 2.7 in chapter 2) presented the best MIC value. 

Graphical interpretation of its IC50 and MIC90 CoMSIA contour maps was done. 

Interpretation of its IC50 and MIC90 CoMSIA contour maps revealed structural 

requirements in terms of steric, electrostatic, hydrophobic and hydrogen donor and 

acceptor fields for IC5o and MIC90 values of InhA inhibitors. 

1.2.1) Steric requirements for IC5o and MIC90 values 

Figure 3.20 shows the CoMSIA steric contour maps 

obtained from selected IC50 and MIC90 CoMSIA models. These contours highlight the 

steric requirements for IC50 and MIC99 values of benzofuran pyrrolidine pyrazole 

derivatives. Both IC50 and MIC90 CoMSIA models show a green contour at the R3 

substituent. These results indicated that a bulky R3 substituent is favourable for both 

IC5o and MIC90 values. Accordingly, an ethyl group is more preferred for the steric 

requirement of the R3 substituent than a methyl group. This is consistent with the MD 

simulations since an ethyl group can form more interactions with InhA. At the R2 

position, IC5o and MlC90 CoMSIA models present a large yellow contour. However, 

IC5o CoMSIA model shows a favorable green steric contour at the terminal of the R2 

substituent (Figure 3.20a). Based on MD simulations results, the R2 substituent had 

weak interaction with the InhA pocket leading to less influence on the IC5o value. 

Therefore, the steric requirement of R2 substituent should be based on the MIC90 

CoMSIA steric contour that presented only a yellow contour near this substituent 

(Figure 3.20b). 

;< 

• 

fl 
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2.3) Binding mode of compound 28 

The binding mode of compound 28 complexed with InhA 

obtained from MD simulations is shown in Figure 3.25. Residues located near each 

substituent and the core structure are listed in Figure 3.26. A hydrogen atom (the R1 

substituent) is near the carbonyl backbone of Metl 03 . 2-pyridinyl methyl (the R2 

substituent) protrudes from the lnhA pocket and interacts with the solvent (Figure 

3 .25). The ethyl moiety (the RJ substituent) is located near backbones of Gly96, Phe97 

and pyrophosphate and ribose groups of NAD+. The ethyl group (the Iti substituent) 

was located in the hydrophobic side chains of Phel49, Tyr158, Met199 and 

nicotinamide of NAD+. With regard to the core structure, the pyrazole ring in the core 

structure was sandwiched between two hydrophobic side chains of Met161 and 

Al al 98. CO and NH of pyrazole amide formed hydrogen bonds with the backbones of 

Met98 and Alal98, respectively. The benzofuran core was buried in the hydrophobic 

side chains of Ile215, Alal57, Ile202 and Ala20l , and was sandwiched between the 

hydrophobic side chains of Leu207 and Met103. The carbonyl of benzofuran core 

formed a hydrogen bond with the NH backbone of Ala201. NH of pyrrolidine amide 

formed a hydrogen bond with the CO backbone ofLeul97 . 

Figure 3.25 Compound 28 (cyan) in its complex with whole lnhA (grey) obtained 

from MD simulations 
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Gly96 Phe97 

~ Met161 Sol~~~~-~xposure 
NAO+ ( R3 Met98 .· ·-. 

N , R2 , 
: Leu1~97 '. 

Phe149 R o' \ i/ ~ ; 

G4 ' ' , -N , 
Met199 H3C ,·· HN,,_ HN . ,' 

Ala198', ~o 
Tyr158 O:!: . · - 0. 
Ala157 ~ ~ \ --- - -Ala201 

O R1 
Met103 

Ala201 Leu207 

lle215 lle202 

Figure 3.26 List of residues surrounding within 4 A from compound 28 

2.4) Interaction energy 

Free-energy decomposition calculations were used to 

investigate the interaction energies between compound 28 and each residue in the 

InhA pocket. Figure 3.27 shows these interaction energies obtained from free-energy 

decomposition calculations. The lowest interaction en~rgy (-7.42 kcal/mol) was . 

observed for Metl 03 , indicating that this residue had the largest contribution to 

binding of compound 28 in the InhA pocket. As previously mentioned, Metl 03 and 

Leu207 were sandwiched in the benzofuran core. Another remarkable interaction 

energy (-7.06 kcal/mol) was found for NAD+. This was responsible for van der Waal 

and electrostatic interactions with the R3 and ~ substituents of compound 28 (Figure 

3.27). Ala198 showed an interaction energy (-6.16 kcal/mol), comparable with those 

of Met103 and NAD+. This residue formed hydrogen bonds with the NH of pyrazole 

amide and sandwiched the pyrazole ring (Figure 3.26). Met98, Leu197 and Ala201 

formed other hydrogen bonds with the core structure with interaction energies 

of -2.94, -3.27 and -5.33 kcal/mol, respectively. Based on interaction energy profile of 

compound 28, the core structure formed more attractive interactive energies with 

surrounding residues than R substituents (Figure 3.27). This result indicates that the 

core structure is the key fragment for binding of this compound in the InhA pocket. 

., 
. . 

,. 



. , 

.. 

165 

significantly change IC50 values, but rather produced a tenfold increase in MIC90 

values (compounds 22 and 23, Table 2.7 in chapter 2). Accordingly, the R2 substituent 

is a key group that can be used to adjust the MIC90 value without negative contribution 

to the ICso value. Based on the results obtained from our MD simulations and 

CoMSIA studies, the structural concept to correctly balance ICso and MIC90 values of 

benzofuran pyrrolidine pyrazole derivatives is summarized in Figure 3.32. New 

compounds designed based on this concept should show better IC so and MIC90 values. 

Surrounded by backbones of 
Gly96, Phe97 and 
pyrophosphate and ribose 
groups of NAO' 

Favored steric and 
hydrophobic substituent 

Protrude from lnhA binding podcet 

Favored hydrophobic substituent 

Unfavored steric and favored hydrophobic substituent 

Figure 3.32 Structural concept for good IC5o and MIC90 correlation summarized 

from MD simulations and CoMSIA results. Red and black letters 

indicate the results obtained from MD simulations and CoMSIA 

results, respectively 

3) Design new and more potent benzofuran pyrrolidine pyrazole 

derivatives as direct lnhA inhibitors 

Based on the integration of 3D-QSAR CoMSIA contour maps, 

the structural basis to improve inhibitory activity against InhA and M. tuberculosis 

whole cell was proposed. 123 designed compounds of benzofuran pyrrolidine pyrazole 

derivatives (BD series, BD1-BD123) were summarized in Table 3.13 . No contour 

located at R 1 position. High predicted biological activities both InhA inhibition and M. 

tuberculosis whole cell inhibition were required. Therefore, designed compounds were 

started from compound 22 as template structure. Hydrogen atom was kept at R 1 

position of new designed compounds due to no contour maps available at R 1 position. 
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At R2 position, unfavorable steric and favorable hydrophobic substituents were 

designed (BD1-BD81) to examine the optimal R2 substituents. At R3 position, 

favorable steric and hydrophobic substituents were modified. At ~ position, favorable 

hydrophobic substituents were designed. The obtained results show that 17 

compounds of new designed compounds shown higher predicted inhibitory against M 

tuberculosis whole cell and 2 compounds (BD101 and BD102) from of high predicted 

biological activity against M tuberculosis whole cell were shown high predicted 

activity in InhA inhibition. 

Table 3.13 Chemical structure and predicted activity of new designed 

benzofuran pyrrolidine pyrazole derivatives 

Predicted biological 

Cpd. R2 RJ Rt actives I al 

log(l/ICso) log(l/MIC90) 

0 
22 /JOCH3 Et Et 8.52 7.30 

28 JJ I Et Et 8.70 6.15 

0 
BDl /JOCF3 Et Et 8.23 6.87 

[a] Bold letter represents the better predicted biological activity than template 

compound22 

* Higher predicted activities (both InhA inhibition and M tuberculosis whole cell) 

than compound 22 (MIC90) and compound 28 (ICso) 
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Table 3.13 Chemical structure and predicted activity of new designed 

benzofuran pyrrolidine pyrazole derivatives (continued) 

R~4 
N H 

N ''·f'\ ~N-R2 
R3 0 L .. ~ 

N 0 

Qto 
0 R1 

Predicted biological 

Cpd. Ri RJ 14 actives131 

log(l/ICso) log(l/MIC90) 

0 
BD2 

/JO./'-.CH3 
Et Et 8.50 7.06 

0 
BD3 /J0P Et Et 8.29 7.06 

0 
BD4 

/JO./'-.CF3 
Et Et 8.24 6.97 

0 
BD5 

/JOH 
Et Et 8.09 7.06 

0 
BD6 

/JNH2 
Et Et 8.13 7.21 

0 
BD7 

/JCH3 
Et Et 8.05 6.78 

0 
BD8 /~CH3 Et Et 8.04 6.66 

[al Bold letter represents the better predicted biological activity than template 

compound22 

* Higher predicted activities (both InhA inhibition and M tuberculosis whole cell) 

than compound 22 (MIC90) and compound 28 (ICso) 
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Table 3.13 Chemical structure and predicted activity of new designed 

benzofuran pyrrolidine pyrazole derivatives (continued) 

Predicted biological 

Cpd. Rz RJ &. actives 131 

log(l/ICso) log(l/MIC90) 

0 

BD9 /~CH3 Et Et 7.91 6.60 

CH3 

0 

BDlO /Jy.CH3 
CH3 

Et Et 7.79 6.51 
CH3 

0 

BDll /~ Et Et 8.07 6.70 

0 

BD12 /JN\7 Et Et 8.41 7.16 

0 

BD13 iJo Et Et 8.24 6.98 

[a] Bold letter represents the better predicted biological activity than template 

compound22 

* Higher predicted activities (both InhA inhibition and M tuberculosis whole cell) 

than compound 22 (MIC90) and compound 28 (ICso) 

,. . 
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Figure 3.16 Binding mode of OD04 in InhA binding site derived from molecular 

docking 

The binding modes of HD19 and HD27, the highest predicted 

activity m HD series (Table 3.8 and Table 3.9) were analyzed. Two of these 

compounds bound with InhA binding pocket with different binding mode as compared 

to the X-ray binding mode of diphenyl ether compounds (Figure 3.17 and Figure 

3.18). Three hydrogen bond interactions between HD19 with Pro156, Gln214 and 

Arg225 were found. First hydrogen bond interaction was observed between hydroxyl 

(OH) of diphenyl ether core structure with an oxygen atom of carbonyl group of 

Pro156. Second hydrogen bond interaction was observed between an oxygen carbonyl 

(C=O) of primary amide at R3 substituent with NH sidechain of Arg225 . The latest 

hydrogen bond interactions of HD19, the Br substituent at R2 position cloud formed 

hydrogen bond interaction with NH side chain of Gln214. Hexyl R 1 substituent formed 

hydrophobic interaction with Phe149, Tyr158, Ala198, Metl99 and Val203 side chain. 
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Gln214 

j 
Leu218 

Ala198 

Arg224 

NAO+ 

Figure 3.17 Binding mode ofHD19 in InhA binding site derived from molecular 

docking 

The binding mode derived from molecular docking of HD27 

was shown in Figure 3.18. Two hydrogen bond interactions were observed between 

HD27 and amino acids in InhA binding pocket. Hydroxyl group at ring A of diphenyl 

ether core structure formed hydrogen bond interaction with an oxygen atom of 

carbonyl Pro 156. Carbonyl of secondary amide R3 substituent interacted with NH side 

chain of Gln214 via hydrogen bond interaction. Hexyl (R1) and Br (R2) substituents 

formed hydrophobic interactions with amino acid in InhA binding site. 
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(a) (b) 

Figure 3.20 Steric contour maps of IC5o (a) and MIC90 (b) CoMSIA models in 

combination with compound 22 

155 

1.2.2) Electrostatic requirements for IC50 and MIC90 values 

Electrostatic requirements for IC50 and MIC90 values 

of benzofuran pyrrolidine pyrazole derivatives are visualized in Figure 3.21. Both IC50 

and MIC9o CoMSIA contours show only an electrostatic requirement at the R2 

substituent. The IC50 CoMSIA shows a red contour at the ester moiety of R 2 

substituent, whereas MIC90 CoMSIA presents a blue contour at this position. These 

results show different electrostatic requirements for IC50 and MIC9·0 values of 

benzofuran pyrrolidin pyrazole derivatives. However, the R2 substituent has weak 

influence on the IC5o value. Therefore, the electrostatic requirement of R 2 substituent 

for MIC90 values should take more priority. 

(a) (b) 

Figure 3.21 Electrostatic contour maps of IC5o (a) and MIC90 (b) CoMSIA 

models in combination with compound 22 
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1.2.3) Hydrophobic requirements for IC5o and MIC90 values 

Both IC50 and MIC90 CoMSIA contours show a 

purple contour at the R3 substituent of compound 22 (Figure 3 .22). This shows that the 

hydrophobic requirements of the R3 substituent for both IC50 and MIC values were 

similar. The R3 substituent was either a methyl or ethyl group. As seen in Figure 3.22, 

the terminal of ethyl group was buried in a purple R3 contour. Therefore, the ethyl 

group was preferable for the hydrophobic requirement of the substituent. IC50 and 

MIC90 values of compound 2 with the methyl group at the R3 substituent were weaker 

than those of compound 22 containing an ethyl group. At the R2 substituent, both IC50 

and MIC90 CoMSIA contours display a purple contour at this position (Figure 3.22). 

Therefore, the presence of a hydrophobic substituent at this purple region should 

enhance both IC5o and MIC90 values. The grey contour located at the carbonyl moiety 

of the R2 substituent in both IC50 and MIC90 CoMSIA contours indicated that this 

moiety is important for both IC5o and MIC90 values. Another important hydrophobic 

contour is located at the &. substituent. The MIC90 CoMSIA shows a purple region 

near the R4 substituent (Figure 3 .22b ), but this contour disappeared in the IC50 

CoMSIA contour (Figure 3.22a). Therefore, a hydrophobic moiety could be presented 

at purple region to enhance the MIC90 value without a negative contribution to the IC50 

value. 

(a) (b) 

Figure 3.22 Hydrophobic contour maps of IC50 (a) and MIC90 (b) CoMSIA 

models in combination with compound 22 

i 
r 
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1.2.4) Hydrogen donor and acceptor requirements for 

ICso and MIC90 values 

The hydrogen donor field was included in the 

selected IC50 CoMSIA model, but this molecular descriptor was instead changed to a 

hydrogen acceptor field in the selected MIC90 CoMSIA model. The IC50 CoMSIA 

model did not show any hydrogen donor contour near any R substituents. However, 

this model showed a favourable hydrogen donor contour at the amide moiety of the 

core structure. The amide moiety appears to impact the IC50 value. Consistent with the 

MD simulations results, this moiety can form hydrogen bonds with Leu197. The 

MIC90 CoMSIA model shows a favourable hydrogen acceptor contour at the carbonyl 

moiety of R2 substituent, indicating that this moiety is essential to a good MIC90 value. 

(a) (b) 

Figure 3.23 Hydrogen donor contour of IC50 CoMSIA model (a) and hydrogen 

acceptor contour MIC90 CoMSIA model (b) in combination with 

compound 22 

2) MD simulations 

2.1 Stability of the complex models 

To reveal the structural stability of simulation system, the 

RMSD values for the position of all solute species were separately analyzed. The 

RMSD plots for the four simulation systems over 10 ns are shown in Figure 3.24. 

Convergent RMSD plots indicated that the equilibrium state was reached for each 

system during this simulation period. As shown, the RMSDs for compounds 2, 22, 23 

and 28 in InhA converged after approximately 2 ns. 



158 

3.0 3.0 j 
-lnhA - NAO+ - Cpd.2 (a) -lnhA - NAO+ - Cpd.22 

2.5 25 . 

~2.0 ~.o 

g i .5 g 15 

iho ~ 1.0 
0.5 0.5 

0.0 0.0 

0 2 3 4 5 6 7 8 9 10 0 2 3 4 5 6 7 8 9 10 
Time lnsl Time (ns) 

3.0 3.0 

2.5 
-lnhA - NAO+ - Cpd.23 

2.5 
-lnhA - NAO+ - Cpd.28 (d) 

~2.0 ~2.0 

gi .5 g1 .5 

~1 0 ~ 1 .0 
0.5 0 .5 -

I 
0.0 0.0 ~ -, .............,- --.- -----. -, ~ j 

0 2 3 4 5 6 7 8 9 10 0 2 3 4 5 6 7 8 9 10 
Time (ns) Time (ns) 

Figure 3.24 RMSD plots of compounds 2 (a), 22 (b), 23 (c), and 28 (d) complexed 

with InhA. 

2.2) Reliability of the calculation methods 

MD simulations were employed to model the binding 

modes of compounds 2, 22, 23 and 28 in the InhA pocket. The experimental binding 

free energy (AGexp) lying within the experimental error of the calculated values 

(AGbinct) considered as the correlation between the experimental binding free energy 

and the calculated values was used to indicate the reliability of the modelled binding 

modes of these compounds. AGbind values of compounds 2, 22, 23 and 28 were close 

to their AGexp values (Table 3.12). Therefore, we concluded that MD simulations 

reliably modelled binding modes of compounds 2, 22, 23 and 28 in the InhA pocket. 

Table 3.12 AGbind and AG exp of compounds 2, 22, 23 and 28 in InhA (kcal/mol) 

Cpd. AH -TAS AGbinct AG exp 

2 -46.91±5.08 -31 .03±6.06 -15.88±5.14 -15.52 

22 -49.69±3.87 -33.15±6.41 -16.54±4.80 -15.82 

23 -49.61±3. 71 -32.79±5.57 -16.82±4.79 -15.65 

28 -49 .26±4.45 -32.52±6.58 -16.74±5.34 -16.07 ·~ 
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Figure 3.27 Interaction energy profile of compound 28 and surrounding residues 

within 4 A 

2.5) The effect of the R2 substituent on IC5o and MIC90 values 

As compared with the positions of other R substituents, the 

R2 position had the most varied substituents (Table 2. 7 in chapter 2). Compound 28 

exposing the 2-pyridylmethyl at the R2 position showed the best activity for InhA 

inhibition with an IC5o of 0.002 µM. When the R2 substituent of this compound was 

replaced by CH2COOMe (compound 22), the IC50 value was slightly changed to 0.003 

µM. In contrast, the MIC90 value against whole M tuberculosis cell was greatly 

changed from 0. 7 µM to 0.05 µM (Table 2. 7 in chapter 2). To reveal the effect of the 

R2 substituent on the IC50 value, the binding modes of compounds 28 and 22 were 

compared (Figure 3.28). The binding modes of these compounds in the InhA pocket 

were similar, and the Rz substituents occupied in the same positions. Moreover, the 

interaction energy profiles of compounds 28 and 22 with residues in InhA pocket were 

similar (Figure 3.29). As discussed above, the R2 substituent of compound 28 

protruded from the InhA pocket leading to weak interaction of this substituent with the 

pocket. Therefore, the IC5o value against InhA was not significantly changed when the 

R2 substituent was varied. When the R2 substituent was replaced by a hydrogen atom 

(compound 23), the binding mode and interaction energy profile of this compound 

were similar to those of compounds 22 and 28 (Figures 3.28 and Figure 3.29). With 

regard to ICso values, compound 23 showed a comparable IC5o va lue with those of 

compounds 22 and 28. However, the MIC90 value of this compound (0.5 µM) was 
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largely increased over that that of compound 22 (0.05 µM). These results indicate that 

the R1 substituent had a small effect on the IC50 value against lnhA due to its weak 

interaction with the InhA pocket. Alternatively, this substituent is crucial to controlling 

the MIC90 against intact M tuberculosis cells. 

Figure 3.28 Superimposition of binding modes of compounds 22 (pink), 23 (cyan) 

and 28 (green) 
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Figure 3.29 Comparison of the interaction energy profiles of compounds 22 

(green), 23 (blue) and 28 (yellow) with surrounding pocket within 4 

A 

.. 

. . 
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2.6) The effect of the R3 substituent on ICso and MIC90 values 

The R 3 substituent of compounds in the data set was varied 

as ethyl (Et) or methyl (Me) groups (Table 2.7 in chapter 2). Compounds 2 and 22 

with structural differences at the R3 substituent were selected to show the effect of the 

R3 substituent on IC50 and MIC90 values. ICso values of these compounds (0.005 and 

0.003 µM, respectively) were not significant different, but their MIC90 values were 

tenfold different (0.5 and 0.05 µM , respectively). Figure 3.30 shows the binding 

modes of compounds 2 and 22 in InhA obtained from MD simulations. The R3 

substituents of these compounds were located in the same position and surrounded by 

backbones of Gly96, Phe97 as well as pyrophosphate and ribose groups of NAD+. The 

ethyl group (The R3 substituent) of compound 22 is close to Phe97 and pyrophosphate 

and ribose groups of NAD+ more than the methyl group of compound 2. Therefore, 

interaction energies of compound 22 with Phe97 and NAD+ had greater attraction than 

those of compound 2 (Figure 3.31). Moreover, the presence of a methyl group at the 

RJ position of compound 2 shifted the position of benzofuran core surrounded by 

Metl 03 and Ile202, and disrupted hydrogen bond interaction with Met98. 

Accordingly, interaction energies of compound 2 with Met98, Metl 03 and Ile202 

showed less attraction than those of compound 22 (Figure 3.31 ). These results indicate 

that compound 22 should have a better IC50 against InhA compared to compound 2. 

However, other than the interaction energies of Met98, Met103, Ile202, Phe97 and 

NAD+, compounds 2 and 22 are comparable. The IC50 value for lnhA inhibition by 

compound 22 was slightly better than that of compound 2. However, its MIC90 value 

was tenfold better than that of compound 2. The results indicated that the ethyl group 

at the RJ position is more conducive to favorable IC5o and MIC90 values than the 

methyl group. 
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Figure 3.30 Superimposition of binding modes of compounds 2(yellow) and 22 

(pink) 
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Figure 3.31 Comparison of the interaction energy profiles of compounds 2 (gray) 

and 22 (green) with surrounding pocket within 4 A 

2. 7) The structural concept for good IC5o and MIC90 correlation 

Based on the MD simulations results, the core structure of 

benzofuran pyrrolidine pyrazole derivatives is of key importance for binding in the 

InhA pocket. Therefore, this fragment is crucial for favorable ICso values. Among all 

R substituents, the R2 substituent has the least interaction with the lnhA pocket 

because it protrudes from the pocket. Modifications of the R2 substituent did not 
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Table 3.13 Chemical structure and predicted activity of new designed 

benzofuran pyrrolidine pyrazole derivatives (continued) 

Predicted biological 

Cpd. R2 RJ ~ activeslaJ 

log(l/ICso) log(l/MIC90) 

0 

BD14 /Jo Et Et 8.02 6.89 

0 

BD15 /JNl Et Et 8.42 7.00 
~NH 

BD16 
0 0 I ,,,, - s -...../ 'NH2 

Et Et 8.11 5.80 

BD17 JJ I 
Et Et 8.35 7.21 

BD18 0:) I 
Et Et 8.17 7.13 

N~ 
BD19 /Js,N Et Et 8.42 6.09 

[al Bold letter represents the better predicted biological activity than template 

compound22 

* Higher predicted activities (both InhA inhibition and M tuberculosis whole cell) 

than compound 22 (MIC90) and compound 28 (IC5o) 
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Table 3.13 Chemical structure and predicted activity of new designed 

benzofuran pyrrolidine pyrazole derivatives (continued) 

Predicted biological 

Cpd. Rz RJ Ri actives I al 

log(l/ICso) log(l/MIC90) 

N~ 
BD20 IJdN Et Et 8.31 5.98 

N-N 
BD21 1J;> Et Et 8.30 5.92 

N-N 
BD22 IJs'J Et Et 8.43 5.71 

BD23 
N-0, 

Et Et 8.32 5.94 /~N 

BD24 
N-S, 

Et Et 8.26 5.93 /~N 

BD25 
N-N,H 

Et Et 8.07 6.11 
IJ0N 

CH3 I 

BD26 N-N, 

j~N 
Et Et 8.16 6.02 

[al Bold letter represents the better predicted biological activity than template 

compound22 

* Higher predicted activities (both InhA inhibition and M tuberculosis whole cell) 

than compound 22 (MIC90) and compound 28 (ICso) 
i 



. 
~ 

171 

Table 3.13 Chemical structure and predicted activity of new designed 

benzofuran pyrrolidine pyrazole derivatives (continued) 

Predicted biological 

Cpd. Ri RJ &. activeslaJ 

log(l/ICso) log(l/MIC90) 

1CH3 

BD27 N-N, 

/~N 
Et Et 7.96 5.82 

N-NH 
BD28 /J-_N,N Et Et 8.07 5.46 

BD29 
0-N 

1JJ Et Et 8.23 5.76 

BD30 ~ I N 
Et Et 8.04 6.32 

BD31 w I Et Et 8.12 5.80 

~N BD32 -t jJ Et Et 7.75 5.56 
N 

N 

BD33 1~J Et Et 8.18 5.89 
N 

[al Bold letter represents the better predicted biological activity than template 

compound22 

* Higher predicted activities (both InhA inhibition and M tuberculosis whole cell) 

than compound 22 (MIC90) and compound 28 (IC50) 
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Table 3.13 Chemical structure and predicted activity of new designed 

benzofuran pyrrolidine pyrazole derivatives (continued) 

Predicted biological 

Cpd. R2 RJ !ti activeslaJ 

log(l/ICso) log(l/MIC90) 

BD34 N:) /~NI Et Et 7.98 5.38 

N~N 
BD35 I~ JJ Et Et 8.02 5.34 

N 

BD36 ~ /_ N N 
Et Et 8.21 5.36 

BD37 N~ Et Et 8.12 5.38 _j~ ~ .- N~ 

N 

BD38 ~ 'n Et Et 8.11 6.34 I ~N~N 

N r 'n 
BD39 /'-/Nl(N Et Et 8.23 5.85 

0 

CaJ Bold letter represents the better predicted biological activity than template 

compound22 

* Higher predicted activities (both InhA inhibition and M tuberculosis whole cell) 

than compound 22 (MIC9o) and compound 28 (IC50) 
i 
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Table 3.13 Chemical structure and predicted activity of new designed 

benzofuran pyrrolidine pyrazole derivatives (continued) 

Predicted biological 

Cpd. Ri RJ ~ actives la I 

log(l/ICso) log(l/MIC90) 

("Nl(CH3 

BD40 / "-./Nl(N Et Et 7.85 5.99 

0 

("Nl(F 
BD41 /"-./Nl(N Et Et 8.19 5.71 

0 

("Nl(NH2 

BD42 /"-./Nl(N Et Et 7.14 5.47 

0 

N r 11 
BD43 /"-./Nl(N Et Et 8.01 5.93 

s 

("Nl(F 
BD44 /"-./Nl(N Et Et 8.14 5.63 

s 

[aJ Bold letter represents the better predicted biological activity than template 

compound 22 

* Higher predicted activities (both InhA inhibition and M tuberculosis whole cell) 

than compound 22 (MIC90) and compound 28 (IC5o) 
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Table 3.13 Chemical structure and predicted activity of new designed 

benzofuran pyrrolidine pyrazole derivatives (continued) 

Predicted biological 

Cpd. R2 RJ Ri actives I al 

log(l/ICso) log(l/MIC90) 

rNl(CH3 

BD45 /'-/NLJN Et Et 7.70 5.00 

s 

rNl(NH2 

BD46 /'-/NLJN Et Et 7.86 6.11 

s 

BD47 1'-/0 Et Et 7.90 5.21 

BD48 1'-/0 Et Et 8.07 5.37 

BD49 f NH 
/'-/N~ Et Et 7.54 5.45 

BD50 
('o 

/'-/N~ Et Et 7.67 5.45 

Cal Bold letter represents the better predicted biological activity than template 

compound22 

* Higher predicted activities (both InhA inhibition and M tuberculosis whole cell) 

than compound 22 (MIC90) and compound 28 (ICso) 



• 

175 

Table 3.13 Chemical structure and predicted activity of new designed 

benzofuran pyrrolidine pyrazole derivatives (continued) 

Predicted biological 

Cpd. Rz RJ &i actives la] 

log(l/ICso) log(l/MIC90) 

BD51 
rNH 

/~NJ Et Et 7.38 5.53 

BD52 
rN_,CH3 

/~NJ 
Et Et 7.64 5.78 

BD53 
rN~CH3 

/'-'NJ 
Et Et 8.70 5.77 

CH3 
BD54 rN~CH3 Et Et 7.48 5.49 

/'-'NJ 

BD55 (Y',6 
/~NJ 

Et Et 7.78 6.36 

BD56 Jc;H t I /,'N Et Et 7.76 5.65 

CH3 

[a] Bold letter represents the better predicted biological activity than template 

compound22 

* Higher predicted activities (both InhA inhibition and M tuberculosis whole cell) 

than compound 22 (MIC90) and compound 28 (IC5o) 
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Table 3.13 Chemical structure and predicted activity of new designed 

benzofuran pyrrolidine pyrazole derivatives (continued) 

Predicted biological 

Cpd. Rz RJ !ti actives I al 

log(l/ICso) log(l/MIC90) 

H0c( 
BD57 -/ I /,.N Et Et 7.75 5.57 

CH3 

BD58 
H~H -/ I)~ Et Et 7.92 6.03 

NH2 

BD59 
1·13CJ:;H 

-/ I /,N Et Et 7.67 5.80 

CH3 

NH 

BD60 1J:t; Et Et 8.11 5.80 

NH 

BD61 1Jt;_ Et Et 8.10 5.79 
,.....__ F 

[a] Bold letter represents the better predicted biological activity than template 

compound22 

* Higher predicted activities (both InhA inhibition and M tuberculosis whole cell) 

than compound 22 (MIC90) and compound 28 (ICso) 

-, 
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Table 3.13 Chemical structure and predicted activity of new designed 

benzofuran pyrrolidine pyrazole derivatives (continued) 

Predicted biological 

Cpd. R1 R3 &i actives la] 

log(l/ICso) log(l/MIC90) 

NH 

BD62 1Jb- Et Et 8.09 6.17 
,__ Cl 

NH 

BD63 1Jb- Et Et 7.83 5.88 
,__ Br 

NH 

BD64 1Jb- Et Et 7.98 6.01 
=-- I 

NH 

BD65 1Jb- Et Et 7.91 6.07 
,..__ CH3 

NH 

BD66 I~ Et Et 7.96 6.01 

CH3 

[aJ Bold letter represents the better predicted biological activity than template 

compound 22 

* Higher predicted activities (both InhA inhibition and M tuberculosis whole cell) 

than compound 22 (MIC90) and compound 28 (IC50) 
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Table 3.13 Chemical structure and predicted activity of new designed 

benzofuran pyrrolidine pyrazole derivatives (continued) 

Predicted biological 

Cpd. R2 RJ R4 actives la! 

log(l/ICso) log(l/MIC90) 

NH 

BD67 1J:b- Et Et 8.01 5.80 
=-- \ OCH3 

NH 

BD68 1J:b- Et Et 7.92 5.55 
=-- NH2 

NH 

BD69 1J:b- CH Et Et 8.07 5.83 \ / 3 
=-- N - H 

NH 

BD70 JJ:b_ CH Et Et 7.97 5.92 \ / 3 
=-- N 

I 

CH3 

BD71 
O)--NH /__,,N'b Et Et 7.99 5.56 

[aJ Bold letter represents the better predicted biological activity than template 

compound22 

* Higher predicted activities (both InhA inhibition and M tuberculosis whole cell) 

than compound 22 (MIC90) and compound 28 (ICso) 
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Table 3.13 Chemical structure and predicted activity of new designed 

benzofuran pyrrolidine pyrazole derivatives (continued) 

Predicted biological 

Cpd. R1 R3 Rt activeslaJ 

log(l/ICso) log(l/MIC90) 

BD72 
Or NH 

Et Et 8.12 5.90 /"'N'D-,..__ F 

BD73 
Or NH 

Et Et 8.15 5.88 /"'N'D-,..__ Cl 

BD74 
Or NH 

Et Et 8.08 5.94 /"'N'D-,__ Br 

BD75 
Or NH 

Et Et 8.26 5.99 /"'N'D-,__ I 

BD76 
Or NH 

Et Et 7.30 4.74 /"'N'D-,__ CH3 

(aJ Bold letter represents the better predicted biological activity than template 

compound22 

* Higher predicted activities (both InhA inhibition and M tuberculosis whole cell) 

than compound 22 (MIC90) and compound 28 (ICso) 
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Table 3.13 Chemical structure and predicted activity of new designed 

benzofuran pyrrolidine pyrazole derivatives (continued) 

Predicted biological 

Cpd. R2 RJ Rt actives la) 

log(l/ICso) log(l/MIC90) 

BD77 
O')-NH 

/'-"N~CH3 Et Et 7.18 5.21 

BD78 
O')-NH 

Et Et 7.83 5.17 /"'NC 
-- OCH3 

O')-NH 

BD79 
/"'NC 

Et Et 7.86 7.02 

,...._ NH2 

O')-NH 
-

BD80 /"'NC ,cH, Et Et 7.79 5.95 

-- N H 

[aJ Bold letter represents the better predicted biological activity than template 

compound22 

* Higher predicted activities (both InhA inhibition and M tuberculosis whole cell) 

than compound 22 (MIC90) and compound 28 (ICso) 

-, 

" 
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Table 3.13 Chemical structure and predicted activity of new designed 

benzofuran pyrrolidine pyrazole derivatives (continued) 

Predicted biological 

Cpd. Rz RJ !ti actives la] 

log(l/ICso) log(l/MIC90) 

O'rNH 

BD81 /'-"'N'b-- ,CH3 Et Et 7.77 5.97 
,..._ N 

I 

CH3 

0 
BD82 

/JOCH3 
CH2CF3 Et 8.62 7.26 

0 
BD83 

/JOCH3 
CF3 Et 8.33 6.97 

0 
BD84 

/JOCH3 
OCH3 Et 8.37 6.98 

0 
BD85 

/JOCH3 
OCF3 Et 8.46 7.14 

0 
BD86 

/JOCH3 
CH2CF3 Me 8.55 7.20 

faJ Bold letter represents the better predicted biological activity than template 

compound22 

* Higher predicted activities (both InhA inhibition and M tuberculosis whole cell) 

than compound 22 (MIC90) and compound 28 (IC5o) 
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Table 3.13 Chemical structure and predicted activity of new designed 

benzofuran pyrrolidine pyrazole derivatives (continued) 

Predicted biological 

Cpd. R2 RJ ~ actives 131 

log(l/ICso) log(l/MIC90) 

0 
BD87 /JOCH3 CF3 Me 8.26 6.90 

0 
BD88 /JOCH3 OCH3 Me 8.30 6.91 

0 
BD89 /JOCH3 OCF3 Me 8.39 7.08 

0 
BD90 /JOCH3 Et CH2CF3 8.56 7.13 

0 
BD91 /JOCH3 Et CF3 8.44 7.03 

0 
BD92 /JOCH3 Et OCH3 8.45 7.09 

0 
BD93 /JOCH3 Et OCF3 8.51 7.07 

[aJ Bold letter represents the better predicted biological activity than template 

compound22 

* Higher predicted activities (both InhA inhibition and M tuberculosis whole cell) 

than compound 22 (MIC90) and compound 28 (ICso) 
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Table 3.13 Chemical structure and predicted activity of new designed 

benzofuran pyrrolidine pyrazole derivatives (continued) 

Predicted biological 

Cpd. R2 RJ Ri actives la I 

log(l/ICso) log(l/MIC90) 

0 
BD94 /JOCH3 Me CH2CF3 8.34 6.92 

0 
BD95 /JOCH3 Me CF3 8.22 6.82 

0 
BD96 /JOCH3 Me OCH3 8.23 6.87 

0 
BD97 /JOCH3 Me OCF3 8.30 6.86 

0 I BD98 /JOCH3 v Et 8.24 7.31 

0 /yCH3 
BD99 /JOCH3 Et 8.33 7.34 CH3 

0 
BDlOO /JOCH3 CH2CF3 CH2CF3 8.64 7.45 

[aJ Bold letter represents the better predicted biological activity than template 

compound 22 

* Higher predicted activities (both InhA inhibition and M tuberculosis whole cell) 

than compound 22 (MIC90) and compound 28 (IC5o) 
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Table 3.13 Chemical structure and predicted activity of new designed 

benzofuran pyrrolidine pyrazole derivatives (continued) 

Predicted biological 

Cpd. Rz RJ Rt actives la I 

log(l/ICso) log(l/MIC90) 

0 
BD101* /JOCH3 CH2CH2CH3 CH2CF3 8.72 7.48 

0 
BD102* /JOCH3 CH2CH(CH3)2 CH2CF3 8.83 7.60 

0 

1P BD103 /JOCH3 Et 8.43 7.46 

0 
BD104 /JNH2 CH2CF3 Et 8.22 7.60 

0 
BD105 /JNH2 CF3 Et 7.93 7.32 

0 
BD106 /JNH2 OCH3 Et 7.97 7.26 

0 
BD107 /JNH2 OCF3 Et 8.06 7.41 

[a] Bold letter represents the better predicted biological activity than template 

compound22 

* Higher predicted activities (both InhA inhibition and M tuberculosis whole cell) 

than compound 22 (MIC90) and compound 28 (IC50) 
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Table 3.13 Chemical structure and predicted activity of new designed 

benzofuran pyrrolidine pyrazole derivatives (continued) 

Predicted biological 

Cpd. R1 RJ Rt actives la I 

log(l/ICso) log(l/MIC90) 

0 /yCH3 
BD108 /JNH2 Et 8.05 7.30 

CH3 
0 I BD109 /JNH2 v Et 7.98 7.18 

0 
BDllO /JNH2 CH2CF3 CH2CF3 8.24 7.56 

0 
BDlll /JNH2 CH2CH2CH3 Et 8.29 7.63 

0 
BD112 /JNH2 CH2CH(CH3)2 Et 8.40 7.75 

0 

1P BD113 /JNH2 Et 8.26 7.62 

BD114 )j I 
Et CH2CF3 8.44 7.34 

[aJ Bold letter represents the better predicted biological activity than template 

compound22 

* Higher predicted activities (both InhA inhibition and M tuberculosis whole cell) 

than compound 22 (MIC90) and compound 28 (IC50) 
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Table 3.13 Chemical structure and predicted activity of new designed 

benzofuran pyrrolidine pyrazole derivatives (continued) 

Predicted biological 

Cpd. R2 RJ &. actives la] 

log(l/ICso) log(l/MIC90) 

BD115 )j /.. 
Et Cf3 8.14 7.06 

BD116 )j /.. 
Et OCH3 8.19 6.99 

BD117 )j /.. 
Et OCF3 8.27 7.14 

BD118 )j /.. 
CH2Cf3 CH2Cf3 8.46 7.30 

)j /yCH3 
BD119 

/.. 
CH2Cf3 8.42 7.12 

CH3 

)j /.. BD120 
/.. v CH2Cf3 8.07 7.12 

[a] Bold letter represents the better predicted biological activity than template 

compound22 

* Higher predicted activities (both InhA inhibition and M tuberculosis whole cell) 

than compound 22 (MIC9o) and compound 28 (IC50) 
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Table 3.13 Chemical structure and predicted activity of new designed 

benzofuran pyrrolidine pyrazole derivatives (continued) 

Predicted biological 

Cpd. R2 RJ Ri actives la! 

log(l/ICso) log(l/MIC90) 

BD121 )j I 
CH2CH2CH3 CH2CF3 8.53 7.33 

BD122 )j I 
CH2CH(CH3)2 CH2CF3 8.64 7.45 

BD123 )j I 1P CH2CF3 8.24 7.31 

[aJ Bold letter represents the better predicted biological activity than template, 

compound 22 

* Higher predicted activities (both InhA inhibition and M tuberculosis whole cell) 

than compound 22 (MIC90) and compound 28 (ICso) 

4) Promising benzofuran pyrrolidine pyrazole derivatives based on 

rational design 

Based on the structural basis that derived from 3D-QSAR 

CoMSIA and MD simulations, 123 novel benzofuran pyrrolidine pyrazole derivatives 

were designed. Among of these compounds, 17 designed compounds were obtained 

based on high predicted biological activity against M tuberculosis whole cell as 

summarized in Table 3.14. Moreover, 2 compounds (BDlOl and BD102) are higher 

predicted activity in both InhA inhibition and M tuberculosis whole cell inhibition. 
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To confirm that high predicted compounds bound in InhA binding site, molecular 

docking calculations was used to predict the binding mode in InhA binding pocket 

(Figure 3.33). 

Table 3.14 Highly predicted activity benzofuran pyrrolidine pyrazole 

compounds 

Predicted biological 

Cpd. Ri RJ Ri actives I al 

log(l/ICso) log(l/MIC90) 

0 
22 /JOCH3 Et Et 8.52 7.30 

28 ~ t Et Et 8.70 6.15 

0 t BD98 /JOCH3 v Et 8.24 7.31 

0 /yCH3 
BD99 /JOCH3 Et 8.33 7.34 

CH3 
0 

BDlOO /JOCH3 CH2CF3 CH2CF3 8.64 7.45 

0 
BD101 * /JOCH3 CH2CH2CH3 CH2CF3 8.72 7.48 

0 
BD102* /JOCH3 CH2CH(CH3)2 CH2CF3 8.83 7.60 

0 

1P BD103 /JOCH3 Et 8.43 7.46 

0 
BD104 /JNH2 CH2CF3 Et 8.22 7.60 

* Higher predicted activities (both InhA inhibition and M tuberculosis whole cell) 

than compound 22 (MIC90) and compound 28 (ICso) 
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Table 3.14 Highly predicted activity benzofuran pyrrolidine pyrazole 

compounds (continued) 

Predicted biological 

Cpd. Rz R3 Rt actives la I 

log(l/ICso) log(l/MIC90) 

0 
BD105 /,)lNH2 CF3 Et 7.93 7.32 

0 
BD107 /JNH2 OCF3 Et 8.06 7.41 

0 
BDl 10 /JNH2 CH2CF3 CH2CF3 8.24 7.56 

0 
BDlll /JNH2 CH2CH2CH3 Et 8.29 7.63 

0 
BD112 /JNH2 CH2CH(CH3)2 Et 8.40 7.75 

0 

1P BD113 /JNH2 Et 8.26 7.62 

BD114 ):) -/ 
Et CH2CF3 8.44 7.34 

BD121 ):) -/ 
CH2CH2CH3 CH2CF3 8.53 7.33 

BD122 ):) -/ 
CH2CH(CH3)2 CH2CF3 8.64 7.45 

BD123 ):) -/ 1P CH2CF3 8.24 7.31 

* Higher predicted activities (both InhA inhibition and M tuberculosis whole cell) 

than compound 22 (MIC90) and compound 28 (ICso) 
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The binding mode of all high predicted compounds was 

displayed in Figure 3.33 . Based on the docking binding mode of designed compounds 

can be classified as two groups . The same binding mode with template compounds (set 

1) and different binding mode (set 2) were obtained. 

Figure 3.33 Superimposition of new designed benzofuran pyrrolidine pyrazole 

compounds 

The binding mode of BD102, the highest InhA inhibition (Table 

3.13 and 3.14) was classified as set 2 (different binding mode with template 

compound). Two hydrogen bond interactions were observed. NH of core structure 

formed hydrogen bond interaction with oxygen atom of carbonyl group of Metl03 

backbone. An oxygen atom of carbonyl group at R1 position formed hydrogen bond 

interaction with NH of Ilel05 backbone. A CH2CH(CH3)2 substituent at R3 position 

generated the steric effect in the binding pocket. Therefore, the pyrazole core was 

moved and lost two hydrogen bond interactions (hydrogen bond interaction with 

NAD+ and Met98 backbone) in InhA binding pocket as compated to template 

compound 22. A CH2CH(CH3)z form hydrophobic interactions with Ilel 6 and Phe97 
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side chains. For &i (CH3CF3) formed hydrophobic interaction with side chain of Ile 16 

and Ala201 side chain . 

Figure 3.34 Binding mode of BD102 in lnhA binding pocket derived from 

molecular docking 

The binding mode of the 2"d high active compound, BD101 

(Table 3.13 and 3.14) was shown in Figure 3.35. The binding mode of this compound 

was similar to compound 22 (template compound). Five hydrogen bond interactions 

between core benzofuran pyrrolidine pyrazole were found. An oxygen atom of 

carbonyl group (C=O) closed to benzofuran ring formed two hydrogen bond 

interaction with NH backbone of Ala201 and Ile202. NH closed to R2 position formed 

hydrogen bond interaction with an oxygen carbonyl (C=O) ofLeu197. Three hydrogen 

bond interactions between pyrazole and amide linker with hydroxyl ribose of NAD+ 

cofactor, NH backbone of Met98 and an oxygen carbonyl of Ala198 backbone. R2 

substituent formed hydrophobic interaction with Leu197 backbone. N-propyl R3 

substituent formed hydrophobic interaction with Phe97 and Leu197 backbone. 
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A CH2CF3 substituent at Ri position formed hydrophobic interactions with Phe149, 

Tyr158 and Met199 side chain. 

Figure 3.35 Binding mode of BDIOl in lnhA binding pocket derived from 

molecular docking 

3.1.1.9 Virtual screening of novel InhA inhibitors 

1) Receptors identification 

Based on RMSD calculations of all atom calculations of 99 

monomers compared with mean structure, RMSD values are ranked to be 0.20 A to 

1.43 A, indicating that lnhA enzyme is flexible in the substrate binding site. Therefore, 

two X-ray crystal structure of InhA complexed with lnhA inhibitors were selected as 

receptor for virtual screening. InhA enzyme complexed with diphenyl ether derivative 

(PDB code: 2X23) was selected and represented as closed conformations of substrate 

binding site. InhA enzyme complexed with benzofuran pyrrolidine pyrazole derivative 

(PDB code: 4COD) was selected and represented as open conformations of substrate 

binding site. The different binding conf01mations of substrate binding site and binding 
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interactions were observed as shown in Figure 3.36. The crucial binding interaction of 

diphenyl ether (PDB code: 2X23) (Y158-in conformation) is hydrogen bond 

interaction with Tyr158 (Green color). However, the crucial binding interactions of 

benzofuran pyrrolidine pyrazole derivative (Yl 58-out conformation) with InhA are 

different. Hydrogen bond interaction with Tyrl 58 was lost. Benzofuran pyrrolidine 

pyrazole derivative complexed with Met98 is the hydrogen bond interaction. 

1BVR (substrate) 
2X23 (Close) 
4COO(Open) 

Figure 3.36 Structure of lnhA enzyme 

2) Validation of docking program 

In this study, molecular docking calculations usmg Glide 

program was carried out to screen novel lnhA inhibitors. Therefore, docking 

parameters were validated by RMSD values. RMSD of ligand from X-ray 

conformations and docking conformations was calculated. The RMSD values and 

docking score of lnhA ligand PDB code 2X23 and 4COD were summarized in Table 

3.15 and Figure 3.37. 
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Table 3.15 RMSD of ligand produced by Glide docking with XP scoring 

function 

PDB code 
X-ray 

2X23 4COD 

RMSD(A) 0.49 0.33 

Docking score (kcal/mol) -10.52 -9.12 

X-ray conformation= 
Docking conformation= Green 

2X23 ligand 4CODligand 

Figure 3.37 Binding mode of lnhA ligand from X-ray crystal and docking 

conformation 

Figure 3.37 shows the binding conformation of InhA ligand 

obtained from the X-ray crystal structure and docking conformations. Form docking 

calculations, docking parameters produced the binding mode of InhA ligand similar to 

the binding mode of X-ray crystal structure indicated that docking parameters of Glide 

docking program predicted the binding mode with high accuracy. Therefore, the 

docking parameters of Glide docking program can used to screen candidate 

compounds form chemical database. 

3) Virtual screening of InhA inhibitors from Specs database 

To identify novel potent lnhA inhibitors, Specs database 

contained 207,369 compounds were selected. The flow diagram of the screening 

protocol is given in the Figure 3.32. Molecular docking using SP scoring function was 

perf01med to identify novel InhA inhibitors into each receptor. Top 2,000 compounds 
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with the highest docking score were docked into InhA binding site again using XP 

scoring function. Top 1,000 compounds with highest docking score from each receptor 

were selected for future analysis. Common compounds among the top 1,000 in each 

XP docking screened were selected as hit compounds. Thirty-one compounds found in 

both Yl58-in and Y158-out conformations were selected as hit compounds as shown 

in Table 3.16. The hit compounds were classified as 5-oxo-3-pyrrolidine carboxamide 

(14 compounds), 1-(3-phenoxybenzyl)-4-( carbonyl)piperazine (3 compounds), l

(benzimidazol- l-yl)-3- aryloxypropan-2-ol (2 compounds) , 2-(3-benzoylphenyl)-N

phenyl propanamide (3 compounds), 2-(3-methoxyphenyl)-2-oxoethyl 3-(benzoyl 

amino) benzoate (2 compounds) and other derivatives (7 compounds), respectively as 

shown in Table 3.17, Table 3.18, Table 3.19, Table 3.20, Table 3.21 and Table 3.22. 

Specs Database (207,369 Compounds) 

2,000 compounds 

1,000 compounds 

Structure based virtual screening 
,...---~----.. using Glide SP docking 

2,000 compounds 

Glide XP docking 

1,000 compounds 

Common 31 compounds 

Figure 3.38 Schematic representation of the virtual screening workflow 
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Table 3.16 Selected 31 hit compounds with Glide XP docking scores 

Cpd. Specs ID Name 
Docking score (kcal/mol) 

Y158-in Yl58-out 

1 AK-918/40909651 
2-(3-methoxyphenyl)-2-oxoethyl 3-

-9.68 -8.54 
(benzoylamino )benzoate 

2 AG-690/40719693 
l-(3-methoxybenzoyl)-4-(3-phenoxy 

-10.37 -8.28 
benzyl)piperazine 

3 AN-652/41793331 
2-(3-benzoylphenyl)-N-(3-methyl 

-9.55 -8.23 
phenyl)propanamide 

4 AT-057/43313860 
1-(3-phenoxybenzyl)-4-(phenylacetyl) 

-10.99 -8.16 
piperazine 

5 AT-057/43313837 
l-(phenoxyacetyl)-4-(3-phenoxybenzyl) 

-10.17 -8.07 piperazine 

6 AK-918/42905679 
1-benzoylpropyl 1-( 4-ethoxyphenyl)-5-

-10.08 -8.03 oxo-3-pyrrolidinecarboxylate 
3-{2-[ 5-( 4-chlorophenyl)-2-fury 1)-2-

7 AK-778/43464987 oxoethyl }-3-hydroxy- l ,3-dihydro-2H- -9.58 -8 .01 
indol-2-one 

8 AT-057 /43314035 
1-( 4-methoxybenzoyl)-4-[(2-naphthyloxy) 

-10.97 -7.79 acetyl]piperazine 

9 AK-087/42718313 
1-[ 4-(benzyloxy)-2-hydroxyphenyl]-2-

-10.90 -7.78 
(hydroxymethyl)-1-butanone 

l-methyl-2-oxo-2-phenylethyl 1-(3-
10 AK-918/42688804 methoxyphenyl)-5-oxo-3-pyrrolidine -9 .90 -7.78 

carboxylate 

11 AN-652/42190908 
2-(3-benzoylphenyl)-N-(2-methoxyphenyl) 

-9.04 -7.77 
propanamide 

12 AN-652/41793320 
2-(3-benzoylphenyl)-N-phenyl 

-9.87 -7.73 
propanamide 

N-(2-carbamoylphenyl)-5-(2,3-dihydro-
13 AK-968/15606121 1 H-inden-5-yloxymethyl) furan-2- -11.05 -7.70 

carboxamide 

14 AK-918/42028907 
N-{3-[2-(3-methoxyphenyl)-2-

-9.26 -7.66 
oxoethoxy )phenyl}-2-methyl benzamide 

15 AK-918/42028944 
N-[3-( l -methyl-2-oxo-2-phenylethoxy) 

-9.61 -7.63 
phenyl]-2-thiophenecarboxamide 

16 AK-968/40358194 
4-methyl-N-(3-{[(4-methylbenzoyl) 

-10.34 -7.61 
amino ]methyl} benzyl)benzamide 

17 AK-918/41957257 
2-(3-chloro-4-methylanilino )-2-oxoethyl 5-

-9.30 -7.50 
oxo- l-phenyl-3-pyrrolidinecarboxylate 

18 AF-399/41615593 
1-([l, l '-biphenyl]'-4-yloxy)-3-(2-methyl-

-10.16 -7.45 
lH-benzimidazol-l-yl)-2-propanol 

19 AK-918/42813987 
N-( 4-acetylphenyl)-1-benzyl-5-oxo-3-

-10.11 -7.43 
pyrro lidinecarboxamide 

l-methyl-2-oxo-2-phenylethyl 1-(2-
20 AK-918/42688743 ethylphenyl)-5-oxo-3-pyrrolidine -9.39 -7.42 

carboxvlate 
N-( 4-acetylphenyl)-1-(3-chloro-4-

21 AK-918/42814152 methylphenyl)-5-oxo-3-pyrrolidine -10.19 -7.29 
carboxamide 

22 AK-918/43446442 
3,4-dimethylphenyl 1-(3,4-dimethyl 

-9.42 -7.28 
phenyl)-5-oxo-3-pyrrolidine carboxylate 
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Table 3.16 Selected 31 hit compounds with Glide XP docking scores (continued) 

Cpd. Specs ID Na me 
Docking score (kcal/mol) 

Yl58-in Y158-out 

23 AK-918/42813982 
1-benzyl-N-[ 4-(3-methyl phenoxy) 

-10 .53 -7.22 
phenyl)-5-oxo-3-pyrrolidine carboxamide 

24 AK-918/42905452 
4-acetylphenyl 1-( 4-methylphenyl)-5-oxo-

-9 .72 -7.18 
3-pyrrolidinecarboxylate 

25 AP-124/43238118 
l-(lH-benzimidazol-1-yl)-3-(2,3-dihydro-

- I 0.16 -7.14 
lH-inden-5-yloxy)-2-propanol 

3-[(l, l-dioxido-1,2-benzisothiazol-3-
26 AN-988/41349156 yl)amino ]phenyl 1-( 4-chlorophenyl)-5- -10 .56 -6.99 

oxopyrro I id ine-3 -carboxylate 

27 AK-918/42813833 
N-( 4-acetylphenyl)-1-(3-methoxy phenyl)-

-9.54 -6.91 
5-oxo-3-pyrro lidine carboxamide 

28 AN-919/13592066 
3-{ [2-(3-methoxyphenyl)ethyl]amino }-1-

-9.48 -6.90 
( 4-methylphenyl)-2,5-pyrrolidine dione 

29 AK-918/42905451 
3,4-dimethylphenyl 1-( 4-methyl phenyl)-5-

-9.19 -6.86 
oxo-3-pyrrolidine carboxylate 

30 AG-205/3 6264055 
2-[ 1, l '-b iphenyl)-4-yl-2-oxoethyl 5-oxo-l-

-10.11 -6.84 
phenyl-3-pyrrolidinecarboxylate 

31 AG-205/3 6264046 
2-oxo-2-phenylethyl 1-(4-fluoro phenyl)-

-9.17 -6.84 
5-oxo-3-pyrrolidine carboxylate 
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Table 3.17 Structure of hit compounds in the series of 5-oxo-3-pyrrolidine 

carboxamide derivatives 

Cpd. Specs ID R x n R1 

0 

1 AK-918/42905679 "{O 0 0 4-0Et 

0 

2 AK-918/42688804 "ID 0 0 3-0Me 

0 

3 AK-918/42688743 "ID 0 0 2-Et 

0 

1 
I 
~ 

4 AG-205/36264055 .0 
0 0 H 

I~ 
.0 

0 

5 AG-205/36264046 i~ 0 0 4-F 

6 AK-918/41957257 
0 a: yJN ~ Cl 0 0 H 

H 
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Table 3.17 Structure of hit compounds in the series of 5-oxo-3-pyrrolidine 

carboxamide derivatives (continued) 

Cpd. Specs ID R x n R1 

7 AK-918/4281 4152 
JOy NH 0 3-Cl, 4-Me 

0 

8 AK-918/4281 3833 
JOy NH 0 3-0Me 

0 

9 AK-918/42905452 
JOy 

0 0 4-Me 

0 

10 AK-918/43446442 Jee 0 0 3,4-diMe 

11 AK-918/42905451 Jee 0 0 4-Me 

0 0 Jo "· "":: N-S 
12 AN-988/41349156 I"'~ 0 0 4-Cl 

N ~ 
H --

13 AK-918/4281 3982 JO,O NH 1 H 
~ 0 ~ 

14 AK-918/42813987 
JOy 

NH 1 H 

0 
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Table 3.18 Structure of hit compounds in the series of 1-(3-phenoxybenzyl)-4-

( carbonyl)piperazine derivatives 

0 
~ ~ /'....Jl 

(i '1 ('" ~ ( N R 

~O~N~ 

Cpd. Specs ID R 

1 AT-057/43313860 j~ 
2 AT-057/43313837 

y"'o1) 
I~ 

3 AG-690/40719693 
yOo, 
I~ 

Table 3.19 Structure of hit compounds in the series of 1-(benzimidazol-l-yl)-3-

aryloxypropan-2-ol derivatives 

Cpd. Specs ID Ar R 

1 AP-124/43238118 ico H 

2 i°'o Me AF-399/41615593 ~ ~ 

'~ 
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Table 3.20 Structure of bit compounds in the series of 2-(3-benzoylpbenyl)-N

pbenylpropanamide derivatives 

0 
H Nu I -R 

0 h-

Cpd. Specs ID R 

l AN-652/41793331 3-Me 

2 AN-652/42190908 2-0Me 

3 AN-652/41793320 H 

Table 3.21 Structure of bit compounds in the series of 2-(3-metboxyphenyl)-2-

oxoethyl 3-(benzoylamino)benzoate derivatives 

Cpd. Specs ID R 

1 AK-918/40909651 H 

2 AK-918/42028907 2-Me 

Table 3.22 Structure of other hit compounds 

Cpd. Specs ID Structure 

1 AK-968/40358194 

Cl 

2 AK-778/43464987 
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Table 3.22 Structure of other hit compounds (continued) 

Cpd. Specs ID Structure 

0 

3 AT-057 /43314035 dNl ro 
H3CO ~N~O :::,.._ ~ 

0 

0 

4 AK-087/42718313 :r» 
HO HO Ov 

'~ 
0 

5 AN-919/13592066 HCO~N~N-0-
3 H 

0 

O:' 6 AK-968/15606121 "'~~o-cP '~ 0 ~,,? 

7 AK-918/42028944 

0 HyO dYooN s 
'~ 0 

Based on Glide XP docking score, we found that doking score 

of all hit compounds in Yl 58-in are higher than docking score in in Yl 58-out binding 

pocket. Previously, 1-(3-phenoxybenzyl)-4-( carbonyl)piperazine derivatives were 

reported as active compounds against InhA and mycobacterial whole cell (Kinjo et al., 

2013; Kanetaka et al., 2015) indicated that the high performant to identify active InhA 

inhibitors of structure based virtual screening in this work was obtained. In addition, -

(3-phenoxybenzyl)-4-( carbonyl)piperazine derivatives were found as high Glide XP 

docking score in Y158-in binding pocket (Table 3.16). 

N-(2-carbamoylphenyl)-5-(2,3-dihydro-lH-inden-5-yloxy 

methyl) furan-2-carboxamide (AK-968/15606121) was found as highest Glide XP 

docking score in Yl 58-in binding site. This compound contained 2-carbamoylphenyl 

(black color), furan-2-carboxamide (blue color) and 5-methoxy-2,3-dihydro-IH-
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indene (green color) fragments, respectively. The binding mode of this compound was 

displayed in Figure 3.39. Three hydrogen bond interactions were observed. Carbonyl 

of furan-2-carboxamide fragment formed hydrogen bond interaction with hydroxyl 

group (OH) of Tyr158 and nicotinamide ribose. Other one hydrogen bond interaction 

is the interaction between NH of primary amide of 2-carbamoylphenyl with carbonyl 

backbone of Gly96. Two pi-pi interactions were found between furan ring of furan-2-

carboxamide fragment with nicotinamide ring of NAD+ cofactor and phenyl ring of 

5-methoxy-2,3-dihydro-lH-indene :fragment with phenyl ring of Tyr158 as shown in 

Figure 3.39. As compared hit compound (AK-968115606121) conformation in InhA 

binding pocket with diphenyl ether derivatives (PDB 2X23) this compound was well 

superimposed. 2-Carbamoylphenyl fragment of hit compound overlapped with phenyl 

B ring of diphenyl ether InhA inhibitors. Primary amide substituent on phenyl ring at 

ortho position (2-carbamoylphenyl) overlapped with methyl substituent of diphenyl 

ether derivative. Additionally hydrogen bond interaction between NH (primary amide) 

and carbonyl backbone of Gly96 was found. As considered furan-2-carboxamide 

fragment with diphenyl ether compound, the carbonyl functional located close to the 

location of hydroxyl (OH) group of diphenyl ether compound and formed two 

hydrogen bond interactions with Tyr158 and nicotinamide ribose that we found from 

OH of diphenyl ether compound. NH of secondary amide acts as linker between furan 

ring with phenyl ring of 2-carbamoylphenyl like oxygen ether of diphenyl ether 

compound. For furan ring, this ring formed pi-pi interaction with nicotinamide ring of 

NAD+ like phenyl A ring of diphenyl ether derivative. 5-Methoxy-2,3-dihydro-lH

indene fragment of hit compound overlapped with hexyl part of diphenyl ether that 

located in hydrophobic binding pocket. This fragment formed hydrophobic 

interactions with amino acids in InhA binding pocket, i.e. Phe149, Met155, Pro156, 

Ala157, Tyr158, Pro193, Ile194, Met199, Val03, Leu207, Gln214, Ile215, Leu218 and 

Trp222. In addition, pi-pi interaction of 2,3-dihydro-lH-indene ring with Tyr158 was 

observed. Therefore, AK-968/15606121 hit compound (Glide XP docking score = 

-11.05 kcaVmol) in Y158-in binding site showed strongly binding affinity than 

diphenyl ether compound (Glide XP docking score = -10.52 kcaVmol) . 
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Figure 3.39 Binding mode of AK-968/15606121 

The binding interactions of highest Glide XP docking score of 

Y 158-out hit compounds, 2-(3-methoxypheny 1)-2-oxoethyl-3-(benzoylamino )benzoate 

(AK-918/ 40909651) in InhA binding site were analyzed as shown in Figure 3.40. 

This compound consists of three parts, benzamide (black color), benzoate (blue color) 

and 3'-methoxyacetophenone (green color) fragments, respectively. Carbonyl of 

benzamide fragment overlapped with pyrazole ring of benzofuran pyrrolidine pyrazole 

derivatives, whereas benzene ring overlapped with ethyl substituent on pyrazole ring. 

This carbonyl formed hydrogen bond interaction with hydroxyl (OH) functional of 

nicotinamide ribose of NAD+. Benzene ring formed pi-pi and sigma-pi interactions 

with nicotinamide of NAD+ and Phe149, respectively . Benzoate fragment of hit 

compound covered the amide linker and pyrrolidine ring of benzofuran pyrrolidine 

pyrazole derivatives. This fragment formed hydrophobic interaction with Gly96, 
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Phe97, Metl03, Met161 and Ala198 . 3' -Methoxyacetophenone fragment overlapped 

with benzofuran and their inker. Carbonyl functional acts as hydrogen bond acceptor 

to form hydrogen bond interaction with NH backbone of Ile202 in InhA binding 

pocket. Hydrophobic interactions of 3 ' -methoxyacetophenone fragment with Metl 03, 

Gly104, Ala157, Tyr158, Met199, Ile202, Leu207 and Ile215 were observed. There 

results were confirmed from Glide XP docking score. Glide XP docking score of hit 

compound (Glide XP docking score = -8.54 kcal/mol) is lower than benzofuran 

pyrrolidine pyrazole compound (Glide XP docking score = -9.12 kcal/mol) . 

0 (') 0 

~N~o~o, u H 0 u 

Tyr15B 

Pro193 

Phe149 

Figure 3.40 Binding mode of AK-918/40909651 



206 

3.1.2 Serine/Threonine kinase G (PknG) inhibitors 

3.1.2.l 3D-QSAR study 

1) Co MS IA models 

The statistical parameters of CoMSIA models were summarized 

in Table 3.23. Based on the internal statistical results shown in Table 3.23, two 

models, model 8 and 9 have predictive ability ( q2
) higher than 0.6. The highest q2 

(0.72) of CoMSIA model was model 9. However, this model provided information 

only steric, electrostatic, hydrogen bond donor and hydrogen bond acceptor fields. 

This model is not enough informative data to investigate the structural requirement of 

PknG inhibitors in term of hydrophobic field. Model 9 provided steric, electrostatic, 

hydrogen donor and hydrogen bond acceptor information for rational design. Whereas, 

model 8 provided steric, electrostatic, hydrophobic, hydrogen bond donor information 

to enhance the biological activity. To derive in more detail of structural informative of 

PknG inhibitors, CoMSIA model that provided more information were considered. 

Therefore, model 8 was selected as the best CoMSIA model in this study. Cross

validated q2 of 0.63 with five components and non-cross-validated PLS analysis 

resulted in a correlation coefficient r2 of 0.96, F = 110.16, and an estimated standard 

error of 0.27. To access the power of the selected CoMSIA model, test set compounds 

were used as external validation. Predicted activity derived from CoMSIA model 

closed to experimental activity (Figure 3.41). Residue between experimental and 

predicted activity of all test set compounds were lower than one logarithm unit 

indicating that best CoMSIA model was reliable based on external validations. 

-. 
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Table 3.23 Summary of statistical results of Col\1SIA models 

Model q2 ri s SEE F N Fractions 

1.S/E 0.61 0.97 0.89 0.23 120.88 6 29.8/70.2 

2.S/H 0.54 0.70 0.88 0.72 27 .53 2 J 6.0/84.0 

3.S/D 0.72 0.96 0.75 0.27 89 .61 6 31.3/68.7 

4.S/A 0.64 0.93 0.84 0.37 56.69 5 47.1/52.9 

5.S/E/D 0.77 0.96 0.66 0.29 92.92 5 14.0/38.3/47.7 

6.S/H/D 0.61 0.95 0.87 0.30 83 .88 5 12.0/48.9/39.1 

7.S/D/A 0.68 0.96 0.81 0.29 80.03 6 21 .6/52.1 /26.4 

8.S/E/H/D 0.63 0.96 0.85 0.27 110.16 5 8.8/24. 7 /35. 7 /30.8 

9.S/E/D/A 0.72 0.96 0.76 0.28 84.73 6 13 . 7 /33 .3/3 8.0/I 5 .0 

10.S/E/H/A 0.43 0.98 1.08 0.22 143.57 6 12. 7 /28.1/43.1/16.0 

11.S/E/H/D/A 0.55 0.97 0.94 0.25 123 .21 5 8.8/20.4/31.5/26.0/13.2 

Bold values indicate the best CoMSIA model 

N, optimum number of components; s, standard error of prediction; SEE, standard 

error of estimate; F, F test value; S, steric field ; E, electrostatic field ; H, hydrophobic; 

D, hydrogen donor field; A, hydrogen acceptor field 

9.0 
+Training set 

8.0 • Test set •• 0 .. -:E 7.0 .... • CJ • ~ 

~ 6.0 +I/ .... • . :: • • 
~ 5.0 • • 
Q., 

4.0 

3.0 
3.0 4.0 5.0 6.0 7.0 8.0 9.0 

Experimental activity 

Figure 3.41 Plots between the experimental and predicted activities of the 

training and test sets derived from the CoMSIA model 



208 

2) CoMSIA contour maps 

To visualize the structural requirement of PknG inhibitors, 

CoMSIA contour maps were established. CoMSIA contour maps that reveal the 

influence of steric, electrostatic, hydrophobic, and hydrogen donor fields to the 

activity of benzothiophene derivatives are shown in Figure 3.42. Compound 27c as the 

most active compound was combined with a graphic interpretation of CoMSIA 

contour maps (Table 2.8 in chapter 2). Favorable and unfavorable steric regions to 

enhance the activities of benzothiophene derivative are represented by green and 

yellow contours, respectively, whereas blue and red contours indicate regions where 

electropositive and electronegative groups lead to an increase of the PknG inhibitory 

activity, respectively. Magenta and white contours represent areas, where the 

hydrophobic and the hydrophilic group are predicted to favor the biological activities 

against PknG enzyme. The cyan and purple contours indicate regions that favor the 

hydrogen bond donor group and hydrogen bond acceptor group, respectively. 

(a) 

,, (d) 

Figure 3.42 Steric (a), electrostatic (b}, hydrophobic (c) and hydrogen bond -. 

donor (d) contours of the best CoMSIA model in combination with 

compound 27c 
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3) Structural requirement at R 1 position 

White and cyan contours located near R1 position of compound 

27c indicated that this position required hydrophilic and hydrogen bond donor 

properties of substituent to improve the biological activity. This could be explained by 

the fact that compounds 3b (log(l/IC50) = 6.30) having NH2 substitution at R1 favored 

the activity while in compound 13b (log(l/IC50) = 4.66) and compound 22c 

(log(l/IC50) = 4.24) that contained NCH3 and OCH2CH3, more hydrophobic groups at 

R1 position showed less inhibitory activity. Therefore, hydrophilic and hydrogen bond 

donor properties such as NH2 should be contained in this position. 

4) Structural requirement at R2 position 

Green and white contours closed to R2 position of compounds 

30b indicated that that bulky substituent with hydrophilic property of substituents will 

enhance the activity at these positions. This requirement can be explain by compounds 

3b-12b (log(l/IC50) = 4.21-6.39). The biological activity of tetrahydrobenzothiophene 

derivatives were increased by the size of R2 substituent. However, size of R2 

substituent should be optimal. If contained large R2 substituent, the biological activity 

against PknG was decreased like compounds 12b. In case of hydrophilic property 

requirement at R2 position was confirmed by compounds 26c (log(l/IC5o) = 7.33), 29c 

(log(l/IC50) = 7.70) and 27c(log(l/IC5o) = 8.00). Bulky substituent with hydrophilic 

property like compounds 27c showed higher biological activity than compounds 26c 

and 29c. These results indicated that R2 position is important part to modify and 

improve biological active of tetrahydrobenzothiophene derivatives. The big changed 

of experimental biological data as compared to the substituents of R2 position were 

found. Therefore, the size of substituents on this position with hydrophilic property 

should be optimized. 

5) Structural requirement at X position 

Yellow and magenta contours located at X position indicated 

that this position required small group with hydrophobic property to improve 

biological activity of tetrahydrobenzothiophene derivatives. This can explain why 

compound la (log(l/ICso) = 6.46) is potent than compound 3b (log(l/IC50) = 6.30) 

and 2a (log(l/ICso) = 4.17) in case of steric effect. Compounds 3b (log(l/IC50) = 6.30) 

, 14b-19b (log(l/ICso) = 4.17-6.20) were used as example to explain the effect of 
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hydrophobic property on X position. At X position of compounds 14b-19b contained 

hydrophilic compared to compounds 3b indicated that compounds 3b was high potent 

than compounds 14b-19b. Therefore, this position should be contained small 

substituent with hydrophobic property to improve biological activity. 

3.1.2.2 Molecular docking calculations 

The best docking score of each compound the derived from Glide 

XP were summarized in Table 3.24. The docked binding mode of all compounds is 

similarly with tetrahydrobenzothiophene compound (AX20017) bound in X-ray 

crystal structure (Scherr et al. , 2007). Docking score can be classified between active 

and inactive compounds (Compounds showing IC50 against PknG higher than 100 µM 

as shown in Table 2.8 in chapter 2) of PknG inhibitors as shown in box plot (Figure 

3.43a). The medium values of docking score of active and inactive compounds derived 

from box plot are -6.70 and -5 .83 kcal/mo!, respectively. It can be seen that the Glide 

XP docking scores of active and inactive compounds were well separated. Moreover, 

maximum docking score of inactive compounds (-6.44 kcal/mo!) is low binding 

affinity than medium value of active compounds (-6. 70 kcal/mol). These results 

revealed that docking results were reliable to estimate the binding affinity of active 

and inactive compounds in this study. The predicted binding mode of PknG inhibitors 

in this studied could be correctly binding active conformation in PknG binding pocket. 

The superimposition of all compounds bound to PknG binding pocket derived from 

molecular docking is in the similarly fashion as compared to the X-ray structure of 

tetrahydrobenzothiophene (AX20017) compounds (Scherr et al. , 2007). Carbonyl 

backbone of Glu233 and NH backbone of Val235 conserved hydrogen bond 

interactions with primary amide of these compounds, except compound 22c. To 

elucidate in more details of crucial binding interactions and effect of substituent of 

inhibitors on biological activity against PknG, two selected compounds, compounds 

21c and 27c were subjected to future investigate using MD simulations. Poorly 

correlation (q2=0.32 and RMSE = 1.04 as shown in Table 3.25 and Figure 3.43b) of 

docking score with biological data was obtained. This result is the main problem of 

docking calculations. Docking calculations is fast and simple method. Whereas, the 

correlation of estimated binding free energy with inhibitory activity is low as we found 

in this study (q2=0.32). Therefore, post docking methods to estimate the binding 
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affinity were performed. This study, different binding free energy calculations 

methods, MM-PBSA and MM-GBSA approaches were applied to estimate binding 

affinity of tetrahydrobenzothiophene derivatives in PknG binding pocket based on the 

docking binding mode derived from this docking study. Furthermore, the effect of 

different MM-GBSA solvation models (igbl , igb2, igb5, igb7 and igb8) were also 

calculated to determine the binding affinity of tetrahydrobenzothiophene derivatives in 

PknG binding pocket and to increase the correlations of biological activity and 

calculated binding free energy. 

Table 3.24 Predicted binding energy of PknG inhibitors derived from Glide XP 

Cpd. ICso (µM) log(l/ICso) XP score (kcal/mol) 

la 0.35 6.46 -6.62 

2a 68 4.17 -6.19 

3b 0.500 6.30 -6.76 

4b 31 4.51 -6.12 

Sb 23 4.64 -6.69 

6b 17 4.77 -6.64 

7b 4.79 5.32 -6.77 

Sb 1.66 5.78 -6.83 

9b 56 4.25 -6.60 

lOb 62 4.21 -6.54 

1 lb 0.41 6.39 -6.84 

12b 26 4.59 -6.70 

13b 22 4.66 -5.24 

14b 0.63 6.20 -7.87 

15b 68 4.17 -5.99 

16b 0.74 6.13 -6.79 

17b 28 4.55 -6.63 

18b 0.68 6.17 -6.30 

19b 0.085 7.07 -6.74 
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Table 4.24 Predicted binding energy of PknG inhibitors derived from Glide 

XP (continued) 

Cpd. ICso (µM) log(l/ICso) XP score (kcal/mol) 

20b 58 4.24 -6.27 

21c 0.095 7.02 -6.40 

22c 0.093 7.03 -6.01 

23c 0.17 6.77 -6.49 

24c 3.16 5.50 -7.31 

25c 0.49 6.31 -7.18 

26c 0.047 7.33 -7.28 

27c 0.01 8.00 -7.79 

28c 0.05 7.30 -8.31 

29c 0.02 7.70 -7.18 

30c 0.04 7.40 -7.04 

31c 0.03 7.52 -7.32 

lnl >100 <5.49 -5.02 

In2 >100 <5.49 -2.65 

In3 >100 <5.49 -5.82 

In4 >100 <5.49 -6.28 

ln5 >100 <5.49 -6.44 

In6 >100 <5.49 -5.87 

In7 >100 <5.49 -5.41 

In8 >100 <5.49 -5.84 

.. 
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Figure 3.43 Box plot of Glide XP scoring distribution obtained from active and 

inactive compounds 

Table 3.25 Summary of the medium value and statistical parameters obtained 

from Glide XP for PknG 

Medium value of 
q2 Method Medium value of active RMSE 

inactive 

Glide XP -6.70 kcal/mol -5 .83 kcal/mol 1.04 0.32 

3.1.2.3 MD simulations 

1) Structural stability during MD simulations 

Two complexes of PknG inhibitors (compounds 21c and 27c) 

were modeled using MD simulations. The RMSDs for all atoms of PknG and inhibitor 

in each complex over the 15 ns of simulation times were plotted in order to determine 

the structural stability of each complex (Figure 3.44). Convergent RMSD plots 

indicated that the equilibrium states of compounds 21c and 27c were reached for each 

system after 3 ns and 12 ns, respectively. Average RMSD after reached equilibrium 

state of compound 21c was small fluctuation between 2.5 and 3.5 A, whereas, average 

RMSD of compound 27c in PknG binding pocket was large fluctuation between 3.0 

and 4.0 A. These results can be explained using the information of size of two 

compounds. A total polar surface area (TPSA) and total volume were calculated using 

Molinspiration Cheminformatics Software (Ertl, Rohde and Selzer, 2000) and 

considered. Compound 27c (Volume =3 09.70 A3
, TPSA=122.92 ) showed higher 
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volume than compound 21c (Volume = 220.00 A3
, TPSA =72.19) that required bigger 

binding pocket to bind in PknG binding site as compared to compound 21c. 

Therefore, more details in terms of binding free energy, structural complex and 

binding interactions were mainly analyzed over the last 2 ns . 

5.0 T 

-<" 4.0 

Q" 30 

~ 2 .0 
a: 
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0.0 
0 

- PknG -=-c pci.2i c 

6 9 12 
Time (ns) 
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~4.0 
..;: 
;;- 3.0 

- PknG - Cpd.27c 

~ 2.0 ~"""""" 
IX 

1.0 

0.0 l- ' 15 0 6 
Time (ns) 

9 12 15 

Figure 3.44 RMSDs for all atoms of PknG and inhibitor in each complex over the 

15 ns of simulation time 

2) Binding mode of tetrahydrobenzothiophene and benzothiophene 

derivatives 

In the X-ray crystal structure of PknG-AX20017 (3b) complex, 

Glu233 (0) and Val235 (NH) of PknG form hydrogen bonds to the primary amide 

group of compound 3b. Additionally, a hydrogen bond is made between Val235 (NH) 

and the secondary amide group of compound 3b (Scherr et al. , 2007). This hydrogen 

bonding network is conserved for binding of compound 27c (the most active 

compound) in the PknG pocket (Figure 3.45). This implies that the conserved 

hydrogen bonding network is the crucial interaction for binding of benzothiophene 

derivatives. Apart from the conserved hydrogen bonds, additional hydrogen bonds are 

formed between compound 27c and Ile292(0), Asp293(0D), Gly237(NH) and Lys181 

(Figure 3.45). These interactions are responsible for the better activity of compound 

27c as compared with compound 3b. With regard to the benzothiophene moiety, it is 

made van der Waals interactions with residues Ilel57, Ala158, Ile165, Vall 79, 

Met232, Val258 and Ile292 sidechains. The benzo dioxole (the R2 substituent) 

interacts with residues Ile157, Tyr234, Gly236, Gly237, Gln238 and Met283 to form 

van der Waals interactions. However, some moiety of the R2 substituent protrudes 

from the PknG pocket (Figure 3.46). 
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Figure 3.45 Binding modes of compound 27c in the PknG pocket obtained from 

MD simulations 

Figure 3.46 Compound 27c (cyan) in its complex with whole PknG (grey) 

obtained from MD simulations 
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3) The structural requirement of benzothiophene derivatives for 

PknG inhibition 

A graphic interpretation of CoMSIA contour maps (Figure 3.42) 

combined with the analysis of PknG-inhibitor complexes obtained from MD 

simulations were utilized to reveal the structural requirement of thiophene derivatives 

for PknG inhibition. Compound 27c presented the best IC50 value for PknG inhibition 

was used as the template for a graphic interpretation of CoMSIA contour maps (Table 

2.8 in chapter 2). Chemical structures of data set were divided into three common 

structures. They have different substituents of R 1, R2 and membered ring. The 

structural requirement of benzothiophene derivatives were discussed as below. 

3 .1) Membered ring substituent 

Membered ring substituents were classified as cycloalkane 

and benzene ring. CoMSIA contour maps show yellow and purple contours at 

membered benzene ring of compound 27c. This result means that the small substituent 

with hydrophobic property is preferable at membered ring substituent position. Most 

of compounds that contain the membered benzene ring (compounds 21c, 23-31c) show 

IC50 values better than those bearing the membered benzene ring (compounds 1-2a, 

3-20b ). This implies that benzene ring is suitable for steric and hydrophobic 

requirement of membered ring substituent. To investigate the influence of membered 

cycloalkane and benzene ring on an inhibitory activity against PknG, the complex 

structure of PknG-21c was predicted using MD simulation. Its binding modes found in 

the PknG pocket is compared with that of compound 3b (Figure 3 .4 7). 

Figure 3.47 Binding modes of compounds 21c (a) and 3b (b) found in the PknG 

pocket 
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3.2) R 1 substituent 

Except of compounds 13b and 22c, all compounds in the 

data set present the NH2 at the R 1 substituent. Hydrogen bond donor contour (Figure 

3.42d) shows cyan contour near this substituent. It means that hydrogen bond donor 

group at the R 1 substituent enhances the PknG inhibitory activity. Obviously, 

compounds 3b and 22c containing structural differences at the R 1 substituent (NH2 

and OCH2CH3, respectively) show the large difference of IC5o values (0.5 µM and 58 

µM, respectively). The rule of NH2 at the R1 substituent on the PknG inhibitory 

activity is revealed in (Figures 3.42). This moiety is important to form a conserved 

hydrogen bond network with Glu233 (0) and an additional hydrogen bond with Ile292 

(0). 

3.3) R2 substituent 

The size of R2 substituent was varied from the smallest size 

of CH3 group (compound 4b) to the bulky size of NH-6-benzo[d][l,3]dioxole 

(compound 27c). The steric requirement of R2 substituent was shown by the CoMSIA 

steric contour (Figure 3.42a). A green contour presents at the R2 position near the 

amido group indicating that this region prefers the bulky substituent for PknG 

inhibitory activity. It clearly shows by the modification of the R2 substituent size from 

the smaller size of CH3 group to the larger size of cyclobutyl (compounds 4b - 8b). 

IC50 of these compounds were decreased from 31 µM to 1.66 µM. Interestingly, when 

the the bulkier NH-6-benzo[d][l,3]dioxole of compound 27c was replaced by the 

smaller cyclopropyl of compound 29c, the IC50 value was slightly changed from 0.01 

to 0.02 µM. To clear this point, MD simulations were employed to model binding 

modes of compounds 27c and 29c in the PknG pocket. Binding modes of these 

compounds are similar (Figures 3.45). Because some moiety of the NH-6-

benzo[d][l,3]dioxole of compound 27c protrudes from the PknG pocket (Figure 3.43), 

its interactions with ~urrounding residues are comparable with those of the cyclopropyl 

group of compound 29c. They form van der Waals interactions with Ile20, Tyr97, 

Gly99, GlylOO and Met146. Therefore, IC50 values of compounds 27c and 29c are 

slightly changed, although they have the large different size of R2 substituent. 

Accordingly, the short and bulky R2 substituent such as the cyclopropyl, cyclobutyl, 
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CHC(CH3)2 would enhance the activity for PknG inhibition of 

tetrahydrobenzothiophene derivatives. 

4) Structural concept to design new and more potent PknG 

inhibitors 

The results derived from 3D-QSAR and MD simulations can be 

suggested the crucial structural requirement of tetrahydrobenzothiophene derivatives 

as PknG inhibitors. Benzothiophene core structure played important rule for biological 

activity suggested from CoMSIA contour maps. An oxygen atom of carbonyl core 

structure formed hydrogen bond interaction with Val235 (NH backbone). For R1 

position, hydrogen bond donor property of primary amine (NH2) substituent to from 

hydrogen bond interactions with Glu233 (0) and Ile292 (0) was obtained. Therefore, 

primary amine substituent at R1 position should be used to keep primary amide 

functional of tetrahydrobenzothiophene derivatives. Bulky substituent suggested by 

CoMSIA contour map was required to bind hydrogen bond interaction and 

hydrophobic interactions with PknG at R2 position. Small hydrogen bond donor 

substituent should be modified at X position to get more hydrogen bond interactions 

with Lys181 and Asp293. 

3.1.2.4 Binding energy calculations 

1) Enthalpy binding free energy 

Docking scoring functions, the approximated scoring functions 

often produce results that poorly correlates with biological data (Witchapong et al., 

2010(a); 2014(b); Bennin and Sippl, 201). This study, we obtained poorly correlation 

between docking scoring with biological activity (q2w0 =0.25 and RMSE = 1.06, 

Table 3.25). To increase the correlations between predicted binding affinity and 

biological activity of tetrahydrobenzothiophene derivatives in PknG binding pocket, 

post docking procedure based on binding free energy calculations was performed. The 

best regression of bioactivity versus binding free energy is the basically idea to select 

good reliable post docking procedure. Best docking conformations derived from Glide 

XP docking were subjected to energy minimization using AMBER12 program 

followed by single snapshot binding free energy calculations using MM-PBSA and 

MM-GBSA methods. The enthalpy binding free energy (Mipred) of 

tetrahydrobenzothiophene derivatives bound in PknG binding pocket were 
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Table 3.29 Predicted binding free energy of PknG inhibitors derived from MM

PBSA and MM-GBSA methods (continued) 

ICso 
AGp.ed 

Cpd. log( I /I Cso) XP Nrot AG exp MM-
(µ M) igb l igb2 igbS igb7 igb8 

PBSA 

7b 4 .79 5.32 -6.77 4 -5 .84 -15 .35 -47 .57 -44.45 -46.53 -44.24 -42.47 

Sb 1.66 5.78 -6.83 4 -5.78 -14.36 -47.92 -44.85 -46.57 -43 .77 -41.84 

9b 56 4.25 -6.60 4 -8.77 -9.8 1 -44.04 -40.65 -42 .65 -39.76 -38.70 

!Ob 62 4.2 1 -6.54 4 -6.30 -12.96 -45.9 1 -43 .00 -45.29 -42.7 1 -40.90 

I lb 0.41 6.39 -6.84 4 -6.40 - 12.67 -47.40 -44. 11 -46.21 -42.98 -4 1.30 

12b 26 4.59 -6.70 4 -8 .52 -1 2.94 -46.46 -42.82 -45 .19 -42.65 -4 1.60 

13b 22 4.66 -5 .24 s -5.72 -4.56 -43.32 -39.95 -4 1.67 -37.08 -35.23 

14b 0.63 6.20 -7.87 4 -8.42 -19.10 -50.66 -47 .74 -51.05 -44.79 -44.93 

!Sb 68 4.17 -5.99 4 -6.25 -11.09 -46.98 -44.67 -49 .83 -41.37 -39.64 

16b 0.74 6.13 -6.79 4 -7 .55 -15.98 -48 .2 1 -44.40 -46.08 -46.08 -44.57 

17b 28 4.55 -6.63 4 -8 .67 -21.30 -5 1.80 -47.40 -49.25 -46.25 -44.68 

! Sb 0.68 6.17 -6.30 5 -8.47 -17.43 -53 .13 -49.32 -51.49 -47.46 -45.90 

19b 0.085 7.07 -6.74 4 -9.71 -1 7.92 -47.39 -44.23 -46.69 -44.93 -42.20 

20b 58 4.24 -6.27 6 -5 .82 0.89 -39.68 -35 .96 -37.34 -34.94 -34.23 

2 l c 0.095 7.02 -6.40 4 -9.64 -11.83 -49.21 -46.39 -48.19 -47.52 -45.08 

22c 0.093 7.03 -6.01 5 -9.66 -17.44 -51 .04 -47 .52 -49.59 -47.16 -46.95 

23c 0.17 6.77 -6.49 4 -9.30 -22. 17 -50.9 1 -47 .50 -50.60 -47.87 -44.31 

24c 3.16 5.50 -7.31 4 -10.06 -15 .54 -56.86 -52.05 -54.64 -46. 16 -46.05 

25c 0.49 6.31 -7.1 8 4 -10.99 -20.82 -51.27 -46.85 -48 .09 -45 .02 -46.77 

26c 0.047 7.33 -7 .28 4 -10.03 -24.76 -53 .50 -48 .98 -5 1.55 -46.92 -46.75 

27c 0.01 8.00 -7 .79 5 -10.57 -18.76 -55 .24 -50.49 -53 .49 -52.03 -51.1 5 

28c 0.05 7.30 -8.3 1 6 - 10. 16 -26.81 -56.95 -51.93 -54.74 -49.68 -49.85 

29c 0.02 7.70 -7.18 4 -10.33 -19 .38 -56.12 -5 1.97 -53 .98 -51.27 -50.74 

30c 0.04 7.40 -7.04 5 -5.08 -18 .57 -60.63 -55 .93 -57 .26 -52.46 -51.78 

3 lc O.Q3 7.52 -7.32 5 -5 .08 -25.32 -56.8 1 -52.24 -54.93 -5 1.50 -50.81 

In! > JOO <5.49 -5 .02 6 -5.08 11.89 -34.59 -3 1.09 -32.80 -28.44 -39.2 1 

ln2 > 100 <5.49 -2.65 4 -5 .08 21.60 -27 .72 -25.3 1 -29.03 -22 .31 -25. 16 

In3 > JOO <5.49 -5 .82 4 -5 .08 -7.21 -39.70 -36.45 -38.23 -35.66 -42.08 

In4 > JOO <5.49 -6.28 4 -5.08 -3 .18 -37.08 -33 .36 -35.30 -32.70 -39.96 

In5 > JOO <5.49 -6.44 4 -5.08 -9. 10 -41.02 -36.76 -38.99 -35.30 -42.0 1 

In6 > 100 <5.49 -5.87 5 -5.08 -6.87 -39.99 -37.03 -40.04 -38.8 1 -44.2 1 

ln7 > JOO <5.49 -5 .41 7 -8.65 8.04 -33.58 -30. 15 -3 1.50 -27.94 -40.87 

In8 > JOO <5.49 -5.84 4 -6. 19 8.49 -27.85 -26.05 -27.43 -25 . 73 -30. 19 
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Table 3.30 Summary of the statistical data obtained for the binding free energy 

calculations 

Method igb Ri RMSE 

1 0.45 0.99 
2 0.45 0.99 

MM-GB SA 5 0.44 1.00 

7 0.52 0.93 

8 0.52 0.93 

MM-PB SA - 0.40 1.04 
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Figure 3.50 Correlation between experimental biological activity values and 

binding free energy (LiGpred) derived from MM-PBSA and MM

GBSA methods 
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Figure 3.51 Box plot of the binding free energy calculations distribution obtained 

from active and inactive compounds 

3.1.2.5 Designing of benzothiophene derivatives as PknG inhibitors 

Based on the structural requirement derived from 3D-QSAR 

CoMSIA and crucial interaction derived from MD simulations, 4 79 benzothiophene 

compounds were designed. The structure of 27c was selected as template. R1 position 

was modified to search the optimal bulky substituent. R2 was modified by small 

hydrophilic and electron withdrawing groups. Small hydrophobic substituents were 

selected to modify at R3 position. 

Table 3.31 Chemical structure and predicted activity of new designed 

benzothiophene derivatives 

H2N 
0 

NH 
}-N,H 

0 R1 

Cpd. Ri R2 R3 CoMSIA1a1 

PDOO l 5-indanyl OH H 3.61 

PD002 5-indanyl OH Cl 9.18 

PD003 3,4-diMe-Ph OH Cl 7.98 

PD004 2,4-diMe-Ph OH Cl 6. 53 
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Table 3.31 Chemical structure and predicted activity of new designed 

benzothiophene derivatives (continued) 

0 

Cpd. R1 Ri R3 CoMSIA1a1 

PD005 2,4,6-triMe-Ph OH Cl 7.63 

PD006 2,6-diMe-Ph OH Cl 7.62 

PD007 2-Me-Ph OH Cl 6.94 

PD008 2,3-diMe-Ph OH Cl 6.85 

PD009 3-Me-Ph OH Cl 8.03 

PDOlO 3,5-diMe-Ph OH Cl 5.44 

PDOll 2-Me-Ph OH Cl 8.31 

PD012 Ph OH Cl 8.03 

PD013 2-0Me-Ph OH Cl 6.48 

PD014 3-0Me-Ph OH Cl 8.16 

PD015 4-0Me-Ph OH Cl 7.93 

PD016 2,3-diOMe-Ph OH Cl 6.72 

PD017 2,4-diOMe-Ph OH Cl 6.43 

PD018 2,5-diOMePh OH Cl 5.88 

PD019 2,6-diOMe-Ph OH Cl 8.74 

PD020 3,4-diOMe-Ph OH Cl 8.32 

PD021 3,5-diOMe-Ph OH Cl 8.87 

PD022 3-0Me,4-0H-Ph OH Cl 7.07 

PD023 3,4,5-triOMe-Ph OH Cl 7.79 

PD024 2,5-diMe-Ph OH Cl 7.64 

PD025 2-0H-Ph OH Cl 7.76 

PD026 3-0H-Ph OH Cl 7.89 

PD027 4-0H-Ph OH Cl 7.97 

PD028 2-NHi-Ph OH Cl 6.78 

PD029 3-NH2-Ph OH Cl 7.79 

PD030 4-NHi-Ph OH Cl 8.11 



Table 3.31 Chemical structure and predicted activity of new designed 

benzothiophene derivatives (continued) 

0 

NH 

}-N.H 
0 R1 
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Cpd. R1 Ri R3 CoMSIA131 

PD031 2-F-Ph OH Cl 7.52 

PD032 3-F-Ph OH Cl 7.88 

PD033 4-F-Ph OH Cl 7.61 

PD034 2-Cl-Ph OH Cl 7.26 

PD035 3-Cl-Ph OH Cl 8.20 

PD036 4-Cl-Ph OH Cl 7.93 

PD037 2-Br-Ph OH Cl 6.96 

PD038 3-Br-Ph OH Cl 7.79 

PD039 4-Br-Ph OH Cl 7.92 

PD040 2-I-Ph OH Cl 6.83 

PD041 3-I-Ph OH Cl 8.53 

PD042 4-I-Ph OH Cl 7.87 

PD043 2-CN-Ph OH Cl 6.98 

PD044 3-CN-Ph OH Cl 7.88 

PD045 4-CN-Ph OH Cl 7.89 

PD046 2-Et-Ph OH Cl 7.44 

PD047 3-Et-Ph OH Cl 8.05 

PD048 4-Et-Ph OH Cl 7.98 

PD049 2-CF3-Ph OH Cl 7.35 

PD050 3-CF3-Ph OH Cl 8.30 

PD051 4-CF3-Ph OH Cl 7.79 

PD052 2-Cyclopropyl-Ph OH Cl 8.23 

PD053 3-Cyclopropyl-Ph OH Cl 3.65 

PD054 4-Cyclopropyl-Ph OH Cl 7.91 

PD055 2-NOi-Ph OH Cl 8.27 

PD056 3-NOi-Ph OH Cl 7.77 
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Table 3.31 Chemical structure and predicted activity of new designed 

benzothiophene derivatives (continued) 

0 

Cpd. R1 R2 R3 CoMSIA1a1 

PD057 4-NOi-Ph OH Cl 7.16 

PD058 2-S02NHz-Ph OH Cl 7.58 

PD059 3-S02NHi-Ph OH Cl 7.97 

PD060 4-S02NHi-Ph OH Cl 7.90 

PD061 2,3-diF-Ph OH Cl 8.19 

PD062 2,4-diF-Ph OH Cl 7.69 

PD063 2,5-diF-Ph OH Cl 6.94 

PD064 2,6-diF-Ph OH Cl 7.81 

PD065 3,4-diF-Ph OH Cl 7.91 

PD066 · 3,5-diF-Ph OH CI 8.22 

PD067 2,3-diCl-Ph OH Cl 7.32 

PD068 2,4-diCl-Ph OH Cl 6.95 

PD069 2,5-diCl-Ph OH Cl 7.09 

PD070 2,6-diCl-Ph OH Cl 5.83 

PD071 3,4-diCl-Ph OH Cl 7.85 

PD072 3,5-diCI-Ph OH Cl 8.12 

PD073 2,3-diBr-Ph OH Cl 6.81 

PD074 2,4-diBr-Ph OH Cl 6.98 

PD075 2,5-diBr-Ph OH Cl 7.06 

PD076 2,6-diBr-Ph OH Cl 6.01 

PD077 3,4-diBr-Ph OH Cl 7.88 

PD078 3,5-diBr-Ph OH Cl 8.25 

PD079 2,3-dil-Ph OH Cl 6.81 

PD080 2,4-dil-Ph OH Cl 6.92 

PD081 2,5-dil-Ph OH Cl 6.86 

PD082 2,6-dil-Ph OH Cl 7.32 
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Table 3.31 Chemical structure and predicted activity of new designed 

benzothiophene derivatives (continued) 

0 
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Cpd. R1 R2 RJ CoMSIAraJ 

PD083 3,4-dil-Ph OH Cl 8.50 

PD084 3,5-dil-Ph OH Cl 8.45 

PD085 2-F,3-Cl-Ph OH Cl 6.55 

PD086 2-F,4-Cl-Ph OH Cl 7.03 

PD087 2-F,5-Cl-Ph OH Cl 6.53 

PD088 2-F,6-Cl-Ph OH Cl 6.87 

PD089 2-C02H-Ph OH Cl 6.44 

PD090 3-C02H-Ph OH Cl 9.26 

PD091 4-C02H-Ph OH Cl 8.41 

PD092 2-CONHi-Ph OH Cl 7.42 

PD093 3-CONH2-Ph OH Cl 7.93 

PD094 4-CONHi-Ph OH Cl 7.80 

PD095 2,3-Dihydro-1,4-benzodioxin-6-yl OH Cl 9.30 

PD096 2-Pyridyl OH Cl 7.46 
~ 

PD097 3-Pyridyl OH Cl 7.39 

PD098 4-Pyridyl OH Cl 7.89 

PD099 Pyrimidin-4-yl OH Cl 8.84 

PDlOO Pyrazin-2-yl OH Cl 7.19 

PD101 Pyrimidin-2-yl OH Cl 7.69 

PD102 1,3,5-Triazin-2-yl OH Cl 7.44 

PD103 2-furanyl OH Cl 8.01 

PD104 2-thiophenyl OH Cl 8.02 

PD105 2-pyrrolyl OH Cl 8.66 

PD106 Oxazol-5-yl OH Cl 8.66 

PD107 Thiazol-5-yl OH CI 8.42 

PD108 lH-imidazol-5-yl OH Cl 7.93 
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Table 3.31 Chemical structure and predicted activity of new designed 

benzothiophene derivatives (continued) 

Cpd. R1 Rz R3 CoMSIA131 

PD109 IH-triazol-5-yl OH Cl 7.45 

PDllO 1 H-tetrazol-5-yl OH Cl 7.60 

PDlll Benzofuran-6-yl OH Cl 7.58 

PD112 Benzothiophene-6-y l OH Cl 7.68 

PD113 Indole-6-yl OH Cl 7.85 

PD114 1,3-benzoxazole-6-yl OH Cl 7.74 

PD115 l,3-benzothiazole-6-yl OH Cl 7.58 

PD116 Benzimidazole-6-yl OH Cl 7.54 

PD117 1 H-benzotriazo le-6-y I OH Cl 7.59 

PD118 3-0H-isoxazoI-5-yI OH CI 10.42 

PD119 3-0H-isothiazol-5-yl OH Cl 7.64 

PD120 5-Me-isoxazol-4-yl OH Cl 7.04 

PD121 1-Me, 3-0H-lH-pyrazol-5-yl OH Cl 6.59 

PD122 3-Me-isoxazoI-5-yI OH CI 8.61 

PD123 3-Me-isothiazol-5-yl OH Cl 7.77 

PD124 5-Me-isoxazol-4-yl OH Cl 7.77 

PD125 1,3-diMe -lH-pyrazol-5-yl OH Cl 7.93 

PD126 Oxazolidine-2,4-dione-5-yl OH Cl 7.21 

PD127 Imidazolidine-2,4-dione-5-yl OH Cl 7.82 

PD128 2,4-Dioxo-1,3-thiazolidin-5-yl OH Cl 6.98 

PD129 2-Thioxo-1,3-thiazolidin-4-one OH Cl 7.23 

PD130 4-0H-1,2,5-oxadiazol-3-yl OH Cl 7.82 

PD131 4-0H-1,2,5-thiadiazol-3-yl OH Cl 7.74 

PD132 5-0H-2H-triazol-4-yl OH Cl 7.37 

PD133 2-Me, 2H-tetrazol-5-yl OH Cl 7.46 

PD134 4-0Me-1,2,5-oxadiazol-3-yl OH Cl 6.82 
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benzothiophene derivatives (continued) 
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Cpd. R1 Ri R3 CoMSIArai 

PD135 4-0Me-1,2,5-thiadiazol-3-yl OH Cl 6.81 

PD136 5-0Me-2H-triazol-4-yl OH Cl 7.66 

PD137 2-Et, 2H-tetrazol-5-yl OH Cl 7.66 

PD138 4-0Et-1,2,5-oxadiazol-3-yl OH Cl 8.41 

PD139 4-0Et-1 ,2,5-thiadiazol-3-yl OH Cl 6.65 

PD140 5-0Et-2H-triazol-4-yl OH Cl 8.40 

PD141 5-0H,2-Me-2H-triazol-4-yl OH Cl 7.33 

PD142 5-0Me,2-Me-2H-triazol-4-yl OH Cl 7.42 

PD143 5-0Et,2-Me-2H-triazol-4-yl OH Cl 7.25 

PD144 5-0H,2-Et-2H-triazol-4-yl OH Cl 6.83 

PD145 5-0Me,2-Et-2H-triazol-4-yl OH Cl 7.00 

PD146 5-0Et,2-Et-2H-triazol-4-yl OH Cl 7.50 

PD147 Benzimidazol-1-yl OH Cl 6.55 

PD148 6-F-Pyridin-2-yl OH Cl 7.42 

PD149 6-Cl-Pyridin-2-yl OH Cl 7.86 

PD150 6-Br-Pyridin-2-yl OH Cl 7.58 

PD151 6-1-Pyridin-2-yl OH Cl 8.16 

PD152 6-Me-Pyridin-2-yl OH Cl 7.50 

PD153 6-0H-Pyridin-2-yl OH Cl 8.01 

PD154 6-NHi-Pyridin-2-yl OH Cl 7.45 

PD155 6-0Me-Pyridin-2-y 1 OH Cl 7.59 

PD156 6-Et-Pyridin-2-yl OH Cl 7.99 

PD157 6-Cyclopropyl-Pyridin-2-yl OH Cl 7.68 

PD158 6-CN-Pyridin-2-y 1 OH Cl 7.74 

PD159 6-NOi-Pyridin-2-yl OH Cl 7.49 
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Table 3.31 Chemical structure and predicted activity of new designed 

benzothiophene derivatives (continued) 

Cpd. R1 Ri R3 CoMSIA1a1 

PD160 6-CFrPyridin-2-yl OH Cl 8.10 

PD161 6-S02NHz-Pyridin-2-yl OH Cl 7.58 

PD162 6-C02H-Pyridin-2-yl OH Cl 6.72 

PD163 6-CONH2.Pyridin-2-yl OH Cl 7.86 

PD164 2-F-Pyridin-3-yl OH Cl 7.46 

PD165 2-Cl-Pyridin-3-yl OH Cl 7.06 

PD166 2-Br-Pyridin-3-yl OH Cl 6.98 

PD167 2-I-Pyridin-3-yl OH Cl 7.68 

PD168 2-Me-Pyridin-3-yl OH Cl 7.65 

PD169 2-0H-Pyridin-3-yl OH Cl 6.93 

PD170 2-NHz-Pyridin-3-yl OH Cl 5.99 

PD171 2-0Me-Pyridin-3-yl OH Cl 6.68 

PD172 2-Et-Pyridin-3-yl OH Cl 7.09 

PD173 2-Cyclopropyl-Pyridin-3-yl OH Cl 7.32 

PD174 2-CN-Pyridin-3-yl OH Cl 7.19 

PD175 2-NOz-Pyridin-3-yl OH Cl 7.94 

PD176 2-CF 3-Pyridin-3-yl OH Cl 7.43 

PD177 2-S02NHz-Pyridin-3-yl OH Cl 7.16 

PD178 2-C02H-Pyridin-3-yl OH Cl 7.11 

PD179 2-CONHz-Pyridin-3-yl OH Cl 7.21 

PD180 3-F-Pyridin-4-yl OH Cl 8.87 

PD181 3-Cl-Pyridin-4-yl OH Cl 7.17 

PD182 3-Br-Pyridin-4-yl OH Cl 7.25 

PD183 3-I-Pyridin-4-yl OH Cl 7.17 

PD184 3-Me-Pyridin-4-yl OH Cl 8.27 



Table 3.31 Chemical structure and predicted activity of new designed 

benzothiophene derivatives (continued) 

0 

235 

Cpd. R1 Ri RJ CoMSIA1al 

PD185 3-0H-Pyridin-4-yl OH Cl 7.59 

PD186 3-NHrPyridin-4-yl OH Cl 7.06 

PD187 3-0Me-Pyridin-4-yl OH Cl 7.00 

PD188 3-Et-Pyridin-4-yl OH Cl 6.19 

PD189 3-Cyclopropyl-Pyridin-4-yl OH Cl 7.45 

PD190 3-CN-Pyridin-4-yl OH Cl 8.58 

PD191 3-NOrPyridin-4-yl OH Cl 8.24 

PD192 3-CF3-Pyridin-4-yl OH Cl 7.44 

PD193 3-S02NHr Pyridin-4-y 1 OH Cl 7.42 

PD194 3-C02H-Pyridin-4-yl OH Cl 7.82 

PD195 3-CONHrPyridin-4-yl OH Cl 7.73 

PD196 5-F-Pyridin-2-yl OH Cl 7.92 

PD197 5-Cl-Pyridin-2-yl OH Cl 7.52 

PD198 5-Br-Pyridin-2-yl OH Cl 7.51 

PD199 5-I-Pyridin-2-yl OH Cl 7.64 

PD200 5-Me-Pyridin-2-yl OH Cl 9.22 

PD201 5-0H-Pyridin-2-yl OH Cl 8.94 

PD202 5-NHrPyridin-2-yl OH Cl 7.96 

PD203 5-0Me-Pyridin-2-yl OH Cl 7.67 

PD204 5-Et-Pyridin-2-yl OH Cl 7.70 

PD205 5-Cyclopropyl-Pyridin-2-yl OH Cl 7.66 

PD206 5-CN-Pyridin-2-yl OH Cl 7.39 

PD207 5-NOrPyridin-2-yl OH Cl 6.88 

PD208 5-CF3-Pyridin-2-yl OH Cl 7.70 

PD209 5-S02NHrPyridin-2-yl OH Cl 7.47 
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Table 3.31 Chemical structure and predicted activity of new designed 

benzothiophene derivatives (continued) 

Cpd. R1 Rz RJ CoMSIA!aJ 

PD210 5-C02H-Pyridin-2-yl OH Cl 8.08 

PD211 5-CONHz-Pyridin-2-yl OH Cl 7.55 

PD212 6-F-Pyridin-2-yl OH Cl 7.82 

PD213 6-Cl-Pyridin-2-yl OH Cl 7.31 

PD214 6-Br-Pyridin-2-yl OH Cl 7.51 

PD215 6-1-Pyridin-2-yl OH Cl 8.39 

PD216 6-Me-Pyridin-2-yl OH Cl 6.53 

PD217 6-0H-Pyridin-2-yl OH Cl 7.29 

PD218 6-NH2-Pyridin-2-yl OH Cl 6.55 

PD219 6-0Me-Pyridin-2-yl OH Cl 7.72 

PD220 6-Et-Pyridin-2-yl OH Cl 7.52 

PD221 6-Cyclopropyl-Pyridin-2-yl OH Cl 7.78 

PD222 6-CN-Pyridin-2-yl OH Cl 6.51 

PD223 6-NOz-Pyridin-2-yl OH Cl 7.38 

PD224 6-CF rPyridin-2-yl OH Cl 8.28 

PD225 6-S02NHz-Pyridin-2-yl OH Cl 7.61 

PD226 6-C02H-Pyridin-2-yl OH Cl 7.39 

PD227 6-CONH2-Pyridin-2-yl OH Cl 7.55 

PD228 3-F-Pyridin-2-yl OH Cl 7.40 

PD229 3-Cl-Pyridin-2-yl OH Cl 7.47 

PD230 3-Br-Pyridin-2-yl OH Cl 7.22 

PD231 3-I-Pyridin-2-yl OH Cl 7.32 

PD232 3-Me-Pyridin-2-yl OH Cl 7.27 

PD233 3-0H-Pyridin-2-yl OH Cl 5.34 

PD234 3-NHz-Pyridin-2-yl OH Cl 7.27 

PD235 3-0Me-Pyridin-2-yl OH Cl 7.05 

. . 



Table 3.31 Chemical structure and predicted activity of new designed 

benzothiophene derivatives (continued) 
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Cpd. R1 R1 R3 CoMSIA131 

PD236 3-Et-Pyridin-2-yl OH Cl 7.42 

PD237 3-Cyclopropyl-Pyridin-2-yl OH Cl 6.22 

PD238 3-CN-Pyridin-2-yl OH Cl 7.48 

PD239 3-NOi-Pyridin-2-yl OH Cl 4.25 

PD240 3-CF 3-Pyridin-2-yl OH Cl 10.39 

PD241 3-S02NHi-Pyridin-2-yl OH Cl 7.67 

PD242 3-C02H-Pyridin-2-yl OH Cl 7.67 

PD243 3-CONH2-Pyridin-2-yl OH Cl 7.79 

PD244 6-F-Pyridin-3-yl OH Cl 8.41 

PD245 6-Cl-Pyridin-3-yl OH Cl 8.06 

PD246 6-Br-Pyridin-3-yl OH Cl 7.27 

PD247 6-1-Pyridin-3-yl OH Cl 6.66 

PD248 6-Me-Pyridin-3-yl OH Cl 8.42 

PD249 6-0H-Pyridin-3-yl OH Cl ~.17 

PD250 6-NHi-Pyridin-3-yl OH Cl 8.60 

PD251 6-0Me-Pyridin-3-yl OH Cl 8.50 

PD252 6-Et-Pyridin-3-yl OH Cl 8.48 

PD253 6-Cyclopropyl-Pyridin-3-yl OH Cl 8.43 

PD254 6-CN-Pyridin-3-yl OH Cl 8.73 

PD255 6-N02-Pyridin-3-yl OH Cl 7.08 

PD256 6-CF 3-Pyridin-3-yl OH Cl 8.27 

PD257 6-S02NHi-Pyridin-3-yl OH Cl 9.34 

PD258 6-C02H-Pyridin-3-yl OH Cl 8.19 

PD259 6-CONHi-Pyridin-3-yl OH Cl 9.34 

PD260 5-F-Pyridin-3-yl OH Cl 7.34 

PD261 5-Cl-Pyridin-3-yl OH Cl 7.34 
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Table 3.31 Chemical structure and predicted activity of new designed 

benzothiophene derivatives (continued) 

0 

NH 
}-N,H 

0 R1 

Cpd. R1 Rz R3 CoMSIA1al 

PD262 5-Br-Pyridin-3-yl OH Cl 8.82 

PD263 5-1-Pyridin-3-yl OH Cl 9.00 

PD264 5-Me-Pyridin-3-yl OH Cl 7.72 

PD265 5-0H-Pyridin-3-yl OH Cl 7.42 

PD266 5-NHi-Pyridin-3-yl OH Cl 7.47 

PD267 5-0Me-Pyridin-3-yl OH Cl 8.13 

PD268 5-Et-Pyridin-3-yl OH Cl 8.54 

PD269 5-Cyclopropyl-Pyridin-3-yl OH Cl 9.45 

PD270 5-CN-Pyridin-3-yl OH Cl 8.35 

PD271 5-NOz-Pyridin-3-yl OH Cl 8.19 

PD272 5-CF3-Pyridin-3-yl OH Cl 7.42 

PD273 5-S02NHi-Pyridin-3-yl OH Cl 7.82 

PD274 5-C02H-Pyridin-3-yl OH Cl 8.92 

PD275 5-CONHi-Pyridin-3-yl OH Cl 7.82 

PD276 4-F-Pyridin-3-yl OH Cl 8.16 

PD277 4-Cl-Pyridin-3-yl OH Cl 7.31 

PD278 4-Br-Pyridin-3-yl OH Cl 7.59 

PD279 4-1-Pyridin-3-yl OH Cl 8.96 

PD280 4-Me-Pyridin-3-yl OH Cl 7.07 

PD281 4-0H-Pyridin-3-yl OH Cl 6.72 

PD282 4-NHi-Pyridin-3-yl OH Cl 7.32 

PD283 4-0Me-Pyridin-3-yl OH Cl 7.39 

PD284 4-Et-Pyridin-3-yl OH Cl 7.15 

PD285 4-Cyclopropyl-Pyridin-3-yl OH Cl 7.48 

PD286 4-CN-Pyridin-3-yl OH Cl 7.49 

PD287 4-N02-Pyridin-3-yl OH Cl 8.30 
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benzothiophene derivatives (continued) 
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Cpd. R1 R1 R3 CoMSIA131 

PD288 4-CF 3-Pyridin-3-yl OH Cl 9.52 

PD289 4-S02NH2-Pyridin-3-yl OH Cl 5.25 

PD290 4-C02H-Pyridin-3-yl OH Cl 7.86 

PD291 4-CONHi-Pyridin-3-yl OH Cl 7.57 

PD292 2-F-Pyridin-4-yl OH Cl 8.40 

PD293 2-Cl-Pyridin-4-yl OH Cl 7.67 

PD294 2-Br-Pyridin-4-yl OH Cl 8.48 

PD295 2-1-Pyridin-4-yl OH CI 8.43 

PD296 2-Me-Pyridin-4-yl OH Cl 8.29 

PD297 2-0H-Pyridin-4-yl OH Cl 7.31 

PD298 2-F-Pyridin-4-yl OH Cl 7.16 

PD299 2-0Me-Pyridin-4-yl OH Cl 8.03 

PD300 2-Et-Pyridin-4-yl OH Cl 7.72 

PD301 2-Cyclopropyl-Pyridin-4-yl OH Cl 7.55 

PD302 2-CN-Pyridin-4-yl OH Cl 8.22 

PD303 2-N Oi-Pyridin-4-yl OH Cl 8.15 

PD304 2-CF 3-Pyridin-4-yl OH CI 8.51 

PD305 2-S02NHi-Pyridin-4-y 1 OH Cl 7.77 

PD306 2-C02H-Pyridin-4-y 1 OH Cl 7.11 

PD307 2-CONHi-Pyridin-4-yl OH Cl 7.95 

PD308 2-F-Pyrimidin-4-yl OH Cl 7.88 

PD309 2-Cl-Pyrimidin-4-yl OH Cl 7.63 

PD310 2-Br-Pyrimidin-4-y 1 OH Cl 7.56 

PD311 2-1-Pyrimidin-4-yl OH CI 8.26 

PD312 2-Me-Pyrimidin-4-yl OH CI 8.32 

PD313 2-0H-Pyrimidin-4-yl OH Cl 7.77 
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Table 3.31 Chemical structure and predicted activity of new designed 

benzothiophene derivatives (continued) 

0 

Cpd. R1 Ri RJ CoMSIA1a1 

PD314 2-NHi-Pyrimidin-4-yl OH Cl 6.92 

PD315 2-0Me-Pyrimidin-4-yl OH Cl 8.06 

PD316 2-Et-Pyrimidin-4-yl OH Cl 8.15 

PD317 2-Cyclopropyl-Pyrimidin-4-yl OH Cl 8.02 

PD318 2-CN-Pyrimidin-4-yl OH Cl 7.86 

PD319 2-NOr Pyrimidin-4-y 1 OH Cl 7.93 

PD320 2-CF rPyrimidin-4-yl OH Cl 9.57 

PD321 2-S02NHrPyrimidin-4-yl OH Cl 6.82 

PD322 2-C02H-Py rimidin-4-yl OH Cl 8.30 

PD323 2-CONHr Pyrimidin-4-y l OH Cl 7.35 

PD324 6-F-Pyrimidin-4-yl OH Cl 7.70 

PD325 6-Cl-Pyrimidin-4-yl OH Cl 8.08 

PD326 6-Br-Pyrimidin-4-yl OH Cl 7.51 

PD327 6-1-Pyrimidin-4-yl OH Cl 7.66 

PD328 6-Me-Pyrimidin-4-yl OH Cl 8.00 

PD329 6-0H-Pyrimidin-4-yl OH Cl 7.35 

PD330 6-NH2-Pyrimidin-4-y 1 OH Cl 7.72 

PD331 6-0Me-Pyrimidin-4-yl OH Cl 8.86 

PD332 6-Et-Pyrimidin-4-yl OH Cl 7.45 

PD333 6-Cyclopropyl-Pyrimidin-4-yl OH Cl 9.29 

PD334 6-CN-Pyrimidin-4-y 1 OH Cl 7.63 

PD335 6-NOrPyrimidin-4-yl OH Cl 8.38 

PD336 6-CF rPyrimidin-4-yl OH Cl 8.72 

PD337 6-S02NOrPyrimidin-4-yl OH Cl 7.35 

PD338 6-C02H-Pyrimidin-4-yl OH Cl 7.75 

PD339 6-CONH2-Pyrimidin-4-yl OH Cl 8.91 

.. 
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Cpd. R1 R1 R3 CoMSIA1a1 

PD340 5-F-Pyrimidin-4-yl OH CJ 7.22 

PD341 5-Cl-Pyrimidin-4-yl OH Cl 7.12 

PD342 5-Br-Pyrimidin-4-yl OH Cl 7.00 

PD343 5-I-Pyrimidin-4-yl OH Cl 7.52 

PD344 5-Me-Pyrimidin-4-yl OH CJ 7.07 

PD345 5-0H-Pyrimidin-4-yl OH Cl 5.37 

PD346 5-NHi-Pyrimidin-4-yl OH Cl 7.38 

PD347 5-0Me-Pyrimidin-4-yl OH Cl 7.79 

PD348 5-Et-Pyrimidin-4-yl OH Cl 7.50 

PD349 5-Cyclopropy l-Pyrimidin-4-y I OH Cl 7.34 

PD350 5-CN-Pyrimidin-4-y 1 OH Cl 7.74 

PD351 5-NOi-Pyrimidin-4-yl OH Cl 8.41 

PD352 5-CF rPyrimidin-4-yl OH Cl 9.46 

PD353 5-S02NH2-Pyrimidin-4-y 1 OH - Cl 7.62 -
PD354 5-C02H-Pyrimidin-4-yl OH Cl 6.84 

PD355 5-CONHi-Pyrimidin-4-yl OH Cl 7.46 

PD356 6-F-pyrazin-2-yl OH Cl 7.81 

PD357 6-Cl-pyrazin-2-yl OH Cl 8.41 

PD358 6-Br-pyrazin-2-yl OH Cl 8.68 

PD359 6-1-pyrazin-2-yl OH Cl 8.54 

PD360 6-Me-pyrazin-2-yl OH Cl 7.82 

PD361 6-0H-pyrazin-2-yl OH Cl 7.48 

PD362 6-NH2-pyrazin-2-yl OH Cl 8.12 

PD363 6-0Me-pyrazin-2-y 1 OH Cl 7.56 

PD364 6-Et-pyrazin-2-yl OH Cl 8.16 

PD365 6-Cyclopropyl-pyrazin-2-yl OH Cl 8.27 
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Table 3.31 Chemical structure and predicted activity of new designed 

benzothiophene derivatives (continued) 

Cpd. R1 Ri R3 CoMSIA1a1 

PD366 6-CN-pyrazin-2-yl OH Cl 8.16 

PD367 6-N Or pyrazin-2-yl OH Cl 8.77 

PD368 6-CF rpyrazin-2-yl OH Cl 8.58 

PD369 6-S02NHi-pyrazin-2-yl OH Cl 6.63 

PD370 6-C02H-pyrazin-2-yl OH Cl 6.89 

PD371 6-CONHi-pyrazin-2-yl OH Cl 7.50 

PD372 5-F-pyrazin-2-yl OH Cl 7.64 

PD373 5-Cl-pyrazin-2-yl OH Cl 7.31 

PD374 5-Br-pyrazin-2-yl OH Cl 7.93 

PD375 5-1-pyrazin-2-yl OH Cl 8.02 

PD376 5-l\1e-pyrazin-2-yl OH Cl 7.91 

PD377 5-0H-pyrazin-2-yl OH Cl 7.30 

PD378 5-NHi-pyrazin-2-yl OH Cl 8.04 

PD379 5-0Me-pyrazin-2-yl OH Cl 8.00 

PD380 5-Et-pyrazin-2-yl OH Cl 3.59 

PD381 5-Cyclopropyl-pyrazin-2-yl OH Cl 8.11 

PD382 5-CN-pyrazin-2-yl OH Cl 9.13 

PD383 5-NOi-pyrazin-2-yl OH Cl 7.19 

PD384 5-CF3-pyrazin-2-yl OH Cl 7.97 

PD385 5-S02NHi-pyrazin-2-yl OH Cl 7.97 

PD386 5-C02H-pyrazin-2-yl OH Cl 8.29 

PD387 5-CONHi-pyrazin-2-yl OH CI 8.01 

PD388 3-F-pyrazin-2-yl OH Cl 5.32 

PD389 3-Cl-pyrazin-2-yl OH Cl 7.41 

PD390 3-Br-pyrazin-2-yl OH Cl 7.38 

PD391 3-1-pyrazin-2-yl OH Cl 7.10 
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Cpd. R1 Ri R3 CoMSIA131 

PD392 3-Me-pyrazin-2-yl OH Cl 7.18 

PD393 3-0H-pyrazin-2-yl OH Cl 8.05 

PD394 3-NHr pyrazin-2-yl OH Cl 7.30 

PD395 3-0Me-pyrazin-2-yl OH Cl 7.50 

PD396 3-Et-pyrazin-2-yl OH Cl 7.74 

PD397 3-Cyclopropyl-pyrazin-2-yl OH Cl 6.74 

PD398 3-CN-pyrazin-2-yl OH Cl 8.80 

PD399 3-NOr pyrazin-2-yl OH Cl 8.46 

PD400 3-CF3-pyrazin-2-yl OH Cl 7.30 

PD401 3-S02NHr pyrazin-2-yl OH Cl 5.89 

PD402 3-C02H-pyrazin-2-yl OH Cl 7.29 

PD403 3-CONH2-pyrazin-2-yl OH Cl 7.45 

PD404 4-F-Pyrimidin-2-yl OH Cl 7.80 

PD405 4-Cl-Pyrimidin-2-yl OH Cl 7.81 

PD406 4-Br-Pyrimidin-2-yl OH Cl 8.16 

PD407 4-1-Pyrimidin-2-yl OH Cl 7.17 

PD408 4-Me-Pyrimidin-2-yl OH Cl 8.03 

PD409 4-0H-Pyrimidin-2-yl OH Cl 9.16 

PD410 4-NHrPyrimidin-2-yl OH Cl 7.04 

PD411 4-0Me-Pyrimidin-2-yl OH Cl 7.59 

PD412 4-Et-Pyrimidin-2-yl OH Cl 8.00 

PD413 4-Cyclopropyl-Pyrimidin-2-yl OH Cl 4.08 

PD414 4-CN-Pyrimidin-2-yl OH Cl 7.55 

PD415 4-NOr Pyrimidin-2-yl OH Cl 7.59 

PD416 4-CFrPyrimidin-2-yl OH Cl 8.21 

PD417 4-S02NHrPyrimidin-2-yl OH Cl 7.49 
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Table 3.31 Chemical structure and predicted activity of new designed 

benzothiophene derivatives (continued) 

0 

Cpd. R1 R2 R3 CoMSIA181 

PD418 4-C02H-Pyrimidin-2-yl OH Cl 6.71 

PD419 4-CONHrPyrimidin-2-yl OH Cl 7.04 

PD420 5-F-Pyrimidin-2-yl OH Cl 7.09 

PD421 5-Cl-Pyrimidin-2-yl OH Cl 6.97 

PD422 5-Br-Pyrimidin-2-yl OH Cl 7.24 

PD423 5-I-Pyrimidin-2-y 1 OH Cl 7.56 

PD424 5-Me-Pyrimidin-2-yl OH Cl 7.65 

PD425 5-0H-Pyrimidin-2-yl OH Cl 8.21 

PD426 5-NHi-Pyrimidin-2-yl OH Cl 8.82 

PD427 5-0Me-Pyrimidin-2-yl OH Cl 7.33 

PD428 5-Et-Pyrimidin-2-yl OH Cl 7.20 

PD429 5-Cyclopropyl-Pyrimidin-2-yl OH Cl 4.05 

PD430 5-CN-Pyrimidin-2-yl OH Cl 8.66 

PD431 5-NOr Pyrimidin-2-yl OH Cl 6.94 

PD432 5-CF3-Pyrimidin-2-yl OH Cl 7.45 

PD433 5-S02NHrPyrimidin-2-yl OH Cl 6.32 

PD434 5-C02H-Pyrimidin-2-yl OH Cl 7.65 

PD435 5-CONHr Pyrimidin-2-y 1 OH Cl 7.87 

PD436 4-F-1,3,5-triazin-2-yl OH Cl 7.59 

PD437 4~Cl-l ,3,5-triazin-2-yl OH Cl 7.59 

PD438 4-Br-1,3,5-triazin-2-yl OH Cl 8.61 

PD439 4-1-1,3,5-triazin-2-yl OH Cl 9.24 

PD440 4-Me-1,3,5-triazin-2-yl OH Cl 8.31 

PD441 4-0H-1 ,3,5-triazin-2-yl OH Cl 5.55 

PD442 4-NHr 1,3,5-triazin-2-yl OH Cl 7.06 

PD443 4-0Me-1,3,5-triazin-2-yl OH Cl 7.70 



Table 3.31 Chemical structure and predicted activity of new designed 

benzothiophene derivatives (continued) 

0 

245 

Cpd. R1 Rz RJ CoMSIA1a1 

PD444 4-Et-1,3,5-triazin-2-yl OH Cl 8.28 

PD445 4-Cyclopropyl-1,3,5-triazin-2-yl OH Cl 7.93 

PD446 4-CN-1,3,5-triazin-2-yl OH Cl 8.05 

PD447 4-NOi-1,3,5-triazin-2-yl OH Cl 7.91 

PD448 4-CF,-1 ,3,5-triazin-2-yl OH Cl 6.22 

PD449 4-S02NHi- l ,3,5-triazin-2-y 1 OH Cl 7.24 

PD450 4-C02H-l ,3,5-triazin-2-yl OH Cl 6.70 

PD451 4-CONHi-1,3,5-triazin-2-yl OH Cl 7.50 

PD452 1,3-Benzodioxol-5-yl OH H 7.25 

PD453 1,3-Benzodioxol-5-yl OH F 7.88 

PD454 1,3-Benzodioxol-5-yl OH Br 9.06 

PD455 1,3-Benzodioxol-5-yl OH I 8.23 

PD456 1,3-Benzodioxol-5-yl OH CH3 7.06 

PD457 1,3-Benzodioxol-5-yl OH OCH3 7.07 

PD458 1,3-Benzodioxol-5-yl OH CH2CH3 8.48 

PD459 1,3-Benzodioxol-5-yl OH -~--<J 6.94 

PD460 1,3-Benzodioxol-5-yl OH CF3 8.21 

PD461 1,3-Benzodioxol-5-yl F Cl 9.18 

PD462 l,3-Benzodioxol-5-yl Cl Cl 7.34 

PD463 l ,3-Benzodioxol-5-yl C02H Cl 7.99 

PD464 l ,3-Benzodioxol-5-yl CN Cl 7.31 

PD465 1,3-Benzodioxol-5-yl N02 Cl 6.99 

PD466 3-0H-isoxazol-5-yl OH H 8.63 

PD467 3-0H-isoxazol-5-yl OH F 8.42 

PD468 3-0H-isoxazol-5-yl OH Br 7.96 

PD469 3-0H-isoxazol-5-yl OH I 9.18 
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Table 3.31 Chemical structure and predicted activity of new designed 

benzothiophene derivatives (continued) 

0 

Cpd. R1 R1 RJ CoMSIA131 

PD470 3-0H-isoxazol-5-yl OH CH3 8.01 

PD471 3-0H-isoxazol-5-yl OH OCH3 8.32 

PD472 3-0H-isoxazol-5-yl OH CH2CH3 8.40 

PD473 3-0H-isoxazol-5-yl OH -~-<J 7.47 

PD474 3-0H-isoxazol-5-yl OH CF3 9.84 

PD475 3-0H-isoxazol-5-yl F CI 9.46 

PD476 3-0H-isoxazol-5-yl CI Cl 9.44 

PD477 3-0H-isoxazol-5-yl C02H Cl 8.93 

PD478 3-0H-isoxazol-5-yl CN CI 8.80 

PD479 3-0H-isoxazol-5-yl N02 Cl 9.28 

3.1.2.6 Promising benzothiophene derivatives based on rational design 

4 79 compounds of benzothiophene derivatives were designed 

based on the structural requirements and crucial interaction derived from 3D-QSAR 

CoMSIA and MD simulations. Based on best CoMSIA model prediction (model 8 in 

Table 3.23), 145 compounds were obtained with higher predicted biological activity 

than compound 27c, the template compounds. To ensure that design compounds 

bound with PknG binding pocket, molecular docking calculation was perform to 

predict the binding mode of new designed compounds. The docking results showed 

that all of new designed compounds can bound in PknG binding pocket. The binding 

modes of all compounds are same manner with compound 27c, the template 

compounds as shown in Figure 3.52. 
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Table 3.32 Highly predicted activity benzothiophene compounds 

Cpd. R1 Ri R3 CoMSIA1a1 

PD002 5-indanyl OH Cl 9.18 

PD003 3,4-diMe-Ph OH Cl 7.98 

PD009 3-Me-Ph OH Cl 8.03 

PDOl l 2-Me-Ph OH Cl 8.31 

PD012 Ph OH Cl 8.03 

PD014 3-0Me-Ph OH Cl 8.16 

PD019 2,6-diOMe-Ph OH Cl 8.74 

PD020 3,4-diOMe-Ph OH Cl 8.32 

PD021 3,5-diOMe-Ph OH Cl 8.87 

PD030 4-NHi-Ph OH Cl 8.11 

PD035 3-Cl-Ph OH Cl 8.20 

PD041 3-I-Ph OH Cl 8.53 

PD047 3-Et-Ph OH Cl 8.05 

PD050 3-CF3-Ph OH Cl 8.30 

PD052 2-Cyclopropyl-Ph OH Cl 8.23 

PD055 2-NOi-Ph OH Cl 8.27 

PD061 2,3-diF-Ph OH Cl 8.19 

PD066 3,5-diF-Ph OH Cl 8.22 

PD072 3,5-diCl-Ph OH Cl 8.12 

PD078 3,5-diBr-Ph OH Cl 8.25 

PD083 3,4-dil-Ph OH Cl 8.50 

PD084 3,5-dil-Ph OH Cl 8.45 

PD090 3-C02H-Ph OH Cl 9.26 

PD091 4-C02H-Ph OH Cl 8.41 

PD095 2,3-Dihydro-1 ,4-benzodioxin-6-yl OH Cl 9.30 

PD099 Pyrimidin-4-y 1 OH Cl 8.84 

PD103 2-furanyl OH Cl 8.01 

PD104 2-thiophenyl OH Cl 8.02 

PD105 2-pyrrolyl OH Cl 8.66 

PD106 Oxazol-5-yl OH Cl 8.66 

PD107 Thiazol-5-yl OH Cl 8.42 
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Table 3.32 Highly predicted activity benzothiophene compounds (continued) 

Cpd. R1 Ri R3 CoMSIA1a1 

PDl 18 3-0H-isoxazol-5-yl OH Cl 10.42 

PD122 3-Me-isoxazol-5-yl OH Cl 8.61 

PD138 4-0Et-1,2,5-oxadiazol-3-yl OH Cl 8.41 

PD140 5-0Et-2H-triazol-4-yl OH Cl 8.40 

PD151 6-I-Pyridin-2-yl OH Cl 8.16 

PD153 6-0H-Pyridin-2-yl OH Cl 8.01 

PD160 6-CF3-Pyridin-2-yl OH Cl 8.10 

PD180 3-F-Pyridin-4-yl OH Cl 8.87 

PD184 3-Me-Pyridin-4-yl OH Cl 8.27 

PD190 3-CN-Pyridin-4-yl OH Cl 8.58 

PD191 3-NOrPyridin-4-yl OH Cl 8.24 

PD200 5-Me-Pyridin-2-yl OH Cl 9.22 

PD201 5-0H-Pyridin-2-yl OH Cl 8.94 

PD210 5-C02H-Pyridin-2-yl OH Cl 8.08 

PD215 6-I-Pyridin-2-yl OH Cl 8.39 

PD224 6-CF3-Pyridin-2-yl OH Cl 8.28 . .. 
PD240 3-CFrPyridin-2-yl OH Cl 10.39 

PD244 6-F-Pyridin-3-yl OH Cl 8.41 

PD245 6-Cl-Pyridin-3-yl OH Cl 8.06 

PD248 6-Me-Pyridin-3-y 1 OH Cl 8.42 

PD249 6-0H-Pyridin-3-yl OH Cl 6.77 

PD250 6-NHz-Pyridin-3-yl OH Cl 8.60 

PD251 6-0Me-Pyridin-3-yl OH Cl 8.50 

PD252 6-Et-Pyridin-3-yl OH Cl 8.48 

PD253 6-Cyclopropyl-Pyridin-3-yl OH Cl 8.43 

PD254 6-CN-Pyridin-3-yl OH Cl 8.73 

PD256 6-CF3-Pyridin-3-yl OH Cl 8.27 

PD257 6-S02NHz-Pyridin-3-yl OH Cl 9.34 

PD258 6-C02H-Pyridin-3-yl OH Cl 8.19 

PD259 6-CONH2-Pyridin-3-yl OH Cl 9.34 
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Table 3.32 Highly predicted activity benzothiophene compounds (continued) 

Cpd. R1 Ri R 3 CoMSIA131 

PD262 5-Br-Pyrid in-3-yl OH Cl 8.82 

PD263 5-I-Pyridin-3-yl OH Cl 9.00 

PD267 5-0Me-Pyridin-3-yl OH Cl 8.13 

PD268 5-Et-Pyridin-3 -yl OH Cl 8.54 

PD269 5-Cyclopropyl-Pyridin-3-yl OH Cl 9.45 

PD270 5-CN-Pyridin-3 -yl OH Cl 8.35 

PD271 5-NOz-Pyridin-3-yl OH Cl 8.19 

PD274 5-C02H-Pyridin-3-yl OH Cl 8.92 

PD276 4-F-Pyridin-3-yl OH Cl 8.16 

PD279 4-I-Pyridin-3-yl OH Cl 8.96 

PD287 4-NOi-Pyridin-3-yl OH Cl 8.30 

PD288 4-CF3-Pyridin-3-yl OH Cl 9.52 

PD292 2-F-Pyridin-4-yl OH Cl 8.40 

PD294 2-Br-Pyridin-4-yl OH Cl 8.48 

PD295 2-I-Pyridin-4-yl OH Cl 8.43 

PD296 2-Me-Pyridin-4-yl OH Cl 8.29 

PD299 2-0Me-Pyridin-4-yl OH Cl 8.03 

PD302 2-CN-Pyridin-4-yl OH Cl 8.22 

PD303 2-NOi-Pyridin-4-yl OH Cl 8.15 

PD304 2-CF3-Pyridin-4-yl OH Cl 8.51 

PD3 11 2-I-Pyrimidin-4-yl OH Cl 8.26 

PD3 12 2-Me-Pyrimidin-4-yl OH Cl 8.32 

PD3 15 2-0Me-Pyrimidin-4-yl OH Cl 8.06 

PD316 2-Et-Pyrimidin-4-yl OH Cl 8.15 

PD317 2-Cyclopropy l-Pyrimidin-4-yl OH Cl 8.02 

PD320 2-CF3-Pyrimidin-4-yl OH Cl 9.57 

PD322 2-C02H-Pyrimidin-4-yl OH Cl 8.30 

PD325 6-Cl-Pyrimidin-4-yl OH Cl 8.08 

PD328 6-Me-Pyrimidin-4-y l OH Cl 8.00 

PD33 1 6-0Me-Pyrimidin-4-yl OH Cl 8.86 



250 

Table 3.32 Highly predicted activity benzothiophene compounds (continued) 

Cpd. R1 R2 R3 CoMSIAlaJ 

PD333 6-Cyclopropyl-Pyrimidin-4-yl OH Cl 9.29 

PD335 6-NOi-Pyrimidin-4-yl OH Cl 8.38 

PD336 6-CF3-Pyrimidin-4-yl OH Cl 8.72 

PD339 6-CONHz-Pyrimidin-4-yl OH Cl 8.91 

PD351 5-NOi-Pyrimidin-4-yl OH Cl 8.41 

PD352 5-CF r Pyrimidin-4-yl OH Cl 9.46 

PD357 6-Cl-pyrazin-2-yl OH Cl 8.41 

PD358 6-Br-pyrazin-2-yl OH Cl 8.68 

PD359 6-I-pyrazin-2-yl OH Cl 8.54 

PD362 6-NHz-pyrazin-2-yl OH Cl 8.12 

PD364 6-Et-pyrazin-2-yl OH Cl 8.16 

PD365 6-Cyclopropyl-pyrazin-2-yl OH Cl 8.27 

PD366 6-CN-pyrazin-2-yl OH Cl 8.16 

PD367 6-NOz-pyrazin-2-yl OH Cl 8.77 

PD368 6-CF3-pyrazin-2-yl OH Cl 8.58 

PD375 5-I-pyrazin-2-yl OH Cl 8.02 

PD378 5-NHz-pyrazin-2-yl OH Cl 8.04 

PD379 5-0l\1e-pyrazin-2-yl OH Cl 8.00 

PD381 5-Cyclopropyl-pyrazin-2-yl OH Cl 8.11 

PD382 5-CN-pyrazin-2-yl OH Cl 9.13 

PD386 5-C02H-pyrazin-2-yl OH Cl 8.29 

PD387 5-CONHz-pyrazin-2-yl OH Cl 8.01 

PD393 3-0H-pyrazin-2-yl OH Cl 8.05 

PD398 3-CN-pyrazin-2-yl OH Cl 8.80 

PD399 3-NOz-pyrazin-2-yl OH Cl 8.46 

PD406 4-Br-Pyrimidin-2-yl OH Cl 8.16 

PD408 4-l\1e-Pyrimidin-2-yl OH Cl 8.03 

PD409 4-0H-Pyrimidin-2-yl OH Cl 9.16 

PD412 4-Et-Pyrimidin-2-yl OH Cl 8.00 

PD416 4-CF3-Pyrimidin-2-yl OH Cl 8.21 
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Table 3.32 Highly predicted activity benzothiophene compounds (continued) 

Cpd. R1 R1 R3 CoMSIA131 

PD425 5-0H-Pyrimidin-2-yl OH Cl 8.21 

PD426 5-NH2-Pyrimidin-2-yl OH Cl 8.82 

PD430 5-CN-Pyrimidin-2-yl OH Cl 8.66 

PD438 4-Br-1 ,3,5-triazin-2-yl OH Cl 8.61 

PD439 4-1-1,3 ,5-triazin-2-yl OH Cl 9.24 

PD440 4-Me-1 ,3,5-triazin-2-yl OH Cl 8.31 

PD444 4-Et-1,3 ,5-triazin-2-yl OH Cl 8.28 

PD446 4-CN-1 ,3,5-triazin-2-yl OH Cl 8.05 

PD454 1,3-Benzodioxol-5-yl OH Br 9.06 

PD455 1,3-Benzodioxol-5-yl OH I 8.23 

PD458 l ,3-Benzodioxol-5-yl OH CH2CH3 8.48 

PD460 1,3-Benzodioxol-5-yl OH CF3 8.21 

PD461 1,3-Benzodioxol-5-yl F Cl 9.18 

PD466 3-0H-isoxazol-5-yl OH H 8.63 

PD467 3-0H-isoxazol-5-yl OH F 8.42 

PD469 3-0H-isoxazol-5-yl OH I 9.18 

PD470 3-0H-isoxazol-5-yl OH CH3 8.01 

PD471 3-0H-isoxazol-5-yl OH OCH3 8.32 

PD472 3-0H-isoxazol-5-yl OH CH2CHJ I 8.40 

PD474 3-0H-isoxazol-5-yl OH CF3 9.84 

PD475 3-0H-isoxazol-5-yl F Cl 9.46 

PD476 3-0H-isoxazol-5-yl Cl Cl 9.44 

PD477 3-0H-isoxazol-5-yl C02H Cl 8.93 

PD478 3-0H-isoxazol-5-yl CN Cl 8.80 

PD479 3-0H-isoxazol-5-yl N02 Cl 9.28 
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Figure 3.52 Superimposition binding mode of designed benzothiophene 

compounds 

The binding mode of PD118 and PD240 were displayed in Figure 

3.53 and Figure 3.54, respectively . Six hydrogen bond interactions were observed in 

both designed compounds. Primary amide of benzothiophene core structure formed 

two hydrogen bond interactions with oxygen of carbonyl backbone of Glu233 and NH 

backbone of Val235 . Two hydrohen bond interactions of NH urea linker closed to R1 

position formed hydrogen bond interactions with carbonyl (C=O) backbone of Val235 . 

Hydroxyl group of R2 position formed two hydrogen bond interactions with Lysl97 

and Asp293 side chains. R1 position of designed compounds interacted with amino 
~ 

acid residues surrounding the active site via hydrophobic interactions. 

-. 



Figure 3.53 Binding mode of PD118 in PknG binding pocket derived from 

molecular docking calculation 

Figure 3.54 Binding mode of PD240 in PknG binding pocket derived from 

molecular docking calculation 
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3 .1.2. 7 Virtual screening of novel PknG inhibitors 

1) Receptor site identifications 

There are three available of the X-ray structures of PknG 

enzyme. Only one X-ray crystal structure of PknG complexed with 

thtrahydrobenzothiophene inhibitor (AX20017) was reported. Therefore, this structure 

(PDB code: 2PZI) was selected as receptor for virtual screening in this work. The 

x-ray structure of PknG contained 681 residues (73-750). This PknG structure 

contained three parts of proteins, a tetratricopeptide repeat (TPR) domain, kinase 

domain and rubredoxin domain, respectively. AX20017 compound was located at the 

ATP catalytic binding site of kinase domain. The binding site of AX2001 7 compound 

was defined as the receptor for identification of new PknG inhibitors in this study. 

This pocket contained two water molecules in the binding site. Therefore, two 

different types of receptor (contained water molecules in the binding site and no water 

molecule in the binding site) in this study were investigated. 

2) Validation of docking program 

AX20017 compound was docked into the kinase binding site of 

2PZI usmg Glide XP docking programs to validate the performant of docking 

parameter. Glide XP docking was validated by root mean square deviations (RMSD) 

as shown in Figure 3.55. The RMSD values lower than 1 A were obtained for both 

different receptors. The RMSD values of contained water molecules and no-water 

molecules are 0.43 and 0.38 A, respectively. It can be seen that water molecules don't 

have important rules for binding of AX20017. Therefore, the AX20017 with no-water 

in the binding site was selected as the receptor for virtual screening. 

Contained water molecules No-water molecules 

Figure 3.55 Superimposition of X-ray crystal structure (Green stick) and 

docking conformations (Cyan stick) of AX20017 compound 
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3) Virtual screening of new PknG inhibitors from GSK database 

To find novel PknG inhibitors, structure based virtual screening 

was performed. Two steps of virtual screening; molecular docking using Glide XP 

docking and binding free energy calculation were applied to identify new PknG 

inhibitors as shown in Figure 3.56. Firstly, 793 compounds from GSK database were 

docked into PknG binding pocket using the Glide XP scoring function with the same 

parameters with AX20017 derivatives. Then, top 100 compounds based on Glide XP 

scoring were rescored by MM-GBSA calculations with igb8. The highest binding free 

energy of know PknG inhibitors (-34.23 kcal/mol) was used as cut-off energy to select 

bit compounds. Based on this cut-off energy, 81 compounds were obtained. Then, the 

lipinski rule of 5 was applied to select 53 good drug property compounds. These hits 

were clustered to 18 classes and compounds with lowest binding free energy from 

each cluster were selected. Then, two hydrogen bond interactions with Glu233 and 

Val235 were considered to select potential hit compounds. Finally, 8 compounds were 

obtained as shown in Table 3.33 and Figure 3.57. 

GSK Database (793 Compounds) 

Structure based virtual screening 
~--~--~ using Glide XP docking 

100 compounds 

MM-GBSA calculations 
..-----........._--~ -34.23 kcal/mol (Cpd.27c) 

81 compounds 

lipinski rule 

53 compounds 

Cluster analysis 

18 compounds 

H-bond interaction with 
..-----........._--~ Glu233 and Val235 

8 compounds 

Figure 3.57 Schematic representation of the virtual screening workflow for 

PknG inhibitors 
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Table 3.33 Hit compounds of PknG inhibitors derived from virtual screening 

GSKID Chemical name AH Nrot AG 
4-[( 1, 1-Dioxo-2,3-dihydro-l-benzothiophen-

GSK2181306A 6-yl)amino ]-2-(pyrrolidin-3-ylamino )-6H- -51.60 4 -55.60 
pyrido[ 4,3-d] pyrimidin-5-one 

GW599550X 
2-[ 4-(Tri fl uoromethy I )p heny I ]-4-(3-pyrid in-

-45.37 4 -49.37 
2-yl- lH-pyrazol-4-yJ)pyridine 

SB-627772-A 
4-Dirnethy larnino-N-( 5-phenyl- l H-

-42.35 6 -48 .35 
pyrazolo[5 ,4-c]pyridazin-3-yl) butanamide 

(3S,6R)- l-[6-(3-Amino-1H-indazol-6-yl)-2-
GSK2298859A (methylamino )-4-pyrimidinyl]-6-methyl-N- -40.74 5 -45 .74 

phenyl-3-piperidine carboxamide 
4-[5-( 4-Fluorophenyl)-3-(3-

SB-222516 morpholinopropyl)imidazol-4-yl]-N-methyl- -38 .67 7 -45 .67 
pyrimidin-2-amine 

SB-390767 
3-(3 ,5-Dichloro-4-hydroxyanilino )-4-(3-

-39.18 4 -43 .18 
methoxyphenyl)pyrrole-2,5-dione 

4-[l-(5-0xazol-5-yl-2-oxo-1,2-dihydro-
GW276655X indol-3-ylidene )-hydrazino] -36.32 4 -40.32 

benzenesulfonamide 

GSK993273A 
N-[ 4-(1H-Pyrrolo[2,3-b ]pyridin-4-yl) 

-34.51 3 -37.51 
pheny I] methanesulfonamide 
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Figure 3.57 Chemical structure of new hit PknG inhibitors derived from virtual 

screening 
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The binding interactions of hit compounds in PknG binding site 

derived from molecule docking were analyzed. Two hydrogen bond interactions of 

4-[(l , l-Dioxo-2,3-dihydro-l-benzothiophen-6-yl) amino ]-2-(pyrrolidin-3-ylamino )-

6H-pyrido[ 4,3-d] pyrimidin-5-one with Glu233 and Val235 were found from the 

criteria to select potential hit compounds as shown in Figure 3.58. Moreover, three 

additional hydrogen bond interactions were observed. Pyrrolidine ring (NH) from acts 

as hydrogen bond donor to from hydrogen bond interactions with Glu280 and Asn28 l 

side chain. Oxygen atom of sulfone functional acts as hydrogen bond acceptor to form 

hydrogen bond interaction with NH backbone of Ser239. Sigma-pi interaction between 

side chain of Vall 79 with pyrido[4,3-d]pyrimidin-5(6H)-one was observed. Moreover, 

hydrophobic interactions of this compound with amino acids in the binding site were 

observed. 

0 

0 HN d 
HNC(:N n ~I .)__~NH 

N N 
H 

lle86 

Figure 3.58 Binding mode of GSK2181306A 
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3.2 Rational design of anti-cancer agents 

3.2.1 CoMSIA models 

259 

The training set chosen contains 24 compounds with activity range from 

4.58 to 8.10 in log(l/IC50) units . Only one compound, compound 12, has a high 

activity value. If it is removed from the dataset, the activity range narrows. It is 

important to note that compound 12 shows great influence on the CoMSIA model. 

Removing this compound from the train set results in statistically unsatisfied model 

(unpublished data). Therefore, compound 12 was included as the training set in this 

study. Table 3.34 lists the statistical parameters of CoMSIA models obtained from the 

PLS analysis. With the highest q2 of 0.65, the CoMSIA model including steric, 

electrostatic, hydrophobic and hydrogen acceptor fields was selected as the best 

CoMSIA model. The contribution of steric, electrostatic, hydrophobic and hydrogen 

acceptor fields is 12 %, 18 %, 42 % and 28 %, respectively, indicating thai the 

hydrophobic field shows greatest influence on the activity of azanaphthoquinone 

annelated pyrrole derivatives. The selected CoMSIA model has high power to estimate 

the activities of training set with r2 of 0.99 and q2 of 0.65. In order to assess the 

predictive ability of this CoMSIA model, the activities of the test set compounds were 

predicted. Experimental and predicted activities (log(l/IC50) for the training set and 

test set are reported, while distribution of experimental and predicted values for the 

training and the test sets according to the best CoMSIA model is represented in Figure 

3.59. The calculated data of compounds in training set fit well with experimental 

results with error less than 0.1 for all compounds and the prediction error for all tested 

compounds are less than 1.0 Therefore, the best CoMSIA model could be utilized to 

predict the activities for new designed azanaphthoquinone annelated pyrrole 

derivatives. 
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Table 3.34 Statistical results of various CoMSIA models with different 

combined fields 

Models 
Statistical parameters 

Fraction q, rz s SEE N F 

S/E 0.31 0.89 0.73 0.30 4 38 44/56 

S/H 0.44 0.96 0.66 0.19 4 101 21/79 

SID 0.02 0.38 0.81 0.65 1 14 25/75 

S/A 0.44 0.99 0.70 0.08 6 386 37/63 

S/E/H 0.61 0.99 0.58 0.08 6 394 14/25/61 

S/E/D 0.12 0.45 0.77 0.61 1 18 18/27/55 

S/E/A 0.61 0.99 0.58 0.04 6 1819 25/30/45 

S/E/H/D 0.42 0.99 0.71 0.09 6 316 12/22/51/16 

S/E/H/A1a1 0.65 0.99 0.55 0.04 6 1335 12/18/42/28 

S/E/H/D/A 0.54 0.99 0.63 0.07 6 510 9/15/33/16/27 

[aJ The best CoMSIA model. q2 (leave-one-out cross-validated correlation coefficient), 

r2 (non-cross-validated correlation coefficient), N (optimum number of components), s 

(standard error of prediction), SEE (standard error of estimate), F (F-test value), S 

(steric field), E (electrostatic field), H (hydrophobic field), D (hydrogen donor field), 

A (hydrogen acceptor field) 

8.5 
• Training set x Test set • 8.0 

7.5 

.2 70 > . ·- • .... 
~ 6.5 ~ 
~ 

x •• QI 
u 6.0 
:t; x ., x ct 5.5 

~· 5.0 •• 
4.5 ~ ~· • x 
4.0 -1-- T 

4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5 8.0 8.5 

Experimental activity 

Figure 3.59 Plot between the experimental and predicted activities of the training 

and test sets derived from the best CoMSIA model 
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3.2.2 CoMSIA contour maps 

Figures 3.60 and Figure 3.61 present the CoMSIA contour maps which 

reveal the influence of steric, electrostatic, hydrophobic and hydrogen acceptor fields 

to the activity of azanaphthoquinone annelated pyrrole derivatives. Favorable and 

unfavorable steric regions are represented in green and yellow contours, respectively, 

while blue and red contours indicate the regions which favor positive and negative 

charges, respectively. The magenta and white contours represent the favorable and 

unfavorable hydrophobic regions, respectively. The cyan and orange contours indicate 

regions that favor the hydrogen acceptor group and unfavor hydrogen acceptor group, 

respectively. The interpretation of CoMSIA contour maps reveals the structural 

requirement of each substituent position in azanaphthoquinone annelated pyrrole 

scaffold helpful for rational design of novel and potent azanaphthoquinone annelated 

pyrrole derivatives. 

(a) 
(b) 

Figure 3.60 Steric and electrostatic contours obtained from the best CoMSIA 

model in combination with the most active compound (compound 

12), (a) and (b) are the steric and electrostatic contours with the 

horizontal and vertical plane of azanaphthoquinone annelated 

pyrrole scaffold, respectively 
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(•) (b) 

Figure 3.61 Hydrophobic and hydrogen acceptor contours obtained from the 

best CoMSIA model in combination with the most active compound 

(compound 12), (a) and (b) are the hydrophobic and hydrogen 

acceptor contours with the horizontal and vertical plane of 

azanaphthoquinone annelated pyrrole scaffold, respectively 

3.2.2.1 Structural requirement for the R 1 position 

Among all selected CoMSIA descriptors, a large yellow, contour 

overlapping with a blue contour locate near the R 1 position shown in Figure 3.60. 

These contours suggest that this position prefers the small substituent which possesses 

low electron density. This suggestion is supported by all compounds presenting the R 1 

substituent as the carbonyl oxygen showing the activities above five logarithmic units . 

In particular, the R 1 substituent of the most active compound, compound 12, is the 

carbonyl oxygen. Therefore, the carbonyl oxygen should be optimal substituent for the 

R 1 position. 

3.2.2.2 Structural requirement for the R2 and R3 positions 

The R3 position is buried in a large unfavorable hydrophobic 

region, white contour, indicating that the hydrophobic substituent should be not 

presented at this position (Figure 3.61). Accordingly, the presence of hydrophobic 

groups at the R3 position of compounds 23-28 might be one factor responsible for 

lower activities of these compounds as compared to that of compound 12. 

Additionally, a large favorable steric contour locates near the R3 position (Figure 

3.60a). Therefore, the introduction of bulky substituents possessing hydrophilic 

properties onto this position could enhance the activity of azanaphthoquinone 

annelated pyrrole derivatives. In case of the R2 position, no structural requirement is 
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suggested from the best CoMSIA. Most of the compounds in the training set contain 

the same substituent at the R2 position (the CH moiety). Only compound 28, bearing 

(aziridine-1-yl)butyl at the R2 position, is different from those of other compounds. 

That means the substituent at this position does not significantly contribute to the 

binding affinity of the compounds. As exemplified by the comparison of the inhibitory 

activities of compound 15 (R2: H, log (1/ICso)= 5.73), and that of compound 18 (R2: -

CH2CH2NMe2, log (1/ICso)= 5.85), the bulkier substituent attached to the R1 position 

does not confer to the inhibitory activities of both compounds. 

3.2.2.3 The Structural requirement for the ~ position 

As shown in Figure 3.60, a large green contour corresponds to the 

location of the group attached to the ~ substituent. However, the tolerated steric 

requirement of this region is shown by a yellow contour located on the opposite side of 

the favorable steric region. It is indicated that steric occupancy with bulky groups 

would increase the binding affinity, but the size of the substituent should be optimum 

and not be too large. In addition, a predominant feature of hydrophobic contour, 

magenta area, in the proximity of the ~ substituent (Figure 3.61) predicts favorable 

hydrophobic substituents. The reliability of the suggestions derived from the CoMSIA 

contour maps is verified by compound 12, the highest active compound, with optimum 

bulky group and preferably hydrophobic property of -NCH2CH2-pyrrolidine 

substituent attached to the ~ substituent. Compounds, such as compounds 23- 27, 

occupying the small ~ substituent i.e. hydrogen atom, lose to fill the bulkier favorable 

region, showing lower the activities than that of compound 12. On the other hand, 

compounds 13 and 15, occupying the ~ substituent with too large substituents, 

display significantly reduced biological activities compared to compound 12. Besides, 

lipophilic substituents attached to the similar position of compounds 11, 14 and 16 are 

the reason why these compounds exhibit weak inhibitory activities compared to that of 

compound 12. 

3.2.2.4 Structural sequirement for the Rs position 

The orange contour is placed near the Rs position indicating that this 

position disfavors the hydrogen acceptor substituent (Figure 3.61). This finding is 

supported by the lower activity of compound 21 bearing a nitrogen atom at the Rs 

position, as compared to that of compound 19 containing the CH group. 
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3.2.2.5 Structural requirement for the~ position 

The orange contour locates near the R6 position indicating that this 

position disfavors the hydrogen acceptor substituent (Figure 3.61). This finding is 

explaining why compound 20 bearing a nitrogen atom at the~ position exhibits lower 

potency than compound 13. 

3.2.3 MD simulations 

3.2.3.1 Structural stability 

In order to investigate the structural stability during MD 

simulations, the RMSDs as a function of the simulation time of each complex with 

respect to the starting structure were analyzed as shown in Figure 3.62. The RMSDs of 

the complex structures of the selected compounds, 7, 11 , 12, 15 and 22 bound to 

d(CGTACG)2 reach the plateau characteristic at 8 ns, 2 ns, 8 ns, 4 ns and 6 ns, 

respectively. These results indicate that each complex structure reaches an equilibrium 

state after that time. Therefore, the information in terms of energy and structure of 

each system were analyzed over an equilibrium state. 
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Figure 3.62 RMSD plots for the compound 7(a), ll(b), 12(c), 15(d) and 

22(e)/d(CGTACG)z 
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3.2.3.2 The binding free energy 

To gain quantitative insights into the affinity for binding of the 

azanaphthoquinone derivatives in the intercalation binding site, the binding free 

energies of the selected compounds were calculated by the MM-PBSA method 

(Srinivasan et.al, 1998). The comparison between the experimental binding free 

energies (AGexp) and the calculated binding free energies (AGca1) of compounds 7, 11, 

12, 15 and 22 is shown in Table 3.35. The correlation of experimental ICso and 

calculated free binding free energy is presented in Figure 3.63. It is notable that the 

calculated binding free energies of all selected compounds are in the correct order as 

compared with the IC50 values. The obtained results could be successfully used to 

validate the MD procedure in this study. This result shows the reliability of the MD 

simulations. 

Table 3.35 AG exp and AG cal of the selected azanaphthoquinone derivatives bound 

to d(CGTACG)2 

Cpd. ICso (µM) MI -TAS AG cal AGaexp 

7 35.481 -20.0 16.5 -3.5 -6.1 

22 26.282 -25.8 20.4 -5.4 -6.3 

15 1.862 -22.3 15.9 -6.4 -7.8 

11 0.245 -22.9 15.5 -7.4 -9.0 

12 0.008 -25.0 16.3 -8.7 -11.1 

aderived from AG = RT ln[Activity], where activity is the antiproliferative 

activity of compounds 7, 22, 15, 11 and 12 on cervical carcinoma expressed in 

ICso. R represents the gas constant (1.988 cal/mol K), T represents the 

temperature (300K). 
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Figure 3.63 Correlation of experimental IC50 and calculated free binding free 

energy using MM-PBSA method 

3.2.3.3 Structural analysis 

The binding mode analysis of the selected azanaphthoquinone 

annelated pyrrole derivatives/d(CGT ACG)2 complexes started with compound 12 

(ICso=0.008 mM), which is the most active compound of the series studies. Compound 

12 inserts at the ClG2(A)/C5G6(B) of d(CGTACG)2 as shown in Figure 3.64. The 

horizontal plane of azanaphthoquinone annelated pyrrole scaffold is bound 

perpendicular to the horizontal plane of the CG base pairs. The interactions of 

azanaphthoquinone annelated pyrrole scaffold of this compound and the CG base pairs 

were observed by pi-pi stacking interactions between quinone and pyrrole moieties 

with the purine and pyrimidine ring of Cl G2(A) and C5G6(B). Compound 12 display 

extensively hydrogen bond contacts between: (i) the oxygen carbonyl of quinone ring 

at the Ri substituent with CH group of Cl(A) and G2(A) deoxyribose (ii) the CH 

group at the alkyl group of the R,. substituent and NH2 group of Cl(A). Notably, 

compound 12 is engaged in an additional hydrogen-pi interaction between CH of the 

pyrrolidini-1-yl-ethyl linker and pyrimidine ring of the C5(B). Moreover, hydrophobic 

interactions of pyrrolidine ring at the~ substituent with C5(B) and G6(B) of the DNA 

major groove were observed. The key structural features derived are in consistence 

with the CoMSIA interpretation. Numerous crucial interactions observed for 

compound 12 should be accounted for displaying the excellent binding free energy 

(-11.l kcal/mol). Compounds 11and15 (IC50=2.512 and 1.862 mM, respectively) are 

represented as moderate active compounds. Figure 3.65a shows the binding 

interactions of compound 11 bound to C1G2(A)/C5G6(B) of d(CGTACG)2. 
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Compound 11 is parallel to the long axes of the CG base pairs duplex to form the pi-pi 

stacking interaction with pyrimidine and purine rings of cytosine and guanine, 

respectively. The ~ substituent protrude into the major groove of the DNA duplex 

with C 1 G2(A). Compound 11 could form hydrogen bond interactions between: (i) the 

CH group of methyl linker at the R<t substituent with oxygen carbonyl of Cl(A) (ii) the 

oxygen ether group of oxirane ring at the~ substituent with pyrimidine ring of Cl(A) 

(iii) the CH group at chiral carbon of oxirane ring at the R<t substituent and nitrogen 

atom of G2(A). However, any hydrogen-p interaction and hydrophobic interactions 

concerning the ~ substituent with the base pairs of the DNA duplex are missing. This 

is the appropriate explanation why compound 11 exhibited lower inhibitory activity 

compared to compound 12. The binding interactions of compound 15 bound to of 

d(CGTACG)2 is presented in Figure 3.65b. The azanaphthoquinone annelated pyrrole 

scaffold of compound 15 interact with C1C2(A)/C5G6(B) in the intercalation binding 

site of d(CGTACG)2 are similar to that of compound 12. The azanaphthoquinone 

annelated pyrrole axes of these compounds are perpendicular to the long axes of the 

CG base pairs Therefore, the scaffold of compound 15 inserts in the CG steps of the 

DNA duplex to form the pi-pi stacking interactions between quinone and pyrrole 

moieties with the purine and pyrimidine ring. Only two hydrogen bond interactions 

between the CH of butyl linker at the R<t substituent of compound 15 and the nitrogen 

atom of p~ine base G6(B) were observed. Similar to compound 11, any hydrogen-pi 

interaction and hydrophobic interactions concerning the R<t substituent with the base 

pairs of the DNA duplex were observed. Moreover, the conformation of the DNA 

helix strand of compound 15/d(CGTACG)2 complex was significantly changed. The 

number and the quality of interactions between the R4 substituent and base pairs of the 

DNA duplex decreased could explain their moderate to weak inhibitory activities of 

compounds 11 and 15 compared to that of compound 12. Compounds 22 and 7 

(ICso=26.282 mM and 35.481 mM, respectively), are representative compounds 

possessing weak inhibitory activities in this analogues. Interestingly, the chemical 

structure of compound 22 is highly similar to that of compound 12, the most active 

compound, except the steric hindrance of the R1 substituent. To investigate the effect 

of the R1 substituent on the inhibitory activities of the compounds, the binding mode 

of compound 22/ d(CGTACG)2 was compared to that of compound 12. In contrary, 
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the horizontal plane of azanaphthoquinone annelated pyrrole scaffold of compound 22 

is parallel only to the horizontal plane of the C5(B)G2(A) base pair (Figure 3.66a). 

The CH2CH2-pyrrolidine side chain at the Ri position of this compound protrudes into 

the minor groove of the DNA duplex, whereas bulky substituent, -NNHCH2CH2NMe2 

group, at the R1 position protrudes into the major groove. Because of the insertion of 

compound 22, bearing too bulky substituent at the R1 substituent, the hydrogen bonds 

between the Cl(A) base and the G6(B) base were broken leading to open up of the 

C 1 (A)G6(B) base pair of the DNA duplex. The broken base pair results in the loss of 

the pi-pi interactions between the azanaphthoquinone annelated pyrrole scaffold and 

the CG base pairs of compound 22. In case of compound 7, the least active compound 

in the dataset which containing bulky substituent at the R 1 substituent, the binding 

mode of compound 7 /d(CGTACG)2 complex is similar to that of compound 22 (Figure 

3.66b). The Cl(A)G6(B) base pair is opened up because of the insertion of compound 

7. This finding explains why compounds 22 and 7 display poor binding free energy 

(-6.3 kcal/mol and -3.5 kcal/mol, respectively), as compared to that of compound 12 

(-11 .1 kcal/mol). Therefore, these obtained results imply that the presence of bulky 

substituents at both R1 and &i positions such as compounds 7 and 22 diminishes the 

binding affinity of azanaphthoquinone annelated pyrrole derivatives in the CG step of 

DNA duplex. There analyses are in well consistence with the CoMSIA suggestion that 

the small substituent is preferred for the R1 position. 
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Figure 3.64 Structure of compound 12/d(CGT ACG)i complex averaged over last 

5 ns of the simulation time. For clarity, only the structure in the 

intercalating part, C1G2(A)/C5G6(B) is shown. Carbon atoms of 

DNA are colored by gray. Carbon atoms of compound 12 are 

coloured by yellow. H-bond are colored in red. Hydrogen- 7t is 

colored in green. 

(a) 

Figure 3.65 Structure of compound 11/d(CGTACG)i complex (a) and compound 

15/d(CGTACG)i complex (b) averaged over last 5 ns of the 

simulation time. For clarity, only the structure in the intercalating 

part, C1G2(A)/C5G6(B) is shown. Carbon atoms of DNA are colored 

by gray. Carbon atoms of compound 11 are colored by pink. Carbon 

atoms of compound 15 are colored by orange. H-bond are colored in 

red 
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Figure 3.66 Structure of compound 7/d(CGTACG)z complex (a) and compound 

22/d(CGTACG)i complex (b) averaged over last 5 ns of the 

simulation time. For clarity, only the structure in the intercalating 

part C1G2(A)/C5G6(B) is shown. Carbon atoms of DNA are colored 

by gray. Carbon atoms of compound 7 are colored by green. Carbon 

atoms of compound 22 are colored by cyan 

3.2.3.4 A Comparison between the CoMSIA model and MD Analyses 

In order to verify the correspondence of the structural requirements 

derived from the 3D-QSAR model with the MD analysis, the CoMSIA contour maps 

were superimposed to the equilibrium MD conformation of compound 12 shown in 

Figure 3.67. The CoMSIA and MD analyses clearly indicate the similar suggestions 

for the importance of the Ri substituents to enhance the inhibitory activities of 

compounds in the dataset. As previously discussed, the orientation of bulky and 

hydrophobically favored substituents of the Ri position bound into the base pairs of 

the DNA duplex is one of the key characteristics of the compound. The steric contour 

map highlights the importance of bulky substituent of the pyrrolidini-1-yl-ethyl group 

at the Ri position which could be involved in hydrogen bond interaction and hydrogen

pi interaction with the key DNA base pairs, shown in Figure 3.67a. As shown in 

Figure 3.67b, the hydrophobic map points out the beneficial presence of the 

hydrophobic substituents at the Ri position, enhancing hydrophobic contacts with 

C5(B) and G6(B) of the DNA major groove. Moreover, an unfavorable steric contour 

located in the vicinity of the R 1 position proves to match with the binding site 

topology by representing small substituent i.e. the carbonyl group as shown in 
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compound 12. Satisfactory agreement obtained from the CoMSIA model and MD 

analyses may provide insight into crucial structural features effecting ligand receptor 

interactions and their binding affinities and thus can provide guideline for novel 

inhibitor design of azanaphthoquinone annelated pyrrole derivatives possessing better 

antiproliferative activity. 

Figure 3.67 Superimposition of the average structure from the last 5 ns of the 

MD simulation (bond and stick) and the CoMSIA steric (a), and 

hydrophobic contour (b ). For clarity, only the structure in the 

intercalating part C1G2(A)/C5G6(B) (stick) is shown. Carbon atoms 

of DNA are colored by light blue. Carbon atoms of compound 12 are 

colored by atom type. Sterically favored steric areas are represented 

by green and disfavored steric areas are represented by yellow. 

Hydrophobically favored areas are repr:esented by magenta and 

disfavored hydrophobic areas are represented by white 

3.2.4 Designed new azanaphthoquinone annelated pyrrole derivatives 

The integrated results derived from 3D-QSAR CoMSIA and MD 

simulations on azanaphthoquinone annelated pyn-ole derivatives were used to design 

new DNA intercalating agents as anti-cancer agents . To design new DNA intercalating 

agents, compound 12 was selected as the template structure. Structural concepts to 

modify two carbonyls of compound 12 were summarized. 127 compounds were 

designed as shown in in Table 3.36. Biological activity against cancer cell line of new 

designed compounds was predicted. The obtained results show that 16 compounds 

showed high predicted biological activity than template compound 12. 
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Table 3.36 Chemical structure and predicted activity of new designed 

azanaphthoquinone annelated pyrrole derivatives 

Cpd. x 

ADl C=O 

AD2 C=O 

AD3 C=O 

AD4 C=O 

ADS C=O 

AD6 C=O 

AD7 C=O 

AD8 C=O 

AD9 C=O 

ADlO C=O 

ADll C=O 

AD12 C=O 

AD13 C=O 

AD14 C=O 

~x0 
N~y)l_N/ 

\ 

R 

y 

C=O 

C=O 

C=O 

C=O 

C=O 

C=O 

C=O 

C=O 

R 

)i_~O 
FN 

)i_~NJ 
0-N 

)i_~ 
s-N 

)i_~ 

~ ~ 

J:) ~ 

~ ~ 

HN-N 

~ ~ 

HN~ 
C=O )i_~N,N 

o~ 
C=O )i_~N,N 

s~ 
C=O )i_~N,N 

C=O 
HN~ 

)i_~N 

C=O 
o~ 

)i_~N 

C=O 
s~ 

)i_~N 

log(l/ICso) 

7.40 

7.38 

7.24 

6.83 

7.18 

7.38 

7.45 

7.11 

6.73 

6.66 

6.46 

7.14 

7.06 

6.86 



Table 3.36 Chemical structure and predicted activity of new designed 

azanaphthoquinone annelated pyrrole derivatives (continued) 

~xo~ 
N~y N 

\ 

R 

Cpd. x y R log(l/ICso) 

H 
AD15 C=O C=O )i_~Ni(NH2 6.86 

s 
H H 

AD16 C=O C=O )i_~Nl(N'CH3 7.10 
s 

H <(H3 
AD17 C=O C=O )i_~ NI( N 'CH3 7.41 

s 

AD18 C=O C=O )i_~~i(N~ 7.08 
s 

AD19 C=O C=O ),_~~l(o 7.20 

s 

AD20 C=O C=O ),_~~l(o 7.27 

s 

H ro 
AD21 C=O C=O )i_~Ni(NJ 6.89 

s 

H ('NH 
AD22 C=O C=O )i_~Ni(NJ 6.88 

s 

AD23 C=O 0 .>i.~0 7.97 

AD24 C=O NH .>i.~0 7.94 

AD25 C=O s )i_-._,O 7.92 
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Table 3.36 Chemical structure and predicted activity of new designed 

azanaphthoquinone annelated pyrrole derivatives (continued) 

Cpd. x 

AD26 C=O 

AD27 C=O 

AD28 C=O 

AD29 C=O 

AD30 C=O 

AD31 C=S 

AD32 C=S 

AD33 C=S 

AD34 C=S 

AD35 C=S 

AD36 C=S 

AD37 C=S 

AD38 C=S 

AD39 C=S 

AD40 C=NNH(C=S)NH2 

r(Yx0 
N~y)l__N/ 

I 

R 

y R 

S=O )i_~O 
C=CH2 )i_~O 
C=NH )i_~O 
C=S )i_~O 
CH2 )i_~O 
C=S )i_~O 

C=NH )i_~O 
C=CH2 )i_~O 

. . , 

>i.~0 C=O 

S=O )i_~O 
s >i.~0 
0 >i.~0 

NH >i.~0 
CH2 >i.~0 

C=CH2 >i.~0 

log(l/ICso) 

7.79 

7.99 

8.04 

7.98 

7.88 

8.23 

8.29 

8.24 

8.17 

8.04 

8.17 

8.23 

8.19 

8.13 

8.24 



Table 3.36 Chemical structure and predicted activity of new designed 

azanaphthoquinone annelated pyrrole derivatives (continued) 

Cpd. x 

AD41 C=NNH(C=S)NH2 

AD42 C=NNH(C=S)NH2 

AD43 C=NNH(C=S)NH2 

AD44 C=NNH(C=S)NH2 

AD45 C=NNH(C=S)NH2 

AD46 C=NNH(C=S)NH2 

AD47 C=O 

AD48 C=O 

AD49 C=O 

AD50 C=O 

AD51 C=O 

AD52 C=O 

AD53 C=O 

('Yx~ 
N~yjl__N/ 

\ 

R 

y R 

C=NH ;i,_~O 
C=S ;i,_~O 
CH2 ;i,_~O 
s ;i,_~O 
0 ;i,_~O 

NH ;i,_~O 

C=O 
( CH3 

),_~ N '-../CH3 

C=O 
( CF3 

),_~N'-../CH3 

C=O 
(CF3 

),_~N'-../CF3 

C=O 
(CF3 

.. \·-, '-"" N 'C H3 

C=O 
(CH3 

),_~N 'CH3 

C=O 
(CH3 

),_~N'CF3 

C=O 
(CF3 

),_~N'CF3 

log(l/ICso) 

8.17 

8.23 

8.13 

8.17 

8.23 

8.19 

7.93 

8.10 
I 

8.05 

7.62 

7.67 

7.53 

7.48 
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Table 3.36 Chemical structure and predicted activity of new designed 

azanaphthoquinone annelated pyrrole derivatives (continued) 

Cpd. x 

AD54 C=O 

AD55 C=O 

AD56 C=O 

AD57 C=O 

AD58 C=O 

AD59 C=O 

AD60 C=O 

AD61 C=O 

AD62 C=O 

AD63 C=O 

AD64 C=O 

~x0 
N~y)l_N/ 

I 

R 

y R 

CH3 
I 

C=O )i._~N'CF3 

CF3 
I 

C=O )i._~N 'CF3 

C=O Yi..~0 
F 

C=O ;,_~QF 
F 

C=O >-~q 
F 

C=O Yi..~0 ·· ·F 

C=O )i._~o:.F 
C=O )i._~0-F 

F 

C=O a; )i._~N FF 

F f F 

C=O )_~4F 
F f F 

C=O ~~~F ,,, . F 
F'' F 

log(l/ICso) 

7.25 

6.64 

7.85 

7.95 

7.81 

7.91 

7.81 

7.89 

7.61 

7.66 

7.23 
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Table 3.36 Chemical structure and predicted activity of new designed 

azanaphthoquinone annelated pyrrole derivatives (continued) 

Cpd. x 

AD65 C=O 

AD66 C=O 

AD67 C=O 

AD68 C=O 

AD69 C=O 

AD70 C=O 

AD71 C=O 

AD72 C=O 

. 
AD73 C=O 

AD74 C=O 

AD75 C=O 

AD76 C=O 

AD77 C=O 

~x0 
N~yjl_N/ 

\ 

R 

y R 

C=O >i_~Qc1 
/ Cl 

C=O _\~NH2 

C=O _\~CH3 

C=O _\~CF3 

0 

C=O _\~CH3 
0 

C=O _\~CF3 
0 

C=O _\~OH 
0 

C=O _\~NH2 
0 

C=O .\_~N_,CH3 
H 

0 

C=O .\_~N_,CH3 
I 

CH3 

H 

C=O .\_~Nl(CH3 

0 

H 

C=O .\_~Nl(CF3 

0 

C=O >-~o 

log(l/ICso) 

8.10 

7.05 

6.56 

6.38 

6.62 

6.57 

6.76 

6.82 

7.07 

7.15 

6.77 

6.77 

7.51 
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Table 3.36 Chemical structure and predicted activity of new designed 

azanaphthoquinone annelated pyrrole derivatives (continued) 

CCx0 
N y)J_N/ 

\ 

R 

Cpd. x y R log(l/ICso) 

AD78 C=O C=O )i_~o 7.20 

AD79 C=O C=O 
)i_~N;N u 7.04 

AD80 C=O C=O 
)i_~N~ 

l::::JN 7.06 

AD81 C=O C=O 
)i_~N;N,, 

l::::JN 7.20 

H 

AD82 C=O C=O )i_~ 6.93 I t'.N 

AD83 C=O C=O )i_~ I t'.N 6.94 

AD84 C=O C=O )i_~ I t'.N 6.87 

AD85 C=O C=O )i_~ I o 7.05 

AD86 C=O C=O ~~ I o 7.08 

H 

AD87 C=O C=O ~~ 7.11 
I o 

H 

AD88 ~~ 6.91 C=O C=O I '/; 
N 

AD89 C=O C=O )i_~o/) 5.87 
N 
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Table 3.36 Chemical structure and predicted activity of new designed 

azanaphthoquinone annelated pyrrole derivatives (continued) 

Cpd. x 

AD90 C=O 

AD90 C=O 

AD91 C=O 

AD92 C=O 

AD93 C=O 

AD94 C=O 

AD95 C=O 

AD96 C=O 

AD97 C=O 

AD98 C=O 

r(Yx~ 
~L,~-l__ y )l_ N/ 

\ 

R 

y R 

C=O ~~s)/ 
N 

C=O ~~s)/ 
N 

C=O ~~s)/ 
N-N 

C=O ~~o)/ 
N-N 

H 
~~N C=O I )/ 

N-N 

C=O cP ~~N 
/; 

C=O -, cP 
~~N 

~ C=O /; 
~~N 

otP ~ /; 
C=O ~~N 

0 

otP ~ /; 
C=O )i_~N 

0 

log(l/ICso) 

6.85 

6.85 

6.70 

6.73 

6.76 

8.03 

7.25 

7.70 

7.36 

7.28 
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Table 3.36 Chemical structure and predicted activity of new designed 

azanaphthoquinone annelated pyrrole derivatives (continued) 

Cpd. x 

AD99 C=O 

ADlOO C=O 

AD101 C=O 

AD102 C=O 

AD103 C=O 

AD104 C=O 

AD105 C=O 

~x~ 
N~yjl_N/ 

I 

R 

y R 

C=O otP 
\_~N 

0 

0 

C=O ).~~ 
0 

0 CH3 

C=O ).~~ 
0 

0 CH3 

C=O ).~*CH3 
0 

CF3 0 I 

C=O ).~t> 
0 

0 CF3 

C=O ).~*CH, 
0 

0 CF3 

C=O ).~*CF3 
0 

log(l/ICso) 

7.04 

7.04 

7.37 

7.60 

7.44 

7.67 

7.80 
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Table 3.36 Chemical structure and predicted activity of new designed 

azanaphthoquinone annelated pyrrole derivatives (continued) 

Cpd. x 

AD106 C=O 

AD107 C=O 

AD108 C=O 

AD109 C=O 

ADllO C=O 

ADlll C=O 

AD112 C=O 

~x0 
N~yjl__N/ 

\ 

R 

y R 

0 NH2 

C=O A~'Q 
0 

HN- CH3 

C=O A~'Q 
0 

H3C, 
N-CH3 

C=O A~'Q 
0 

F3C, 
N-CH3 

C=O A~'Q 
0 

F3C, 
N-CF3 

C=O A~~ 
0 

cP C=O 
.\_~N 

F 

C=O c9 .\_~N 
/; 

log(l/ICso) 

6.95 

7.08 

7.20 

7.49 

. 

7.98 

7.82 

7.66 
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Table 3.36 Chemical structure and predicted activity of new designed 

azanaphthoquinone annelated pyrrole derivatives (continued) 

CCx0 
N y)l_N/ 

I 

R 

Cpd. x y R log(l/ICso) 

F 

AD113 C=O C=O cP-F 7.28 

.\_~N 

Cl 

AD114 C=O C=O dJ 7.90 

.\_~N 
/; 

Cl 

AD115 C=O C=O cP 7.07 

.\_~N 
/; 

61 AD116 C=O C=O 7.94 

.\_~N 

Br 

AD117 C=O C=O cP 7.72 

.\_~N 
/; 

F 

AD118 C=O C=O ~ 8.11 

.\_~N 
/; 

AD119 rP-F 7.55 C=O C=O 
.\_~N 

cP AD120 C=O C=O /; 7.61 
~~N F 
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Table 3.36 Chemical structure and predicted activity of new designed 

azanaphthoquinone annelated pyrrole derivatives (continued) 

~xD":: 
N~y N 

I 

R 

Cpd. x y R log(l/ICso) 

F 

AD121 C=O C=O cY-F 7.74 

)i_~N 

Cl 

AD122 C=O C=O cP 7.15 

)i_~ N 
0 

AD123 C=O C=O 6J-c1 7.59 
)i_~N 

cP AD124 C=O C=O 0 7.70 
)i_~N Cl 

Br 

AD125 C=O C=O cP 8.19 

- )i_~N 
0 

AD126 C=O C=O cYBr 7.62 
)i_~N 

cP AD127 C=O C=O 0 7.75 
)i_~N Br 

3.2.5 Promising azanaphthoquinone annelated pyrrole derivatives based on 

rational design 

127 compounds of azanaphthoquinone annelated pyrrole derivatives were 

designed based on the structural requirements and crucial interaction derived from 3D

QSAR CoMSIA and MD simulations. The obtained results showed that 16 compounds 

were obtained with higher predicted biological activity than compound 12, the 
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template compounds as shown in Table 3.36. The binding mode of high predicted 

compounds was displayed in Figure 3.68. 

Table 3.37 Highly predicted activity of azanaphthoquinone annelated pyrrole 

compounds 

Cpd. Structure log(l/ICso) 

s 

AD31 8.23 
o:)q N 

s " (J 
s 

AD32 8.29 
o:)q N 

NH " 

(J 
s 

AD33 8.24 
o:)q N 

CH2 " 

(J 
s 

cCo 
AD36 

N S N 8.17 

" (J 
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Table 3.37 Highly predicted activity of azanaphthoquinone annelated pyrrole 

compounds (continued) 

Cpd. Structure log(l/ICso) 

s 

AD37 
cOo N N 

o~ 8.23 

(J 
s 

AD38 
cOo N N 

~~ 8.19 

(J 
s 

cOo 
AD39 

N N 
8.13 

~ 
(J 

SYNH2 

N ~ NH 

AD40 cQ-{ 8.24 N 

CH2 ~ 
(J 
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Table 3.37 The highly predicted activity of azanaphthoquinone annelated 

pyrrole compounds (continued) 

Cpd. Structure log(l/ICso) 

SYNH2 

N,NH 

AD42 c¢q 8.23 N 

s~ 
(J 

SYNH2 

N,NH 

AD43 cCo N N 
8.13 

~ 
(J 

SYNH2 

N,NH 

AD44 cCo 8.17 
N S N 

~ 
(J 



Table 3.37 The highly predicted activity of azanaphthoquinone annelated 

pyrrole compounds (continued) 

Cpd. Structure log(l/ICso) 

SYNH2 

N,NH 

AD45 o:)o 8.23 
N 0 N 

~ 
(J 

' 
SYNH2 

N,NH 

AD46 o:)o 8.19 
N N 

~~ 
(J 

0 

c¢q 
AD118 

N 

0 ~ 8.11 

Bt I 

F 
0 

c¢q 
AD125 

N 

0 ~ 8.19 

Bt I 

Br 
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Figure 3.68 Superimposition binding mode of designed azanaphthoquinone 

annalated pyrrole compounds 

The binding mode and binding interactions of AD32, the highest predicted 

biological activity of new designed azanaphthoquinone annelated pyrrole derivative 

was analyzed as shown in Figure 3.69. Core structure of AD32 was inserted into the 

intercalating site and formed pi-pi interactions with Cl(A)/G6(B) and G2(A)/C5(B) of 

DNA base pairs. Pyrrolidini-1-yl-ethyl linker located at major groove of DNA and 

formed hydrogen bond interactions with C5(B) and G(6) base pair. 

Figure 3.69 Structure of the highest predicted biological activity, compound 

AD32/d(CGTACG)i (complex from molecular docking 
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All of designed compounds in theosemicarbazole series showed high predicted 

biological activity . Therefore, the binding mode and binding interactions of 

compounds in this series were analyzed. The binding mode and binding interaction of 

the highest binding affinity of designed compound is displayed in Figure 3.70. AD40 

is the highest predicted biological activity in theosemicarbazole series. Core structure 

of AD40 is inserted into the intercalating site of DNA with their long axis of new 

scaffold parallel to the long axes of the CG base pairs. The quinone and pyrrole 

moieties stack with the purine ring of C5(B) and G6(B), whereas the pyridine ring 

overlaps with two six membered rings of Cl(A) and G2(A) as shown in Figure 3.70. 

The semithiocarbazole (X substituent) protrude into the minor groove of the DNA 

duplex with C1G2(A). The NH2 the terminal of semithiocarbazole substituent could 

form hydrogen bond interaction with oxygen atom of ribose backbone of G2(A) and 

phosphate linker. Protonation hydrogen at pyrrolidini-1-yl formed hydrogen bond 

interaction with phosphate backbone of G6(B . 

Figure 3.70 Structure of the highest predicted biological acitivity in a series of 

semithiocarbazole, compound AD40/d(CGTACG)i (complex from 

molecular docking 





CHAPTER4 

CONCLUSIONS 

Molecular modeling and computer aided molecular design approaches were 

successfully applied to rational design new and more potent anti-TB agents and anti

cancer agents. The first selected target was anti-TB agents. InhA and PknG enzymes 

were selected as two attractive targets. Diphenyl ether and benzofuran pyrrolidine 

pyrazole derivatives were chosen to rational design as new and highly effective InhA 

inhibitors in this study. For rational design of PknG inhibitors as anti-TB agents, 

benzothiophene derivatives were considered. The second selected target was anti

cancer agents. DNA intercalating agents in a series of azanaphthoquinone annelated 

pyrrole derivatives were elucidated. 

3D-QSAR CoMISA method and MD simulations were performed to investigate 

the structural requirements and to rational design new and more potent diphenyl ether 

derivatives as InhA inhibitors of anti-TB agents. The graphic interpretation of the 

obtained CoMSIA model reveals the key structural elements of diphenyl ether 

derivatives necessary for good InhA inhibitory activities. MD simulations were 

successfully applied to reliably predict binding modes, inhibitor-enzyme interactions, 

and binding free energies of diphenyl ether derivatives in the InhA binding pocket. 

The structural requirements derived from the CoMSIA model correspond well with the 

binding interactions of diphenyl ether derivatives in the InhA pocket found in the MD 

simulations. The presented integrated results should be useful as guiding principles for 

the design of novel InhA inhibitors based on suitable modifications of the diphenyl 

ether scaffold. 22 compounds of new designed phenyl ether derivatives with higher 

predicted biological activity than template design were proposed. 

From the data set collected from benzofuran pyrrolidine pyrazole derivatives 

based InhA inhibitors, 3D-QSAR CoMSIA models were set up with different 

inhibitory activity against InhA enzyme (IC5o) and intact M tuberculosis cell (MIC90). 
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To study the binding modes and binding interactions of inhibitors at the InhA active 

site, MD simulations of representative compounds was performed. The combination of 

graphical interpretation of IC5o and MIC90 CoMSIA models and MD simulations 

highlight the structural concept to correctly balance IC50 and MIC90 values of 

benzofuran pyrrolidine pyrazole derivatives. The core structure of template compound 

is crucial to attaining favorable IC50 values, whereas the R2 substituent is a key group 

to enhance MIC9o values without negative effects on IC50 values. Based on these 

beneficial guidelines, new benzofuran pyrrolidine pyrazole derivatives were designed. 

Among of these designed compounds, 1 7 designed of novel benzofuran pyrrolidine 

pyrazole derivatives as InhA inhibitors with better potency against M tuberculosis 

cells were proposed. Moreover, 2 designed compounds were found as high predicted 

biological activity in both InhA enzyme assay and intact M tuberculosis cell. 

To identify novel scaffolds as InhA inhibitors, two different InhA binding sites, 

Y158-in and Y158-out conformations were used as receptors for structure based 

virtual screening. Based on structure based virtual screening workflow in this work, 31 

hit compounds with 12 different scaffolds were proposed for biological assay to obtain 

new scaffolds of InhA inhibitors. 

3D-QSAR and MD simulation were used for understanding the structural 

requirements for the inhibitory activity of the benzothiophene derivatives and binding 

modes to the enzymatic receptors. Reliable 3D-QSAR CoMSIA model with high 

predictive ability of the best QSAR model was obtained. The structural requirements 

to improve biological activity against PknG of benzothiophene derivatives were 

suggested based on CoMSIA contour maps. Based on detailed CoMSIA contour maps 

analysis, improvement in PknG binding affinity can be achieved by substitutional 

modification at R2 and X position on the benzothiophene ring. The key residues 

determined by MD simulations provided the key structural basis for binding in PknG 

binding pocket. The beneficial guideline for designing of new potent PknG inhibitors 

was obtained. 145 designed compounds based on structural basis derived from 3D

QSAR CoMSIA and MD simulations showed better predicted activity than template 

compound. 

Binding free energy calculations using MM-GBSA method with two salvation 

models, igb7 and igb8 models were promising methods to estimate the binding affinity 
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of benzothiophene derivatives as PknG inhibitors. The high correlations of binding 

free energy calculations using these models with biological activity against PknG were 

obtained. The entropy contribution on binding free energies calculations was slightly 

improved the correlations coefficient between inhibitory activity against PknG and 

binding free energy calculations. These results were applied as filter tools for 

identification of novel PknG inhibitors via structure based virtual screening. Structure 

based virtual screening using docking combined with binding free energy calculations 

using MM-GBSA method was used to identify novel PknG inhibitors. 8 hit 

compounds were proposed as novel scaffolds for biological assay against PknG. 

To develop highly effective anti-cancer agents of azanaphthoquinone annelated 

pyrrole derivatives as anti-cancer agents, 3D-QSAR CoMSIA study and MD 

simulations were applied to evaluate their key structural features, binding mode and 

binding interactions in the DNA duplex. Best CoMSIA model was satisfactory 

according to the statistical results as well as the contour maps analysis. MD 

simulations were successful to model the reliable binding modes of 

azanaphthoquinone annelated pyrrole derivatives in the CG step of d(CGTACG)2. 

Complex structure of inhibitor/DNA provides the insight into the crucial ligand-DNA 

interaction and the key structural feature favorable for binding affinity of 

azanaphthoquinone annelated pyrrole derivatives in the intercalation site of DNA 

duplex. The finding obtained from MD simulations is supported to the CoMSIA 

guideline for designing new compounds with the improved biological activity. 17 new 

designed compounds with high predicted biological activity against cancer cell were 

proposed. 

Accordingly, molecular modeling and computer aided molecular design 

approaches in this study provides an insight into the crucial structural requirements 

and the necessary chemical substitutions required to exhibit enhanced inhibitory 

activity against enzyme, DNA and whole cell of tuberculosis and cancer. Successfully, 

newly designed compounds with the higher predicted activities as compared with the 

parent compounds of anti-TB agents and anti-cancer agents were obtained. These 

proposed new designed compounds can be considered as potent anti-TB agents and 

anti-cancer agents. More importantly, the structure based virtual screening was applied 
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to identify novel scaffolds as anti-TB agents. Hit compounds were proposed for 

biological assay to obtain new anti-TB agents. 
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1. introduction 

Elucidating structural basis of benzofuran 
pyrrolidine pyra:zcole derivatives for enhancing 
potency against both the lnhA enzyme and intact 
M. tuberculosis cells: a combined MD simulations 
and 30-QSAR stadyt 
Pharit Kamsri. • Auradee Punkvang,b Supa Hannongbua,c Patchreenart Saparpakornc 
and Pornpan P.ungpo*• 

A 2-trans enoyt-acyl carrier, protein (ACP) redudase 0< lnhA of M. tuberculosis 'Is a drug target of lsoniazid 
UNH), tl\e:,first-Une'c!i;ug f.or, tube(CUlosis treatment Many series ofcoinpOundt h,lve' :been ileveloped .as 
novel inhibitors of this enzyme. However, they lack good potency against purified lnhA and actMty 
against inta~ M. tube(CulosiS ce!lS. .BenZ9turan pyrroUdin pyrazole -:derivative'S '@re pOteo\ direct In¥ 
inhibitors; These compounds shOW' high potency ror lnhA inhibition with IC50 values a·t nanomolar levels. 

However. their activities against ~· tut?erculosiS cells in terms of MJC90 were C!b:9Ut 9ne·thousand fold 

than ICso- Accordingly. in this work ICso and MIC90 values of benzofuran pyrrolidin pyr:azoie deriva~es 
were subjected to 'CoMFA and CoMSlA stUdies in order to investigate the structural ·basis Tequired for 

good activity against both purified lnhA and /vi. tuberculosis C111ls. Moreover; MD simulations were 
employ'ed to· evaluate key inter~ctlons for ·binding benzofuran pyrrolldl~ pyrazol~ derivatives In lnhA 

Ba<!'d ~MD r~sults;, l~ie epre' stwFtur.e ·1,>t\!1•se cl{~pounds _is lti~ ~ey portiofU<;ir-blnding In ·thei lnhA 
·pocket. Alternatively. R'substituei'its .shOweli We.k intera~tions' with !he lnM Po<:kets .. Interpretation .of 
ICso a~ Mf~ CoMS.IA contour maps r~vealed the· structural ·requirem~nts""'' in terms or sterk:~ 

electrosU.\ic. hydrophObic ar)d_ iiydr0gen>··donor' and acceptor 1;:,r ics:o .and · MlCOo vaiues .. of l_nhA 

'.!n,hibitors,:.F)riaUy. the f~t<igrated /~sults cli,~inea tr,ofn -~D sill]lllations · anct gh!P,hic i.'.'terpretation ,or 
.coMSIA models provided a structural concept for rational design· of novel lnhAJ ohibltors with better 
. potency agaioisf l)9th lhe' lnhA. en:fyme and intact M. tuberculosis-cells. 

Tuberctilos.is. (TB)'~kan Infectious disease caused by Mycobac• 
·krium tuben:u/osi~ .(M. ~losu) and remains one. of the· 

~dd:s~ca,dli~f( ipf~tiou~ c,l\scascs. The, World H~lth OJ1:3· 
;n;zii/lon ·-~·6) rcpoite<l t~t.a.n "estimared <J.O mlllf(lri ~pie, 
C!eveloped.newTB eases and I.S-million ~It.died· from this 
<lka5c:.fu :zori' M'il~f; tblilicidenC:e~t n~·T8:~ ~a' 
ileathsJri ~13 ~ li!#.t ~n 'those, t,q><?l'{c<tp~'ll!,$ly1 Tt'c 
high mor.tiility rati .• of/ fB'- lS. eausedi' by ,multi drut;re$lstant 
nibcr.cu~is (Mi:>l!-;ni),z..' ~nsivel):' drug-i:esistitr;t.tr1\ibcn:u
fosiS 0,tt>R·Til): '\,.;, ·totaliy drug,rcsiStant· 'tuberculosis 

(TDR·TB)'""' and human immuhOdeficlenc:y virus (f!IV) eo
lnfecti~".:' A NAD.H-depcnd1Crit.~rdlli ens>Yl'.acyJ.carrier pr<>tci.n 
(ACP) -rcductasc or InhA has beeri' ide:ntified as potential drug 
target for tuberculosis treatment." ~is' i!n,zyple catalyus the. 
reduction of 1J!,Jl-unsaturated 'fa:t!J .acid·s, the lasf ' step <in ' fatty 
~cids . liiq.yntli'esis_.in M. 'tub~~CtiiOsif.""''.':iph~ Wits r~eorted as 

~~ _dru,g;~~t:~f·i5:"_niazid {!Hf!).~ ~e ,Arsi:-li~c ·dtu~ ~?inst., 
WbereUl~:--sjhCc llfH'.is;ii,,1:~ .. if:retjµt~me·~bfiva, · 
!ion pr~s.s or, .~~pc~d.ase •Q91«1)rt<i:•gtneratc;i:lic acyl 
iadicallilctlve.Jorm. Th~ tii<!Jciili IS; th;(i!i ;CQWilCjl'tly l}OYnd tt\) 
nicotinamidc a~e.ninc dinuclcoti1~ c~,¢,'l ~·A'tQ<luce i\ll '~ 
TNH-NAD·adduct actinir..s apotent'lilliA. ml\!i>itor:""'>·Th~-lii):h 
potcncr qfl':ffl against 1nl:iA' w,as,:1~;;'!ir~~taii'on~ 41 .xa!G. 
Therefore, .many researchers al.med :ro ·di'scovet-no\'CI 'inhibitors 
that can directly inhibit -lrihA WithotlMh<e KatG acti~tion 
process.Iribibitots lhat can ad: like (Ill$ a~c3ltcd. dircct.InhA: 

·~ Of CN:nii<llJ, . F«11lf1 of Sdma, Ubon .-114Jdiatlrani Uttr.tnJ1J, 
V"6nratdtinJWU. TlraUond. £-m11J7! poinpUR wb"@]Ohoc!.RHll; Faz: - - ·s:is 

Z!::~Z:Z,:11'::.. ~i<J.~~~~7'14:a.i1 
!~efCtrt1t1'imy; Factdty ll(sda.a,,__, Ui.;.;.rrily, """""t.' ii.ai/Jmil· 

·:.~~cil;.,~ .iRf!'"'iation. (~) iiyai~ble. . ~ ,1>.9(, 

il)~iq,i_tg~~ :i\:.~~,;~f ~iJ~~)i~~~*5fui;lin::~a,~bq,nyl£$-
eaibamoy!JiY!rolid1n•j-yl}'.l11-:l')'Wole.S-carooxarrl'1ile. denva-

tives ~fuptn pyrf!>lidii! ·~l(~c:~iv~Jv~~J f.tave_ ~!' 
i<tenfiiled · 115 p;itent dircct''InhA '·inliibl torsf 'fTtte c.m~joiify' cof 
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bcnzofuran pyrrolidinc pyrawlc derivatives show high potency 
against purified lnhA \vith inhibitory concentration of 
compound required to inhibit lnhA at 50% (1C50) values at the 
nanomolar level. Hm\'C\-er, these compounds show weak 
cellular activity against M. tubcrculosi5, with the m.injmum 
inhibitoty concentration of compound that resulted in 
complete inhibition in growth of M. tuberculosis 90% (MlC.JO) at 
the micromolar level. These rcsuks show poor correlation 
between re.., and MIC.., values of benzofuran P)TTOlidine pyr· 
azole derivatives. ln this work. IC50 and MIC90 values of 
bcnzofuran pyrrolidine pyrnzolc dcri"-atives \'iCrc used for 
comparative molecular field analysis (CoMFA) and comparar.ive 
molecular similarity indices analysis (CoMSIA) studies in order 
to investigate the structural basis of these compounds for good 
activity against both lnhA and M. tuberculosis. Moreover, 
molecular dynamics (MD) simulations were employed to eval
uate the key interactions for binding of benzofuran pyrrolidin 
pyrazolc derivatives in lnhA. Therefore, the integrated results 
obtained from MD simul3tions and graphic interpretation of 
quantitative structure a.ctivity relationship (QSAR) models 
should provide crucial Strul'tural concepts for improving the 
correlation between ICso and MIC.., values of benzofumn pyr· 
rolidin pyrazole derivatives. 

2. Material and methods 
2.1 Data sets and biological activities 

Thirty-four benwfumn pyrrolidin pyrazole derivatives used for 
CoMFA and CoMSIA studies were identified from the published 
literature.'"' Chemical structures and experimental biological 
activities in temlS of MI~ and lCsu ''a lues of these compounds 
arc shown in Table 1. MIC.W and ICso values were nominally 
converted into log{l/MIC..,) and log(WC50) values for CoMFA 
and CoMSIA studies. Based on the diversity of structures and 
wide range of activities, the dat3 set of compounds was divided 
into 30 training set compounds for final model development 
and 4 test set compounds for model validation. All chemical 
structures of benwfuran pyrrolidin pyrazole derivatives were 
constructed using the standard tools available in the GaussView 
3.07 program and were then fully optimized using tl1e HF/6-31G 
m<..1hod implemented in the Gaussian 09 probrnun.u The 

ham10nic vibrational frequencies uf the optimized geometrics 
ha\'e also been calculated . All elements in the calculated 
Hessian matrix 3re positi,-c, which indicate that the structures 
are true minima on the potential ener'gi• su'1"ace. 

2.2 Moltcular docking calculations 

lo this study, molecular docking calculations using the GOLD 
Program....,. were employed with the aims of generating the 
initial structure for MD simulations and performing molecular 
alignment to set up CoMFA and CoMSIA models. The available 
X-ray structure of lnhA in a complex with compound 1 (PDB 
code 4COD) was used as an initial structure for molecular 
docking calculations. All atoms of the protein were kept rigid, 
whereas ligand was flexible during the molecular docking 
calculations. The number of Genetic Algorithm (GA) runs was 
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set to 15 runs with the default search algorithm paran1ete.rs. The 
doc.king calculations were validated using the root·mean·squarc 
deviation (RMSD) '-alue between the docked and observed X-ray 
conformations of compound 1 in its pocket. A RMSD value 
lo1Ver than 1 A was acceptable. Then, molecular docking 
calculations 'vith ' -alidatcd parameters were used to dock all 
ren1aining compounds imo the lnhA binding pocket. The 
binding mode that showed the lowest binding energy was 
selected for each compound and was used to set up CoMFA and 
CoMSIA mcxiels. It was tht·n used as the initial structure for MD 
simulations of compounds 2, 22, 2..1 and 28. 

2.3 Molecular dynamics simulations 

Compound 28, with the best IC5o v·.1lue, was selected to inves· 
tigatc its binding mode in lnhA. Moreover, the binding modes 
of compounds 2, 22 and 23 were modelled by MD simulations in 
order to investigate the effect of R1 and R3 substituents on the 
IC,. value. The AMBEin2 program" wns employed to perform 
molecular dynamics s imulations. The complex structures of 
compounds 2, 22, 23 and 28 in InhA obtained from molecular 
docking calculations were used as the initial struccure in MD 
simulations. The Amber ffOJ force fie ld was used for the phys· 
ical description of lnhA." The general Amber force field 
(GAFF)"-" and restrained elcct.rostatic potential (RESP) partial 
charges''""' of ligands and NAD• were generated by the ante
chamber module implemented in the AMBER12 package. To 
generate the system for MD simulations, the initial complex 
structure was solvated by TIPJP water" in a truncated octahe
dral box extending up lo 10 A from the solute specie.Ci. Five Na" 
ions were added to neutr:tlize the system charge. Initially, the 
energy of system was minimized using a steepest decent 
method followed by the conjugate gmclicnt method. Then, the 
system was gradually warmed from 0 K to 300 K in 30 ps by 
restraining all atoms of the complex with a restraint weight of 2 
kcal mol-1 A-2

• This was followed by 70 ps of the position· 
rest.rained dynamics sinmlations with a restraining weight of 
2 kcal mol-1 

,\-
2 at 300 K under an isobaric condition. Finally, 

10 ns MD simulations without any restraints were perfonn~-d 
using the same conditions. Long-range electrostatic interac
tions were applied using the Particle Mesh Ewald method 
(PMEJ• during the simulations. The cut-off disrance for the 
long-range van der Waals interaction was set to 8 A. The SHAKE 
method" was applied to constrain the bond lengths of 
hydrogen atoms attached to heteroatoms. Coordinates and 
energy outputs during MD simulations were recorded at 2 ps 
intervals. 

2.4 Binding free energy calculations 

The Molecular Mechanics/Poisson-Boltzmann Surface Area 
(MM·PBSA) mcthod".., was employed for calculating the 
binding free energy of compounds 2, 22 and 23 in InhA. In this 
calculation, 25-0 snapshots of the complex, receptor and ligand 
were extracted every 8 ps from the 1a>1 nanosecond of the MD 
trajectory, which represents the equilibrium state. The binding 
free energy (l>G0 ,,,.) of compounds 2, 22 and 23 complexed with 
InhA were estimated from cqn (1), where llG"~um and .6.G5:0tv 
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Table l The chemical structures and activities against lnhA and M. tuberculosis of thirty-four benzofuran pyrro6din pyrazole derivatives 

R, 

N~H 
J" N,·· ·c)--~r-R· 

R, 0 
N 0 oj:_o 

X........._ R, 
Cpd. x R, ~ R, R, ICso(JLM) MIC,.(µM) log(lflC,0) log(l/MIC,.) 

0 H Et Me Et 0.034 8.00 7.47 5.10 

0 
2• 0 H y__)l_OMe Mc Et 0.005 0.50 8.30 6.30 

0 H H Mc Et 0.012 3.00 7.92 5.52 
4 0 H CH,CF, Mc Et 0.046 4.00 7.34 5.40 

s 0 H CH2CH2CH3 Mc Ee 0.021 15.60 7.68 4.81 
6 0 H CH2CH10Mc Mc Et. 0.014 4.00 7.85 5.40 
7• 0 H CH1CH,,COOEt Mc Et 0.022. 4.00 7.66 5.40 

0 H ,,..J) Mc Et 0.045 4.00 7.35 5.40 

9 0 H YD Mc Ill 0.().10 4.00 7.40 5.40 

vO"CF3 

10 0 H Mc Et 0 .042 16.00 7.38 4.80 
)'-

F 

u• v&F Mc Et 0.009 2.00 8.05 5.70 0 H 

;;r. 
OH 
I 

0-B 
12 0 H y~ Me Et 0.035 J .00 7.46 5.52 

7-co 13 0 H ,~ Mc Et 0.112 1.00 6.95 6.00 

.b 

14 0 H Yu Mc Et 0.025 1.00 7.60 6.00 

15 0 H 
y'§)-

Me Et 0.018 16.00 7.74 4.80 
N'O 

16 0 H Yy)-
0 ;, 

Me Et 0 .009 8.00 8 .0S 5.10 

17 0 H y .. t>_) Me Et 0 .003 4.00 8.52 5.40 

N 
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Table 1 (Con td. ) 

R. 

~~H !" N,'·. :-HN- R7 

R3 0 l 
N 0 

O:i:_o 
X R, 

Cpd. x R, R, R, R, IC50 (µM) MIC.., (ILP.1) log{l /!C,,,) log(l/MIC..,) 

') 
18 0 H N-N Mc Et O.OJ2 4 .00 7A9 5.40 

;r-JU 
19 0 H ;r-J) Me Et 0.005 LOO 8 .30 6.00 

20 0 H VO-7 0 
Mc El O.O'Zl 1.50 7.68 S.82 

0 
2 1 0 H 

7JOMe 
Mc Cydopropyl 0 .015 !.()() 7 .82 6.00 

0 
22 0 H 

7JOMe 
Et Et 0 .00.l 0.05 8.52. 7.30 

2.l 0 H H Et Et 0.00-l 0.50 8.40 6.30 

HO, 

v8 H 0 H Et Et 0 .002 0.20 8-70 6.70 

7 

2 5 0 H J-{ Et Et 0.004 0.50 8.40 6 .30 

7 0 

zr, 0 H 7u Et El 0.00-l 0.50 8 .40 6 .30 

27 0 H CH,CH,OH Et Et 0 .003 LOO 8.52 6.00 

28 0 H ~ Et Et 0 .002 0.70 8.70 6 . 15 
y. 

.j .. ~· 29 0 Et 
0 

7JOMe 
Mc Et 0 .005 o.~ ;;.;.. " 8.30 6.15 

0 
30 s H 

7JOMe 
Mc Et 0.029 LOO 7.54 6.00 

0 
11• 0 Ph 

7JOMe 
MC! Et 0 .003 1.50 8.52 5.82 

0 

32 0 H 7{.oMe Mc Et 0 .018 2.00 7.74 5.70 

OH 
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Table l (Contd. ) 

N~ 
~N~~''· ('"'\ __"}N-R2 

R, 0 l. .. ~ 
N 0 0:£0 

X R, 

Cpd. x 11, R, II, R, 

33 0 H 7Jo)( Me Et 

0 

34 0 H 7._AN_....- M• 6t 
H 

• Ttstsct. 

were the binding frtt energy of the complex in vacuum and the 
solvation free energy, respectively. ln the MM-PDSA approach, 
the solvation free energy was calculated by solving a linearized 
Poisson-Boltzman equati.on. t>G~~= was obtained by calcu
lating the interaction energy between InhA and compounds 2, 

22 and 23 (.U-..,..) and taking the entropy change (Tl'1$) as 
shown in eqn (2). t>E., .. is divided iuto three components, non
covalent van der Waals energy (1'1G..iw), electrostatic energy 
(AGc1c) and internal energy (AG,0 ,), as shown in eqn (3). 1'11'.'MM 

and AG.,,,. were calculated using the SANDER module and a 
PDSA program of the AMBER suite, respectively. The entropy 
contribution was estimated using normal mode analysis with 
the NMOOE module ... The entropy contribution was estimated 
using 250 snapshots for the binding free energy calculation. 

IC,.{ltM) MIC,..(11M) log(t/IC,a) log(l/MJC,..) 

0.007 2.00 8.15 5.70 

0.008 2.00 8.10 5.70 

CoMFA and CoMSIA descriptor fields and activities. The PIS 
analysis, using the leave-one-out (Loo) cross-validation 
method, was perfom1ed to determine the. optimal number of 
components. Seque.ntially, a final analysis with the optimal 
number of components was performed to construct CoMFA and 
CoMSIA models that were not cross-validated. The non-cross
validated correlation coefficient (r") and the leave-one-out 
cross-validated correlation coefficient (q') were used to eval· 
uate the predktive ability of CoMFA and CoMSIA models. 
Selected CoMFA and CoMSIA models were employed to predict 
IC50 and MIC.,. ,-aJues of test set compounds that were not used 
to construct models. This was done to evaluate the external 
predictive ability of these models. 

(1) 3. Results 

AE., .. = AG..iw + l'>Gdc + 1'10-,., 

2.5 CoMFA and CoMSIA methods 

(2) 

(3) 

ICso and MIC.. values of compounds were used to set up 
COMFA"' and CoMSIA .. models in order to evaluate the key 
structural features relating to the activity against both lnhA and 
M. tuberculosis. The predicted binding modes of training set 

compounds obtained from molecular docking calculations were 
used. for molecular alignment to set up CoMFA and COMSIA 
models. SYBYL 8.0 molecular modelling software was used to 
run COMFA and CoMSIA models. Partial least square {PlS) 
analysis was employed to derive a linear relationship between 

52930 I RSC Mv. 2015. s. 52926-52937 

3.1 Stability of the eomplCJr models 

To reveal the structural stability of simulation system, tl1e 
RMSD values for the position of all solule species were sepa
rately analyttd. The RMSD plots for the fo!!r simulation systems 
over 10 ns arc shown in Pig. L convergent RMSD plots indi· 
catcd that the equilibrium state was reached for each system 
during this simulation period. As shown, the RMSDs for 
compounds 2, 22, 23 and 28 in lnhA converged after approxi· 
mately 2 ns. 

3.2 Reliability of the calculation methods 

MD simulations were employed to model the binding modes oI 
compounds 2, 22, 23 and 28 in the InhA pocket. The experi
mental binding free energy (t>G..J lying within the experi
mental error of the calculated values (AG.,....i) considered as the 
correlation between the experimental binding free energy and 
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Fig. l RMSD plots of compounds 2 (a). 22 (b). 23 (cl. and 28 (d) complexed with lnhA. 

Table 2 ll.G,,..., and 6G0 P of compaunds 2. 22. 23 and 28 in lnhA (kcal 
mo1-•, 

Cpd. t:.H -Tt>.s ~.G\Ud ll.G..., 

2 - ·16.91 ± 5.08 -31.03 ± 6.06 - 15.88 ± 5. 14 -15.52 

22 -49.69 ± 3.87 -33.1 5 ± 6 ... 1 -1 6.54 ± 4.80 -15.82 
2..1 -49.Gt ± 3.71 -32.79 ± 5.57 -16.82 ± 4_79 -15.65 

28 -49.26 ± 4.45 -32.52 ± 6.58 -16.74 ± 5.34 -16.07 

---- ---· 

the calculated values was used to indicate the reliability of the 
modelled binding modes of these compounds. ll.Gbind values of 
compounds 2, 22, 23 and 28 were close to their ~Go:p values 
(Table 2). Therefore, we concluded that MD simulations reliably 
modelled binding modes of compounds 2, 22, 2.3 and 28 in the 
lnhA pocket 

3.3 Binding mode of compound 28 

The binding mode of compound 28 complexed with lnhA 
obtained from MD simulations is shown in Fig. 2. Residues 
located near each substituent and the core structure arc listed 
in Fig. 3. A hydrogen atom (the R, substituent) is near the 
carbonyl backbone of Metl03. 2-pyridinyl methyl (the R, 

substituent) proli:udes from the lnhA pocket and interacts 
with the solvent (Fig. 2). The ethyl moiety (the R, substituent) 
is located near backbone.s of Gl)'96, l'he97 and pyrophosphate 
and ribosc groups of NAD•. The ethyl group (the R. substit· 

uent] was located in the hydrophobic side chains of Phe149, 
'fyr158, Mett99 and nicotinamide of NAO•. With regard to the 
core structure, the pyrazole ring in the core structure was 
sandwiched between two hydrophobic side chains of MeU61 
and Ala!98. CO and NH of pyrazole amide formed hydrogen 
bonds with the backbones of Met98 and Ala.198, respectively. 
The benzofuran core was buried in the hydrophobic side 
chains of Ue215, Ala157, lle202 and Ala201, and was sand· 
wiched between the hydrophobic side chains of Leu207 and 

This p.;mal i> Cl The Ro'jal Sociely ol Chemostty 2015 

Fig. 2 Compound 28 (cyan) in its complex with whole lnM (grey) 
obtained from MD simulations. 

~ Phe97 

~ 
CH, ) Mel161 sotYent~ure 

NAo. ( R Met98 ••..•. . ... 

N 
3 

/ t,eu1)J97 R, \ 
Phe149 R. 0 ... ~ : f ,: - N . 

Mel199 ~C . .• HN... ~N / 

Na198 . C)--i: 
Tyr158 ~Q 

-'la157 ~;, l ··-..Ala201 
o R, 

Mel103 

Ala201 Leu207 

llo215 lle2!l2 

Fig. 3 List of residues surrounding within 4 A from compound 28. 

MeU03. The carbonyl of benzofuran core formed a hydrogen 
bond with the NH backbone of Aln201. NH of pyrrolidinc 
amide formed a hydrogen bond with the CO backbone of 
Leut97. 
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Fig. 4 Interaction energy profile of compound 28 and surrounding 
residues within 4 A. 

3.4 Interaction energy 

F~nergy decomposition calculations were used to investi
gate the interaction energies between compound 28 and each 
residue in the lnhA pocket. Fig. 4 shows these interaction 
energies obtained from free-energy decomposition calculations. 
The lowest interaction energy (-7.42 kcal mol-1

) was observed 
for Met103, indicating that this residue had the largest contri
bution to bi.nding of compound 28 in the lnhA pocket. As 

previously mentioned, MeU03 and Lcu207 were sandwiched in 
the benzofuran core. Another remarkable interaction energy 
(-7.06 kcal mar') was found for NAO•. This was responsible 
for van der Waal and electrostatic .interactions with the R, and 
R. substituents of compound 28 (Fig. 3). Ala198 showed an 
interaction eitergy (-6.16 kcal mol-1

), comparable with those of 
MeU03 and NAO+. This residue formed hydrogen bonds with 
the NH of pyrazole amide and sandwiched the pyr.izole ring 
(Fig. 3). Met98, LcU197 and Ala201 formed other hydrogen 
bonds with the core structure with interaction energies of 
-2.94, -3.27 and -5.33 kcal mol-1, respectively. Based on 
interaction energy profile of compound 28, the core structure 
formed more attractive interactive energies with surrounding 
residues than R substituents (Fig. 4). This result indicates that 
the core structure is the key fragment for binding of this 
compound in the lnhA pocket. 

3.5 The effect of the. R1 substitumt on IC00 and MIC.. values 

As compared with the positions of other R substituents, the R, 
position had the most varied substituents frable 1). Compound 
28 exposing the 2-pyridylmcthyl at the a, position showed the 
best activity for InhA Inhibition with an IC50 of0.002 pM. When 
the R. substituent of this compound was replaced by CH2-

COO~ (compound 22), the IC50 value was slightly changed to 
0.003 pM. In contrast, the MIC,.. value against whole M. tubtr
adosis cell was greatly changed from 0.7 µM to 0.05 pM 
(Table 1). To reveal the effect of the R. substltuent on the ICso 
value, the binding modes or compounds 28 and 22 were 
compattd (Fig. 5). The binding modes of these compounds in 
the 1nhA pockrtwerc similar, and tlte R, substituents occupied 
in the same positions. Moreo.cr, the interaction energy profiles 
of compounds 28 and 21 with residues in lnhA poclcet were 
similar (Pig. 6). As discussed above, the R, substituent of 
compound 28 protruded from the InhA pocket leading to weak 
interaction of this substituent with the pockeL Therefore, the 
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Fig. 5 The superimposition of binding modes of compounds 22 (pink), 
23 (cyan) and 28 (green). 

I ~:: ...... ~~~-~~ s -2Jl0 

ii .... 00 

i -6.00 

~ -6.00 

j-10.00 -o- Cpd.22 ·• · Cpd.23 _,,_Cpd.28 
.5 · 12.00 ~-----------------~ 

Fig. 6 Comparison of the interaction energy profiles of compounds 22 
(green). 23 (blue) and 28 (yeUow) with surrounding pocket within 4 A. 

JC50 value against lnhA was not significantly changed when the 
R, substituent was varied. When the R2 substitucnt was 
replaced by a hydrogen atom (compound 23), the binding-mode 
and Interaction energy profile of this compound were similar to 
those of compounds22 and.28 (Fig. 5 and 6). With regard to ICso 
values, compound 23 showed a comparable IC00 value with 
those of compounds 22 and 28. However, the MIC.. value of this 
compound (0.5 µM) was largely increased over that of 
compound 22 (0.05 µM). These results indicate tltat the R, 
substituent had 11 small effect on the ICso value against lnhA 
due to lts weak interaction with the InhA pockeL Alternatively, 
this substituent is crucial to controlling the MIC.., against intact 
M. tuberculosis cells. 

3.6 The effect of the R, substltuent on JC50 and MIC.. values 

Tbe R3 substituent of compounds in the data set was varied as 
ethyl (Et) or methyl (Me) groups (Table 1). Compounds 2 and 22 
with structural differences at the R. substituent were ~leeted to 
show the effect of the R3 substituent on IC... and MIC.. values. 
IC,,. values of these compounds (0.005 and 0.003 µM, respec· 
tively) were not significant different, but their MIC,.. values were 
tenfold different (o.s and 0.05 pM, respectively). Fig. 7 shows 
the binding modes of compounds 2 and 22 in fuhA obtained 
from MD simulations. Tbe Rs substltuents of these compounds 
were located in the same position and surrounded by back
bones of Gly96, Phe97 as well as pyrophosphate and ribose 
groups of NAD+. The ethyl group {nle R. substituent) of 
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Fig. 7 The superimposition of btnding modes of compounds 2 
(yellow) and 22 (pink)_ 

= 200 ~------------------~ 
! 0.00 ---~~~--~-~~~~~-~---; 
~ -2-00 

~ - ~ I 
1 ~:: l , · I ~ -10 .00 "- ...- Cpd.22 --cpd.2 
E: -12.00 ~-------------------~' 

Fig. 8 Comparison of the interaction energy pr-ofiles of compounds 2 
(gray) and 22 (green) with surrounding pocket within 4 A_ 

compound 22 is close to Phe97 and pyrophosphate a nd ribose 
groups of NAD' more th:m the methyl group of compound 2. 
Therefore, interaction energies of compound 22 with Phe97 and 
NAD• had greater attraction thnn those of compound 2 (Fig. 8). 
Moreover, the presence of a methyl group at the R, position of 
compound 2 shifted the position of benzofuran core sur· 
rounded by Metl03 and Ue202, and disrupted hydrogen bond 
interaction with Met98. Accordingly, interaction energies of 
compound 2 with Met98, Met103 and llc202 showed less 
attraction than those of compound 22 (Fig. 8). These results 
indicate that compound 22 should have a better ICso against 
lnM compared to compound 2 . However, other than the 
interaction energies ofMet98, Met103, Uc202, Phe97 nnd NAD• , 

compounds 2 and 22 arc comparable. The IC.., value for JnhA 
inhibition by compound 22 was slightly better than that of 
compound 2. However, its MIC.. value 'vas tenfold better than 
that of compound 2. The results indicated that the ethyl group 

at the R, position is more conducive to fa\'Orablc ICso and MIC.. 
\'3lucs than the methyl group. 

3.7 CoMFA and CoMSIA models 

In this study, CoMFA and CoMSIA models were construc"ted 
from IC50 and MIC.. where prefixed with IC,. and MIC.., 
respectively. JC50 and MlC,.,, CoMSIA models were constructed 
based on various combinations of molecular descriptor fields, 
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in ord<r to develop a highly predictive CoMSIA model (Tables 3 

and 4). An IC50 CoMSIA model constructed from the combina· 
tion of steric (S), electrostatic (£), hydrophobic (1-1) and 
hydrogen acceptor (A) fields~ gave the highest q2 (0.646), 
whereas an Ml~ CoMSlA model including stcric, electrostatic, 
hydrophobic and hydrogen donor (D) fields" showed the 
highest q2 (0.639). Therefore, these models were selected for 
graphical interpretation of JC50 and MIC,., CoMS!A contour 
maps. Jn order to assess the predictive abilities of IC50 and 
MIC.. CoMSIA models, 1c,0 and MIC,., values of the test set 
were predicted. Both IC50 and MIC90 CoMS!A models showed 
good ability to predict 1c,0 and MIC.,. values of the tc-st set data 
ss shown in Fig. 9. In case of JC, 0 and MIC"" CoMFA models, 
they lud poor predictive ability with q2 values of 0.464 and 
0.432, respectively. Accordingly, these CoMl'A models were not 
used further in this \\--Ork. 

3.K CoMSIA contour maps 

To reveal the importance of molecular descriptor fields in both 
JC.., and MIC.. values of!nhA inhibitors, CoMSIA contour maps 
were established. Compound 22 presented ti1e best MIC \'3luc. 
Graphical interpretation of its IC50 and MIC.,. CoMSIA contour 
maps was done. Interpretation of its ICso and MIC"° CoMSIA 
contour maps rC\o·ca1cd structural requirements in terms of 
steric, dec.trosratic, hydrophobic and hydrogen donor and 
acceptor fields for IC, 0 and MIC,., values of lnhA inhibitors. 

3.9 Steric requiremenL~ for JC50 and MIC.., values 

Fig. 10 shows the CoMSJA steric contour maps obtained from 
selected IC50 and MIC.. CoMSlA models. These contours 
highlight the stcric requirements for ICso and MJC.,., values of 

bcnzofuran pyrrolidine pyrazole derivatives. Both IC50 and 
MlC,,. CoMSIA models show a green contour at the R, substit· 
uent. These results indicated that a bulky R, substituent is 
favourable for both IC50 and MIC.. values. Accordingly, an ed1yl 
group is more preferred for the stcric requirement of the R, 
substituent than a methyl group. This is consistent with the MD 
si.mulations since an ethyl group can fonn more interactions 
with lnhA. At the R2 position, IC.. and MIC.. CoMSLA models 
present a large )"llaw contour. However, ICso CoMSIA model 
shows a fa\'or.tble green steric oontnlu at the terminal of the R2 
substituent (Fig. lOa). Based on MD simulations results, the R, 
substituent had weak interaction with the lnM pocket leading 
to less influence on the IC.., value. Therefore, the steric 
requirement of R, substitucnt should be based on the MJC.. 
CoMSIA stcric contou r that presented only a )"llow contour 
near ti1 is substituent (Fig. l.Ob). 

3.10 Electro•tatic requirements for IC50 and MJC.. values 

Electrostatic requirements for JC,0 and MIC.. values of benzo
furnn pyrroUdiae pyrazole de.rivatives arc visualized in Fig. 11. 

Both IC50 o.nd MIC.. CoMSlA contours show only an electro
static R-quircment at the R2 substituent. The IC,0 CoMSIA 
shows a red contour at the ester moiety of R1 substituenr., 
whereas MIC90 CoMSIA presents a blue contour at this position. 
These results show different electrostatic requirements for ICso 
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Table 3 Statistical results of IC:,., CoMFA and CoMSIA models" 

~tistical p:tr..unL>tcrs 

Models q• ? SEE N F Fracdon 

COMFA 
S/E 0.464 0.996 0.392 0.035 6 909.618 60.3/39.7 

COMSIA. 
SIE 0.084 0.9i7 0.512 0.081 6 162.845 32.1167.9 
S/H 0.465 0.950 0.383 0.118 90A31. 29.1no.9 
SID 0.624 0 .923 0.321 0 .145 57.579 54.3/45.7 
SIA 0.146 0.970 0 .495 0.093 123.7Z4 39.7160.3 
SIElH 0.260 0.981 0.460 0 .074 6 194.704 16.6/44.5138.9 
S/ElD 0.592. 0.980 0.342 0.076 6 185.576 21.0/53.7125.3 

S/E/A 0.281 0 .975 0.454 0.085 149.701 22.5/42.8/34.7 
SIEIHJD 0.646 0 .990 0.318 0 .055 363.962 13.1/35.8128.5122.6 
SIEIHIA 0.336 0.983 0.436 0 .070 222.520 12.3/31.5/29.4/26.8 
S/EIHIDIA 0.610 0.991 0.334 0.050 437.341 10.0/25.4/22.6/20.7121.4 

• Bold v:ilucs indicate the bestCoMSJA model. Noptimu:m number of components; s standard error of prediction; SEE standard trror of estim::tte; F 
F-test value; S steric tleld; E electrostatic field; II hydrophobic field ; D hydrogen donor field; A hydrogen 3cccptor field. 

Table 4 Statistical results of MIC.O CoMFA and CoMSIA models• 

Statisdcol parameoers 

Models ct r' SEE N F Fraction 

CoMFA 
S/li 0.432 0.853 0.442 0.225 2 78.451 53.2/46.8 

COMSIA 
S/E 0.456 0.949 0.469 0.143 6 71.455 zs.1n4.9 
Slfl 0.459 0.780 0.432 0.275 47.970 34.4165.6 
SID 0.261 0.732 0.514 0.310 23.642 52.7147.3 
SIA 0.602 0.978 0.401 0.093 6 174.060 46.3/53.7 
SIEIIf 0.477 0.961 0 .460 0.126 6 93.558 13.8152.8133.4 
S/li/D 0.210 0 .912 0.553 0 .184 s 49.990 V .7/64..4/18.0 

SIEJA 0.550 0 .955 0.426 0.134 6 82.091 19.9/48.1/32.0 

S/EIH/D 0.415 0.938 0.4.76 0:155 72.712 10.9/45.8/29.3/13.9 

SIEIH/~ 0.639 0 .973 Cl.382 0 .1.0S 6 136.014 12.5/35.6/4.2.2/27.7 

S/EIHtD/A 0.494 o .961 0.442 0.123 5 118.951 9.3133.4122.8110.4124.2 

• Bold values indicate the best COMSIA model N optimum number of compancnts; • SWtdard error of prediction; SEE standard error of cstlmaoe; F 
F-test value; s steric field; E eltctrostatic field; H hydrophobic field; D hydrogen donor field; A hydrogen a<:ceptor field. 

9.00 8.00 
+Training set •(a) •Tralt*lgsef (b) 
•Teats.et. a-':'".1l'Mt 

8.&0 • • 
J •• ;,1.00 ... • .. ,. 

' i 8.00 r j 8.00 • •! 
i •• • .:~· $#~· 1 ·u 7.50 'II 

i ls.oo l • • 7.00 • 
8.50 4.00 

8.50 7.00 7.50 8.00 u;o 8.00 4.00 5.00 e,oo 7.00 8.00 

&i>Ofknonta1 lo911nc:,,i El<-nt.ot log(11MIC,,) 

Fig. 9 The plot of experimental and predicted activities o f the training and lest data sets derived from ICso (a) and MIC.., (b) CoMSIA models. 

52934 I RSC M<. 2015. s. 52926-52937 



Paper 

(a) (b) 

R, 

~. 

Fig. 10 Steric contour maps o f IC,,. (a ) and MIC.0 (bl CoMSIA models 
in combination with compound 22.. 

(•) (b) 

Fig. 11 Electrostatic contour maps o f ICso (a) and MIC.., (b) CoMSIA 
models in combination with compound 22. 

and MIC.. values of benzofuran pyrrolidin pyrazole derivatives. 
However, the R: substirue nt has weak influence on the JC50 

value. Therefore., the electrostatic requirement of ll, substituent 

for MIC.. values should take more priority. 

3.U H)'-drophobic requirements for IC,.. and MIC.,., values 

Both 1c,0 and MIC.. CoMSIA contours show a purple contour ar 
the R, substituent of compound 22 (Fig. 12). This shows that the 
hydrophobic requirements of the R, substituent for both 1c,0 

and MIC values were similar. The R, substituent was either a 
methyl or ethyl group. As seen in Fig. 12, the te rminal of ethyl 
group was buried in a purple R, contour. Therefore, the ethyl 
group was preferable for the hydrophobic cequirement of the 
substituent. 1C50 and MIC,,., values of compound 2 with the 
methyl group at the R, substituent were weaker than those of 
compound 2:? t-ont:tining an ethyl group. At the R2 substituent, 
both IC50 and MJC.. CoMSIA contours display a purple t-ontour 
at this position (Fig. 12). Therefore, the presence of a hydro
phobic substituent at this purple region should enhance both 

ICso and MIC.. values. The grey contour located at the carbonyl 
moiety of the R2 substi tuent in both IC50 and MIC.., CoMSIA 
contours indicated that this moiety is important for both ICso 
and MIC.., values. Another important hydrophobic contour is 
located at the R. substitucnt. The MIC.. CoMSIA shows a purple 

~'''~" 
Fig. 12 Hydrophobic contour maps ol IC.0 (a) and MICoo (b) CoMSlA 
models in combination with compound 22. 
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6 ' R, 
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Fig. 13 Hydrogen donor contour ol ICso CoMSIA model (a) and 
hydrogen acceptor contour Ml4o CoMSIA model (b) in combination 
with compound 22. 

region near the Re su bstituent (Fig. 12b), but this contour dis
appea red in the JC,. CoMSIA contour (Fig. 12a). Therefore, a 
hydrophobic moiety t-ould be presented at purple r"),>ion to 
enhance tht· Ml<1o va lue without a n~tive contribution t'o the 

ICso va lue. 

3.12 H}-drogtn donor and acceptor requirements for ICso 
and MIC.., •-alues 

The hydrogen donor field was included in the selected lC, 0 

CoMSIA model, but this molecular descriptor was instead 
changed to a hydrogen acceptor field in the selected MIC.. 
CoMSL\ model (Fig. 13). The ICso CoMSIA model did not show 
any hydrogen donor contour near any Rsubstituents. However, 
this model showed a f:h-ourable hydr0t.'1:n donor contour at the 
amide moiety of the core structure. The amide moiety appears 
to impact the JC50 value. Consistent with the M'D simulations 
results, this moiely can form hydrogen bonds with Leu197. The 
MlC.,. CoMSIA model shows a favourable hydrogen acceptor 
contour at the carbonyl moiety ofR2 substituent, indicating that 
this moiety i essential to a good MIC.,. value. 

3.13 The •tructural concept for good IC50 and MIC.,. 
correlotion 

Based on the MD simulations results, the core structure of 
beruofuran pyrrolidine pyrawlc derivatives is of key 

SurroYO<icd bv Ne~ of 
Gfy96, PhdJ •nd 
,....,,i.... .......... .
CTOU'PI of HAD• 

.....,...,"'"'w...-... pod<e• 

Favottd hydrophobic substltuent 

Unfnored ~rk and bYortd hydropbobk subWtuent 

Ag. 14 The structural concept for good IC50 and MIC90 correlation 
summarized from MD simulations and CoMSIA results. Red and black 
letters incfocate the results obtained from MD simulations and CoMSIA 
results. respectively. · 
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importance for binding in the lnhA pocket. Therefore, this 
fragment is crucial for favorable IC,0 values. Among all R 
substituents, the R2 substituent has the least interaction with 
the InbA pocket because it protrudes fron1 the pockeL Modifi
cations of the R, substituent did not significantly change rc50 

values, but rather produced a tenfold increase in MIC.., values 
(com.pounds 22 and 23). Accordingly, the R2 substituent is a key 
group that can be used to adjust the MIC,.. value without 
negative contribution to the lC50 value. Based on the results 
obtained from our MD simulations and CoMSlA studies, the 
structural concept to correctly balance 1c,0 and MIC,.. values of 
benzofuran pyrrolidin pyrazoJe derivatives is summarized in 
Fig. 14. New compounds designed based on this concept should 

show better lCso and MIC.. values. 

4. Conclusion 
The combination of MD simulations and graphical interpreta
tion of re.., and MIC,.. CoMSJA models highlight. the structural 
concept to correctly balance ICso and MIC.., values of benw
furan pyrrolidin pyrazole derivatives. The core structure of 
template compound is crucial to attaining favorable lC50 values, 
whereas the R, substitucnt is a key group to enhance MIC.a 
values without negative effects on ICso values. Modifications of 
R substituents following the s tructural concept suggested here 
should allow design of novel lnhA iuhibitors with better potency 

against both the lnhA enzyme and intact M. tubemdosis cells. 
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Abstract Diphenyl elher derivatives are good candidates for 
anti-tuberculosis agents that display a promi>ing potency for 
inhibition of InhA, an essential enoyl-acyl carrier protein 
(ACP) reductase involved in fatty acid biosynlhesis pathways 
in }Jyccbacwrium 111berculosis. In this work, key structuml 
features for the inhibition were identified by 3 D-QSAR 
CoMSIA models, constructed based on available experimen
tal binding properties of diphenyl elher inhibitors, and a set of 
four repn..,;cntative compounds was subjected to MD simula
tions ofinhibitor-lnhA complexes for lhe calculation ofbind
ing free energies. The results show that bulky groups are 
required for the R 1 subslilucnt on the phenyl A ring of the 
inluoitors to favor n hydrophobic pocket fonned by residues 
Phel49, Metl55, Prol56, Alal57, Tyrl.58, Prol93, Metl99, 
Val203, Leu207, lle215, and Leu218. Small substituents wilh 
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a hydrophilic property are required at the R~ and R4 positions 
of the inhibitor phenyl B rings to fonn hydrogen bonds with 
the backbones of Gly96 and Met98, respectively. For the R2 

substituent, small substituents with simultaneous hydrophilic 
or hydrophobic properties are required to favor the interaction 
with the pyrophosphate moiety ofNAD+ and the methyl side 
chain of Ala 198, respectively. Th.e reported data provide 

structural guidance for the design of new and potent diphenyl. 
elher-bascd inhibitors with high inhibitory activities ai,'Din>t 
M. h1berculosis InhA. 

Keywords M. tuberculosis . InhA . 30-QSAR · MD 
simulation · Diphenyl ether inhibitors 

Introduction 

Tuberculosis (TB), caused by pathogenic bacterial species 
Mycobacterium tuberculosis, remains a major global health 
problem and ranks as the second-leading cause of death from 
an infectious disease worldwide, after the human immunode
ficiency virus (HIV). The latest estimates included in World 
Health Organization (WHO) report were 8.6 million new TB 
cases and 1.3 million TB de-Jths in 2012 [l]. The enoyl-acyl 
carrier protein (ACP) reductase (InhA) catalyzes the NADH
specific reduction of cx,1)-unsaturated futty acids bound to the 
enoyl·ACP, the last step of fatty acids biosynthesis in. 
M. tuberculosis [2, 3], and is an attractive target to design 
novel antitubcrcular drugs [4-10]. Moreover, lnhA has been 
identified as Jhe primary target of the most effective first-line 
anti-TB dmg, isoniazid (!NH) [11-19]. .!NH is a prodrug tliat 

is activated by catalase--peroxidase (KatG) enzymes to form an 
acyl radical that binds covalently to nicotinamide adenine 
dinucleolide (NAD) at the position 4, producing an active 
INH-NAD adduct [20-25] that functions as a highly potent 
inhibitor of InhA [26, 27]. However, such high potency of 

~ Spcinger 
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!NH for tuberculosis treatment can be diminished if mutations 
arise in KntG, as found in previous clinical studies [ 18, 28). 
TI1erefore, new inhibitors targeting the lnhA without the acti
vation process from KatG are required. The first inhibitor, 
uiclosa.n. inhibiting the lnhA directly has been reported (29). 
Based on the mechanism :iction o.f triclosan, uiclosa.n and 
diphcnyl ether derivatives have been developed by using 
structure-based drug design (30-35). A ctiphcnyl ether deriv
ative, 5-odyl-2-phenoxy phenol, shows the highest polcnl 
lnhA inhibitor with ICso of 5 nM (33). Recently, molecular 
modeling and computer-aided molecular design approaches 
have been performed to develop the lnhA inhibitors [36-48]. 
To gain insight into che slmctural requirement ofhighly potent 
diphcnyl ether derivatives as the lnhA inhibitors, thrce
dimension:il quantitative structure-activity relationships (3D
QSAR) based on comparative molecular similarity indices 
analysis (CoMS!A) was perfonned. Moreover, molecular dy
namics (MD) simulations were also performed to gain deeper 
insight into a fundamental basis of structural behavior, i.nhib
itor-lnhA interactions aud thermodynamic properties. The 
molecular information obtained from both CoMSIA and MD 
simulations should be valuable for the design of new and 
bencr lnhA inhibitors as anti-tul>ercular agents. 

Materials and methods 

Data sets for QSAR study 

The 52 diphcnyl ether derivatives (30, 31, 33, 35) listed in 
Table I were used to build the CoMS!A model. The expcri
mcot:ally obtained IC,., values of each compound for lnhA 
inhibition were convened ro the corresponding log (1/IC50) 

values and used as dependent variables for the QSAR model. 
The chemic.al structures of these compounds were constructed 
using standard tools available in the Gauss View 3.07 program 
(49] and were then fully optimized using the ab initio quantum 
chemical method (HF/3-21G) implemented in the Gaussian 
09 program [ 50]. The compounds were divided into a training 
set of 43 compounds, and o test set of nine compounds for 
model development and validation, respectively. The test set 
was randomly selected based on a strucwral diversity and 
wide range of activity in the dota sets. 

Molecular docking calculations 

The X-ray crystal structure of diphenyl ether complexed with 
lnhA (PDB code 2X23) [34] was used as a template for 
molecular doeking calculations. Docking calculations for all 
52 diphenyl ether derivatives were carried out by the 
Alllodock 4.02 program using the Lamarckian genetic algo
rithm (LGA) [51 ]. Docking parameters were used as default 
values, except for the number of docking runs, which was set 
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to 50. TI1e parameters of the docking calculations were vali
dated by successfully reproducing the X-ray confonnation of 
the ligand in the PDB sUticture 2X23, as well as its orientation 
in the binding pocket. The RMSD value between original and 
docked coordinates was lower than I A and therefore accept
able. For all 52 candidate compounds. the ligand pose with the 
lowest final docked energy was selected as the best binding 
mode of these potential lnhA inhibitors. 

CoMSIA study 

The binding mode of compound 21 , representing the 
bes t active compound for the lnhA inhibition, was 
taken from the X-ray structu re (PDB code 2133 7) 
[33) and used as a template for molecu lar alignment. 
The pbarmacophore alignment module with the 
GALAHAD fit implemented in SYBYL 8.0 program 
[52] was employed to align all compounds to the 
molecular template. SYBYL 8.0 molecular modeling 
software was then used to construct CoMSlA model s. 
Five CoMSIA descriptors including steric, electrostat

ic , hydrophobic, hydrogen bond donor, and hydrogen 
bond acceptor fields were calculated using an sp3 

carbon probe atom, with a formal charge of+ 1, which 

was placed at the intersections in a grid spacing of 
2 A. CoMSIA descriptors were set us independent 
variables and log (l/fC50) values were used as depen
dent variables in the partial least square (PLS) analy
sis to derive a linear relationship between molecular 
descriptors and activities . The cross-validation was 
performed using the leave-one-out method with a 
2.0-kcal/mol- 1 column filter to minimize the influence 
of noisy columns. A final non-cross-validated analysis 
with the optimal number of components was sequentially 
performed and was then employed to analyze the results. 
The non<ross-validated correlation coefficient (r1) and the 
leave-one-out (LOO) cross-validated correlation coefficient 
(q1

) were used to evaluate the predictive ability of the 
CoMSIA model. To estimate the predictive abilities of the 
best CoMSlA model, external validation using several statis
tical data was employed. According to Golbraikh and Tropsha 
[53), tl1e best CoMSIA model is considerably acceptable if 
they satisfy all oflh.t: following criteria: </>0.50, ?>0.60, 
and 0.85 :;: k :;: I.IS. 

MD simulations 

In a subsequent step, MD simulations were pcrfomtcd on 
compounds 17, 18, 19, and 29. which arc representative 
compounds that cover a wide range from highly active (17 
and 29) to less active compounds ( 18) among the candidate 
series in this study. Compound 19 was also included in the 
simulations to represent a moderate inhibitory activity. 
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Table ·1 The chemical strucu1rcs and activities for lnhA inhibition of 52 diphenyl ether dcriva1ivcs 

Cpd. R, 

4• 

s 
6 

7 

8 
9 

IO' 

II 

12 

13 

14 

15 

16' 

17 

18 

19 

20 

21 

22 

23' 

24 

25 

26' 

27 

28 

29 

30' 
31 

32 

33 

34 

35 

36' 

37 

38 

39 

40 

41 

Cl 

CH, 

CH2Cy 

CH,Cl-13 

(CH,),CH3 

(CH:i)JCH, 

(CHV,CH(CH3), 

CH2CH(CH1)CH,CH1 

CH,(2-pyridyl) 

CH,(3-pyridyl) 

CHz( 4-pyridyl) 

o-CH3-Ph 

m-CH1-Ph 

CH2Ph 

CH2CH2Ph 

(CH,), Ph 

(CH,),CHJ 

CH2CH3 

(CH:zhCH, 

(CH:i),CH1 

(CR,),CH3 

(CH,)13CH1 

(CH,),cH, 

(CR,),01, 

(CH,)sCH, 

(CR,),cH, 

(CH,),CH, 

(CH,),CH3 

(CH,),CH, 

(CH7)sCH1 

(CH,);CH, 

(CH:i)sCH1 

(CH2),CH, 

(CH,),CH, 

(CH,),CH1 

(CH.,),CH, 

(CH:z),CH, 

(CH,);CH, 

(CR,),Cll, 

(Cfl,},CH1 

(CH:i)sCH, 

R, 

Cl 

Cl 

Cl 

Cl 

C l 

Cl 

Cl 

Cl 

Cl 

Cl 

Cl 

Cl 
Cl 

Cl 

Cl 

Cl 

H 
R 

H 

H 

H 

H 

NO, 

H 

H 
NH, 

H 

H 

Br 

CF, 

F 

OH 

CN 

a 
CH, 

NHCOCFI, 

H 

NHCOC02H 

H 
H 

H 

H 

H 
H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H 
H 

. H 
H 

H 
H 

H 

H 

H 
H 

H 

NO, 

H 
H 

NH, 

H 

H 

H 

H 

H 
H 

H 

H 

H 
H 

H 

H 
NHCOOO,H 
H 

Cl 

Cl 

Cl 

Cl 

Cl 

Cl 

Cl 

Cl 

Cl 

Cl 

CN 

Cl 

Cl 

Cl 

Cl 

Cl 

H 

H 

H 

H 

H 

H 

H 

H 

NO, 

H 

H 

NH2 

H 

H 

H 

H 
H 

H 
H 

H 

H 

NHCONH, 

H 

H 

NHCO- isoxazolc H 

Page 3 ofl2, 2319 

IC,..(nM) Log(lllC>O) 

1,100 

800 

110 

120 

91 

SS 

63 

130 
29 

42 

75 

1,300 

870 

SI 

21 

so 
11 

2,000 

80 

17 

s 
150 

180 

48 

90 
62 

1,090 

55 
JO 

29.7 
12.I 

44.6 
48 

235.6 

49.S 
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1,300 

2,360 

580 
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1,2...?0 
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S.96 6.03 

6.10 6.12 

6.96 6.9 1 

6.92 
7.04 

726 
720 

6.89 

154 

7.38 

7.12 

5.89 

6.06 
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7.68 

7.30 

7.96 

5.70 

7.10 

7.77 

8.30 

6.82 

6.74 

7.32 

1.05 
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7.53 
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7.32 

6.63 

7.31 
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5.71 
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6.84 

7.24 

7.27 
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7.39 

6.87 

6.98 
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7.29 

7.81 
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6.33 

7.47 

7.78 
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7.31 

6.73 

7.38 
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6.93 

5.94 
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7.93 
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7.92 
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7.29 

6.72 
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7.14 

S.88 

S.87 

S.12 
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5.62 
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o.os 
0. 12 

0.20 

O.o2 

--0.07 
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0. IS 
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0.10 

0.00 
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0.41 

0.58 

--0.63 

--0.37 
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0.08 
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0.01 
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0.28 
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O.G7 

0.17 
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0. 15 
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Table I (continued) 

Cpd. R , R: R, 

43 (CH,),0·13 CH,-N-CH,-pipcrazinc H 

44 (CH,),Cll, H II 
45 Cll2Cl·l, Ph II H 

46 Ol, CH2 Ph CH , H 

47 CH2Pb a H 

48 CH,Ph H H 

49 01,Ph Cll, H 

50 CH,CH,CH,OH CH, H 

51 OCH,cH20CH3 H H 

52• O(CH2).CH3 H H 

•Test SCI 

Complex lnhA structures oflhesc compounds as generated by 
the previous dockiug calculations were llSed as initial coordi
nates for MD simulations. The AMBERl2 (54] software su ite 
was used for all MD simulations to classically describe all 
relevant" interactions within the system: lnhA protein was 
described by the f]D3 force fi eld [55] while NAD• and 
diphenyl ether inhibitors were described by the general 
AMBER force field (GAFF) [56, 57]. All missing hydrogen 
atoms of lnhA were added using the LEaP module. To oblllin 
the partial atomic charges of diphcnyl ether derivatives and 
NAD• , the geometry optimization and elccLrostatic potential 
calculation of each compound was first calculated at !be HF/6-
3 JG• level using the Gaussian 09 program (50]. Then, RESP 
partial charges (5 8-62] were a ss igned using the 
ANTECHAMBER module implemented in AMl3ER12. 
Each complex structure was solvated by TJP3P (63] waters 
in a Lnmcated octahedral box extending up to I 0 A from each 
solute species. Five Na• cations were added to neutralize the 
charge in each system. Non-bonded cut-0ffwas set to JO A. 
To relieve bad steric interactions that originated from 
addition of the water molecules and ions, the systems 
were first minimized with atomic positions of all solute 
species restraint (using a force constant of 500 kcaV 

mol1 A2
) . Then, the whole system was fully minimized 

wilhout restrainjng conditions. The solvated systems 
were gradually wanned up from 0 to 300 K in the first 
20 ps followed by maintaining the temperature at 300 K 
during the last I 0 ps. An integration time-step of 2 fs 
was used in a constant volume boundary. After minirni-
7.ation and heating, the position-restrained dynamics 

-t;) Springt:r 
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H 1,3 15 5.88 5.76 0.12 

CJ fz-N-CH1-pipt..-razin\! 306 6.51 6.53 --0.02 

H 144 .J 6.84 6.89 --0.05 

H 360.I 6.44 6.33 0.12 

H 20.08 7.70 7.44 0.:!6 

II 49.6 7.30 7.27 0.oJ 

H 56.4 7.25 7.59 --0.34 

H 4.326 5.36 5.25 0. 11 

H 253 .1 6.60 6.55 0.05 

H 94.2 7.03 7.32 --0.29 

simulations were performed for 70 ps at 300 K under 
an isobaric condition io relax the positions of the sol
vent molecules . A weak force constant of 10 kcal/ 
mol- 1 A 2 restraint on solute species was also applied 
for each simulation. Tiien. a 5-ns production MD sim
ulation without restraints was performed on each system 
at a constant temperature of 300 K under isobaric con
dilion. The Panicle Mesh Ewald (PME) [64] was ap
plied Lo treat the long-range electrostatic interact ions 
with a periodic boundary condition during the MD 
simulations. The cut-off distance for the long-range 
van der Waals interaction was sci to 8 A. The 
SHAKE (65] method was applied to constrain the bond 
lengths of hydrogen atoms anached to heteroatoms. 
Coordinates and energy outputs during the MD simula
tion were collected every 2 ps. Finally. the rool-rnean
square deviations (RMSDs) of the JnhA protein, NAD+, 
and diphenyl ether bgand. respectively, were analyzed 
along the MD trajectory relative to the initial structures 
to detennine the stability of the system. The binding 
free energies were calculated to evaluate the binding 
affinities of diphenyl ether derivntives in the lnhA bind
ing pockeL 
Binding free energy calculation 

The free energy of binding between lnhA and diphenyl 
ether inhibitors were calculated using the Molecular 
Mechanics Poisson-Boltzmann Surface Arca (MM
PBSA) (66--69] and Normal-mode (70] methods. For 
MM-PBSA calculation, 125 snapshots were generated 
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' . .. r h , 

for each complex from the last l ns of MD trajectory 
with nn interval of 8 ps. The binding free energies 
(D.Gb;n<t) were obtained using Eqs. (l--4). 

(1) 

L1Gbind = L1H-T .1S (2) 

(3) 

(4) 

where G00,.,, G=, and G1;&•nd are the free energies of 
the complex, lnhA and the diphenyl ether inhibitors, 
respectively. In general, the binding free energy is com
posed of an enthalpic (6H) and an entropic contribution 
(T 6S). The enUialpie contribution (6H) contains the 
gas-phase molecular mechanics energy (6GM:.1) and 
the solvation free energy (D.G.01,) as shown in 
Eq. (3). The entropic contribution (TD.S) to the binding 
free energy was estimated using normal-mode analysis 
with AMBER Nmode module. Due to a highly compu
tational cost in the entropy calculation, the residues 
nround the ligand (less than 12 A) were only considered 

3.0 

2.5 

... 2.0 

~ 1.5 
::!. 

Page5ofl2,23t9 

as the receptor for normal-mode calculations [69, 7 I]. 
For this calculation, 50 snapshots were extracted from 
the last l ns of MD trajectory with an interval of 20 ps. 

.Results and discussion 

MD simulation 

System eq11ilibratio11 

Four MD simulations of compounds 17, 18, 19, and 29 
bound with lnhA were performed for 5 ns to evaluate 
the structural stability of the complexes and their bind
ing strengU1. The RMSDs for all atoms of three differ
ent solute species {lnhA, NAO'•, and inhibitor) relati ve 
to the initial structure over the 5 ns of simulation times 
were analyzed and plotted in Fig. I. The plateau char
acteristic of the RMSD plot over the simulation time is 
the criteria to indicate the equilibrium state of each 
solute species. Figure I shows that NAD ... and com
pounds 17, 18, 19, and 29 reach the equilibrium slate 
at the early time. However, RMSDs of all compounds 
are more fluctuated, particularly compound 17. lnbA 
complexed with compounds 17, 18, 19, and 29 reach 
the equilibrium state after l.O ns (Fig. la), 1.5 ns 
(Fig. lb), 2.5 ns (Fig . . I c), and LO ns (Fig. ld), respec
tively. Moreover, to reveal the energy stability of each 
system, the receptor-liga nd interaction energies of 

3.0 
b 

-lnhA -NAO+ -Cpd.18 
2.5 

:.c 2.0 

~ 1.5 

- "'-nr - "'-r:o 
0.5 0.5 

0.0 0.0 

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 s.o 
Time(ns) Time(n•) 

3.0 3.0 

2.5 2.5 

... 2.0 :ii 2.0 

~ 1.5 ~ 1.5 

~ 1.0 
::;; 
a:: 1.0 

o.s 0.5 

0.0 o.o 
o.o 0.5 1.0 1.S 2.0 2S 3.0 3.S 4.0 4.5 s.o o.o 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.S s.o 

r.me(n•) Time(ns) 

FJc.1 RMSD plots of compounds 17(a),18 (b).19 (c), ond 29 (cl) complexed with lnhA 
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Fig. 2 Receptor-ligand 
inler.\Ction energies for the 
systems of compounds 17 (a~ 18 
lb). 19 (<). and 19 (d) over ll1c 5 
ns simulation 

~ ·10 
-Cpd.17 - cpd.ls - Cpd.19 -Cpd.29 

~ 
:.. · 20 

~ E .30 

~ -40 

-~ .. : 
.50 

.~ 
~ ·60 
_; 
~ -70 

" ~ -80 
0: 

0.0 0.5 

compounds 17, 18, 19, and 29 over 1he 5-ns simulation 
cime were calculated by MM-PBSA mechod . The recep
tor-ligand interaction energies of all compounds reach 
the equilibrium state at !he beginn.ing of the simulation 
time, excepl Uiat of compound 29, which reaches the 
equilibrium state after the 0.5 ns simulation time 
(Fig. 2). TI1e average receptor-ligand interaction energies 
of compounds 17, 18, 19, and 29 are -58.85:2.42, -49.27± 
2.55. -53.85±2.46, and -62.72±3.55 kcaVmol-1, respective
ly. Based on the receptor-ligand interaction energy and 
RMSD plots, Compounds 17, 18, 19 and 29 complexed with 
lnbA are sufficiently stable and the production simulations arc 
reliable. Therefore, !he subsequent free energy calculation and 
free energy decomposition analysis based on snapshots ex
tracted from the stable smtc arc reasonable. 

Binding free ene110• cnlculatio11s 

The MM-PBSA method was employed to calculate the bind
ing free energies of compounds 17, 18, 19, and 29 in InhA and 

T•ble 2 The bimting free energies (kcalhnor') <alculatcd by the MM
PBSA mcUlOd 

Component Dipheayl cil=-lnhA rompl=cs 

17 18 19 29 

6GMM -58.77±2.59 -49.49±2.29 -52.90±2.57 -60.82±2.91 
C.G,..._ 21.59±2.07 19.33±1.23 20.13±1.60 2270±2.69 

61-1 -37.18±2.93 -30.16±2.24 -32.n±2A7 -38.06±3.21 

-T.:l.S 22.16±0.85 21.13±1.17 18.87±1.06 22.66±0.57 

AG,...,_ -15.02± 1.32 -9.03±.084 - 13.90±1.31 -15.40±1.40 

6.Gc-.p.• -10.93 -7.83 -9.75 -10.99 

•Derived from AG = RT ln[IC,.,], R represents the gas constant 
(1 .988 cal/mol-1 Kl, T rqm:scnts the tempemture (JOO IC) 

~Springer 

1.0 1.5 2.0 2.5 

Tlme(ns) 

3.0 3.5 4 .0 4 .S 5.0 

the results are shown in Table 2. The binding free energies 
(L\.Gbu.i) of compounds 1.7, .18, 19, and 29 bound to the lnhA 
pocket are calculated to be -15.02. - 9.03. -13.90, and 
-15.40 kcaVmoi-·•, respectively, which are in good agreement 
with those determined experimentally (6G.,.p} Pearson cor
relation and Spearman rank correlation (72] were employed to 
determine the correlation between 6Gcxp. and L\.Gi,ind· The 
accepted values of correlation coefficient are in the rnnge. of 
-1 to l . Based on these methods, the correlation between 
6Gcxp. and 6Gblnd shows the correlation coefficien.I of 
Pearson correlation and Speammn rnnk correlalion to be 
0.98 aud 1.00, respectively. Therefore, there is the correlation 
between 6G.,_'<P· and tr.Gb.,d· 

Tire binding modes of diphe11yl etlrer derivatives in lnlrA 

The binding modes of compounds 17, 1.8, 19, aud 29 bound 
with In.hA pocket observed from the simulations are 
superimposed and illustrated in Fig. 3. In general, all com
pounds showed a similar binding mode and conformation: the 
OH group of the phenyl A ring lies in between the OH groups 
ofTyrl 58 and ribose fragment of NAO" .. to fom1 the hydrogen 
bond interactions. The phenyl A ring fomis the pi-pi interac
tion with pyridine amide ring of NAO+. As the phenyl A ring 
bearing the R1 substituent as the alkyl chain, it is placed in the 
hydrophobic pocket that is formed by Phe149, Metl55, 
Prol56, Ala157, Tyr158, Prol93, Met199, Val203, Lcu207, 
llc2 I 5, and Lcu2 l 8 (Fig. 3). Compounds 17 and 29 that hold 

the hexyl substituents at the R 1 position could form s!rongcr 
hydrophobic interactions with Phcl49, Metl55, Prol56, 
Alal57, Tyrl58, Prol93, Metl99, Val203, Lcu207, Ile215, 
and Leu2 I 8 when comparing these interactions with com
pounds 18 and 19 that have shorter alkyl substituents (con
taining ethyl and butyl, respectively). losing several hydro
phobic in.teractions with Prol56, Alal57, Val203, Leu207, 
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'Fig. 3 TilC superimposi1ion of 
compoundS 17 (st ick in cyan 
color), 18 (stick in yellow cmor), 
19 (stickin g1-ee11 color), and 29 
(stick in pink colol') in the InhA 
pocket-o!Jinincd from MD 
simulation 

and lle215. Therefore, the mare llydrOpliObic interactions at 
the R1 wsition of compo\fndsl'7 and 29 should account for 
better activities against InhA. The. phenyl B ring containing 
the R2, R;i , and .R. substitucn!S is swroundcd by thepyrophos
phate moiety ofNAD+, the hydrophilic backbones ofGly96, 
Met98, .Phe97, and the hydmphobil: side· chains of Mctl03, 
Mctl()1 ., llc202, Val203, Alai 98. The Hand Br substitucnl< at 
the ~- .vosition for compounds:17 and 29, respci;tively, are 
cli>sed to !he methyl side chain ·of Al al 98 ahd''the p)'rophos
pruite moiety -of NAD+ (Fig. ~), The Br s.ubstitucnt 'of com
pound 29 contributes greatly,a hyd1ophobic.interaction to the 
methylside-chain of Alal9S. while ihe H subsfituentol: com
p<n!Pd l7 ~outnbutcs a bydrophiliC interi!Cti.on .to i)ic .ribose 
arid· pyniphosphate :moieties ofNAD+. TheSe re5ults might 
explain-why compounds 29 and' 17 show jhe..fohA inhibitocy 
activ:ities· in the ·same level with .lCso pf to and 11 nM, 

-fig. 4. l'bc.iDiaaciions of the R2 

substitu<;riis Of compouods 17 ond 
29 wilh Alal98 andlhc 
pytophosj,hotc moid)' ofNAo• 

Pagc. 7 ofl2, 2319 

resj>ectively. Aecordihgly, 'llie Rt substituent would also be 
hydrophobic or.hydropliHi~ groul!s .. For the R3 position, ihe H 
substitucnts al this position for compounds 17, 18, 19, and 29 
fonn a hydrogen bond interaction with the carbony!backbonc 
of Gly96 and, besides the H substitucnl; other liycliogen bond 
donor subslitucnts would also be possible. A similar H-bo.nd 
interaction was also foun\i fortheR. subsiitucnt where all four 
compounds point to iheNH' and carbonyl backbone-ofMet98. 

30-QSAR study 

ColJSIA model 

The PLS results. of CoMSIA models are ' summarized in 
Table3. Ten CoMSJA m-odels were con~ir.uctcd with various 
cotnbinations of CoMSIA ·descriptors. Among all models, 
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Tablc3 Summary of statistical rcsuhs ofCoMSlA models 

Models Statistical data Fraction 

q' ,., SSE F N 

1.$/E 0.29 0 .93 0.70 0.2 1 S5.48 6 38.6/61.4 

2.SfH 0.08 0.69 0.75 0.44 43.53 2 38.8161.~ 

3.SID 0.54 0.89 0.56 0 .27 5030 6 53.7/46.3 

4.S/A 0.1.3 0.88 0.76 0.28 5~.86 53.5/46.5 

5.S/D/E 0.5~ 0.93 0.54 0 .22 77.34 6 27.9/41.7/30.5 

6.SfD/H 0 .56 0 .93 0.5> 0 .2 1 S5.19 29.9/37.6f32.5 

7.SfD/A 051 0 .93 0.58 0 .22 76.55 39. 9/33.1/27.0 

8. S/D/FJ ll 0.60 0.95 0.52 0.19 li}.1.17 6 19.0/32.snJ.8/24.8 

9. S/D/FJA 0_10 0.93 0.58 0.22 78.66 6 23.9134.3/25.9/15.9 

I O.S/D/E/H/ A 0.55 0.95 0.55 0 .19 103.76 6 17.2126.6/2 1.4/22. 1112 .8 

Bold values indicate tl>< best C oM SIA modd 

N oplimwu nwnba of components.: s standard error of prediction: SEE standard error of cs1imatc; F F-tcst value: S stcric field: £electrostatic field; If 
hydrophobic field; D hydrogen donor field: A hydrogen acceptor field 

model 8 composing the steric. hydrogen bond donor. e lectro
slatic and hydrophobic fields is the best CoMSIA model, 
giving the best statistical parameters with a q1 value of 0.60 
and an ,.i value of 0.95. The predicted activities of 43 com

pounds in the training set and nine compounds in lest set 
derived from the best CoMSlA model are summarized in 
Tabl.e I. TI1ere is a good correlation between actual and 
predicted activities of the training set based on the best 
CoMSIA model, as dcpie.ted in Fig. 4. In order iu assess the 
cxtcmal predictive abi lity of tl1is model, the lnhA inhibitory 
activities of the tesl SCI were predicted. The predicted values of 
nine test-set compounds are wi1hi11 one logarithmic unit dif
ference from the experimental values (Fig. 5). Tiicrefore. the 
best CoMSIA model is reliable with highly predictive ability 

9.0 ,.--------------------, 
• Training set 

8.5 • Testset 

8.0 

J 
"' 7.5 
'51 
~ 7.0 

.... 
'~·· + ........ .. ;; 6.5 

e 
0.. • •• 

.. .P 6.0 

5.5 

• 

• 

5.0 +--~-~--~-~-~--~-~--i 
5.0 5.5 6.0 6.5 7.0 7.5 8.0 8.5 9.0 

Experimental log(1/lc,.) 

Fig. S Plots bctw.:cn the cxpcrimcnllll and predicted 3Ctivitil:1; of the 
lr•ining und lesl sets derived from the CoMSIA model 

~Springer 

and could be uti lized to predict the lnhA activities for newly 
designed diphenyl ether inhibitors. 

The predic1i,·c abilities of the best CoMSIA model were 
detcm1ined from the rest set including nine compo1mds. For 
!he best CoMSIA model, internal validation of leave-(me-out 
cross-validated t/ and predicted ,.i (r' ,,...v1. or 17) were found to 
be 0.64 and 0.70, respectively. The calculated square correla
tion coefficient values between the experimental and predicled 
values of the test-set compounds with intereept set at zero (r' 0) 

and without intenoept (?'}were 0.56 and 0.73, respectively. 
The slope of regression line through tl1c origin (k) of the best 
CoMSIA model was 1.02, which is c lose to I . Based on the 
statistical result,, the best CoMSIA model could be consid
ered reliable. 

CoMSIA co111011r maps 

To reveal the imponance of molecular descriptor fields on 
lnhA inhibitory activities of d iphcnyl ether derivatives. 
CoMSlA contour maps were established. Figures 6 and 7 
present the CoMSIA contour maps that reveal the in.flucnce 
of steric. electrostatic, hydrophobic, and hydrogen donor 
fields to tl1e activity of diphenyl ether derivatives. Green and 
yellow contours indic'Jtc areas where favorable and unfavor
able stcric bulks are pn.-dict~-d to enhance the activities of 
diphenyl ether derivatives. Blue and red contours indicate 

regions where elcctropositive and clcctroncg-dlivc groups lead 

lO an increase of the lnhA inhibitory activity, respectively . 
Magenta and white contours represent areas where the hydro
phobic group and the hydrophilic group are predicted to favor 
the biological activities. 111e cyan and orange contours indi
cate regions that favor the hydrogen donor group and unfavor 
hydrogen donor group, respectively. The interpretation of 
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(a) (o) 

e ... 
Fig. 6 CoMSIA stci:ic (a) and clectrostotic (b) contours in comliination with compound 29 (ball and stick in aiom type colors) in lnbA binding pocket 
(Stick in g1Wnb/11e) 

CoMSIA contour maps reveals the slructur•I rcquin,"tnCllt of 
ca'Cl1 substitucnt position in the scaffold of diphenyl ether 
derivatives belpful for rational desi!,'11 of novel and potent 
JohA i)lhibitors. 

SirtJcfii.l'al req11ireme11t for the Ri positionr on -the plte1iyl 
A ring 

The. a~ce of cyan ~cont6.\II'S near the OH group of the 
pl)enyl,\ ring emphasizes the ·importarit role of this mi:>i"ety to 
ihe fnhA inhibi\ory activity or diphenyl ether cierl~atlves 
(Fig. 7b). TI1e C4 and C6 atoms of hexyl side chain of 
compound 29 arc covered by _green and red contours 
(f.1g. 6a and b). Therefore, the R, substituent containing the 
bulky size and high electron density would be favorablc"for 
!lifs ,~_rr. In <;a!lc-o.ftbe RJ,su&stitucnras:thc 111k.y1 chain, the 
alkyl \:liain wlth' the carbon:atoms higher than tivo atoms 
sho$1Id !>e preferable for the lnhA inhibitory actjvity. As· 
CJS.CmP.iU'icd. ~-QnJ,POunl!-21 , COQ~g an QC~yl ~up:ljt ; ll)e; 
R t position;,posse5scs tlie mostactiVe COO) pound in'lhis:scncS, 
wh~:cpmpound ').8 contain~ng elJ,iyl ·substill,l!=Dt e."1Ub,!~ 
much· Tower inhibitory·ru;tivity than. those of compounds 19., 

(a) 

....... 

. ~ 

20, 17, and 21 bearing butyl, pcntyl, hexyl, and octyl substit
ucnts a.I 'the- R, position, respectively. Corresponding to the 
MD results, the long~.,. alkyl chain at R 1 substitUent could foan 

hydrophobic interactions more than ihe shottcr alkyl chain. 

Structural w411(i'(!me11t for the R:i, R.1, and~ positwns 
011 the plte11yl B ring 

The unfavorable hydrophobic white contour and'U1e unfuvor
able steric yellow contour present near the R2, R3, and R., 
substitilents (Figs. (ia and 7a). These results: indicatc.lh!lt th~ 
si:nall hydrophilic substituents at ihe R,, R3, and R. positions 
are required for the lnhA inhibitory activity of-Oiphenyl ether 
derivatives. Therefore, compounds 37--44 containing the 
bulky hydrophilic substituents at the R2; R3, and R., positions 
show pQOr activities for JnhA inhibition wfo1 !Cso more t[ian 
360 nM. ".Ihe5c suggestions.are in agrecment·with'thc binding 
moocs ·ofcompci.imds 17, 18, 19., and 29 observed from the 
,MD .slil!uiations, that the R,. R3, 1\11<:1 R., substitue11ts are . 
located. near.:the'~.J:TOl'hos~ha!C moietY ofNAD\ the' hydro-· 

, phil.ic ·&ac.koones of Gly96 and Met98, if~Sp.ecfive·ly. 
Accotdingly, 'the· small substituent with hydrophilic property 

Fig. 7 -OjMS!AbY!flopb(lb.ic(a) and hY.drogcn bQnd <iQQo<(b)~nlowS in cornbinatiOtf willi cotnpouiia 29 (ball and-sticli iliatom'fyp(f e91ois) in lrihA 
biridipg.l!,<lclcet (stick in-gre<-nbluc) 
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at the R,. R3 and R. substituents should be optimal for the 
lnhA binding pockel Moreover, the magenta and blue con
tours close to the R2 substituent suggest additional structural 
l\.'"quircment at this position, "illch should contain the hydro
phobic propeny and less electron density. 11lis suggestion is 
consistent with the MD rcsulls, which indicate that the R2 

position can be substituted with hydrophobic or hydrophilic 
groups so that the phenyl B ring could be favorable in binding 
witl1 the methyl side chain of Ala l98, and the pyrophosphate 
moiety of NAO+, respectively. Apan from the hydrophobic 
propenics, the R, substitucnt with the less electron density 
should be optimal for the pyrophosphate moiety of NAO+ 
preseming the negative charge. 

Conclusions 

MD simulations were successfully applied to reliably predict 
binding modes, inhibitor-enzyme interactions, and binding 
tree energies of diphenyl ether derivatives in the lnbA binding 
pocket. The graphic interpretation of the obtained CoMSIA 
model reveals the key strucrural elements of diphenyl ether 
derivat ives necessary for good lnhA inhibitory activities. TI1e 
structu ral requirements derived from the CoMS!A model 
correspond well with the binding interactions of diphenyl 
ether derivatives in the fnhA pocket found in the MD sinmla
tions. The presented integrated results should be useful as 
guiding principles for the design of novel lnhA inhibitors 
basL'<i on suitable modifications of the diphenyl ether scaffold. 
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A series of diphenyl ether derivatives were developed and showed promising potency for 
inhibiting lnhA, an essential enoyl acyl carrier protein reductase involved in mycolic acid 
biosynthesis, leading to the lysis of Mycobacteri11m tuberculosis. To understand the struc
tural basis of diphenyl ether derivatives for designing more potent inhibitors, molecular 
dynamics (MD) simulations were performed. Based on the obtained results, the dynamic 
behaviour in terms of flexibi.lity, binding free energy, binding energy decomposition, con
formation, and the inhibitor-enzyme interaction of diphenyl ether inhibitors were eluci
dated. Phel49, Tyrl58, Met161, Met199, Va1203 and NAD+ are th.e key residues for 
binding of diphenyl ether inhibitors in the InhA binding pocket. Our results could provide 
the structural concept to design new diphenyl ether inhibitors with better enzyme inhibitory 
activity against M. tuberculosis InhA. The present work fucilitates the design of new and 
potentially more effective anti-tuberculosis agents. 

Keywords: Diphenyl ether derivatives; MD simulations; InhA inhibitors; MM-PBSA; 
Anti-tubcroulo9fa agentn 

1. Introduction 

Tuberculosis (TB) caused by Mycobacterium tuberculosis (M tuberculosis) remains a major 
global health problem. The World Health Organization reports that there were almost 8.7 mil
lion new cases and 1.4 million TB deaths in 2011. Th.e high mortality rate of TB is caused 
by drug resistance and HIV co-infection [l]. Multidrug-resistant and extensively drug-resistant 
tuberculosis are generally thought to produce high mortality rates (2]. The most attractive tar
get for drug design and discovery of new anti-tuberculosis agents is the enoyl-ACP reductase 
or InhA of Mycobacterium tuberculosis [3-8]. The lnbA of M tuberculosis catalyses the 
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NADH-specific reduction of 2-tra11S-enoyl-ACP in the elongation cycle of the FAS II path
way (Scheme I). This enzyme has been identified as the primary target of the most effective 
first-line anti-TB drug isoniazid (INH) [9-15). As a prodrug of INH, InhA is inhibited by the 
active adduct of INH (INH-NAD) which is covalently formed between NAD+ and the reac
tive acyl radical of INH activated by catalase-peroxidise (KatG) [ 16-22). TI1e active adduct 
(!NH-NAO) is a highly potent inhibitor of InhA [23,24]. However, the high potency of !NH 
for tuberculosis treatment was reduced by drug resistance from mutations in KatG [25,26]. To 
overcome INH resistance, new compounds which directly inhibit the InhA enzyme without 
requiring activation by KatG are to be seen as very promising new agents against tuberculo
sis. Diphenyl ethers, uncompetitive inhibitors of InhA, do not require activation by the myco
bacterial KatG enzyme to generate the active form. Therefore these inhibitors could 
circumvent the resistance of INH associated with the KatG mutations. A series of alkyl diphe
nyl ethers are potent inhibitors of InhA with K; values less than l nM [27-32). To understand 
the structural basis of diphenyl ether derivatives as a basis for designing more potent inhibi
tors, molecular dynamics (MD) simulations were performed in this work. Based on the 
obtained results, the dynamic behaviour, binding free energy, conformation and the inhibitor
enzyme interaction of diphenyl ether inhibitors of InhA will be provided. These results should 
facilitate the further modification of the diphenyl ether scaffold towards generating novel 
LnhA inhibitors with improved inhibition potency. 

2. Computational methods 

2.1 Structure a11d biological activity 

Four diphenyl ether derivatives (compounds 1--4) taken from the literature were used in this 
study [27,28,30,32). The chemical structures and the inhibitory concentrations of the com
pounds required to inhibit InhA at 50% (IC50) are summarized in Table I. All chemical struc
tures of these compounds were constructed using the standard tools available in the program 
GaussView 3.07 [33] and were then fully optimized using the HF/3-210 method implemented 
in the Gaussian 03 program (34]. 

Table 1. Structure and biological activity of diphenyl ether derivatives. 

~O~R, 
R,J;J ~R4 

Compound R1 R1 R3 R4 ICJo (11M) 

1 Butyl Cl H Cl 55 
2 Isobutyl Cl H Cl 96 
3 Hexyl H N02 H 48 
4 Hexyl CH3 H N02 50 
5 Benzyl Cl H Cl 5 1 
6 Octyl H H H 5 
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2.2 Molecular doc/d11g calculations 

To generate the binding modes of diphenyl ether derivatives in the InhA binding pocket for 
MD simulations, molecular docking calculations using Molecular Operating Environment 
(MOE) docking program [35] were used. The high-resolution X-ray crystal structure of diphe
nyl ether/InhA complex was obtained from Protein Data Bank (PDB code 2X23). For molec
ular docking parameters, alpha PMI placement strategies, affinity Ll.G scoring function and 50 
run were used. To ensure the reliability of the docking program, the diphenyl ether compound 
was removed and docked back into the lnhA binding pocket. The root-mean-square deviation 
(RMSD) between the original and docked coordinates less than J A was used to veri.fy the 
reliability of docking program. 

2.3 MD sitm1latio11s 

The initial coordinates for MD simulations of the diphenyl ether derivatives/InhA com
plexes were obtained from molecular docking calculations using the MOE program. 
AMBER12 [36] using the Amber03 force field [37] for InhA and the general. AMBER 
force field (GAFF) force field [38,39] for NAD+ and diphenyl ether inhibitors were 
employed for MD simulations. All missing hydrogen atoms of InhA were added using the 
LEaP module. To obtain the partial atomic charges of the diphenyl ether derivatives and 
NAD+, the geometry optimization and electrostatic potential calculation of each compound 
was first calculated at the HF/6-31 G* level using the Gaussian03 program. Then, RESP 
partial charges [40-44] were assigned using the ANTECHAMBER module implemented 
in AMBER12. Each complex structure was solvated by TIP3P [45] waters in an octahe
dral box extending up to lO A from each solute species. Five Na+ cations were added to 
neutralize the charge of each system. The added water molecules and ions systems were 
minimized to relieve bad steric interactions. Non-bonded cutoff was set at l 0 A. A force 
of 500.0 keal/mol was used to restrain the atom positions of all solute species. Thereafter, 
the whole system was minimized without restraint condition. Next, the solvated systems 
were gradually warmed up from 0 K to 300 K in the first 20 ps followed by maintaining 
the temperature at 300 K in the last l 0 ps with 2 fs time steps in a· constant volume 
boundary. The solute species in the solvated systems were restrained to their initial coor
dinates with a weak force constant of 10 kcal/mo! A 2 during the temperature warming. 
After minimization and heating, the position-restrained dynamics simulation using 2 fs 
time steps through 70 ps at 300 K under the isobaric condition was performed for each 
system to relax the positions of the solvent molecules. In this dynamics run, the positions 
of solute species were restrained with a weak force constant of 10 kcal/mo! A2 during 
the position-restr.iined dynamics simulations. All th.e diphenyl ether/InhA complexed trajec
tories were run for 10 ns under the same conditions. To treat the long-range electrostatic 
interactions with a periodic boundary condition during the MD simulations, the Particle 
Mesh Ewald (PME) method [46] was applied. The cutoff distance for the long-range van 
der Waals interaction was set at 8 A. The SHAKE [47] method was applied to constrain 
the bond lengths of hydrogen atoms attached to heteroatoms. Coordinates and energy out
puts during MD simulation were printed every 2 ps. Finally, the RMSD of lnbA, NAD+ 
and diphenyl ether derivatives were calculated along the MD trajectory relative to the ini
tial structures to determine the stability of the system. The binding free energy and inter
actions energy were calculated to study the key interactions of dipbenyl ether in the lnhA 
binding pocket. 
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2.4 Bi11di11g free energy 

The binding free energy calculations between lnhA and diphenyl ether inhibitors were calcu
lated using the Molecular Mechanics Poisson-Boltzmann Surface Area (MM-PBSA) [48] and 
nom1al-mode [49] methods. The snapshot structures from the MD trajectory of the system for 
binding free energy calculations were taken from the last 2 ns of 10 ns MD simulations. 125 
snapshots were extracted to calculate. The binding free energies (6Gbin.J were obtained as 
shown in Equations (1) and (2). 

(1) 

6~ind = t.H - T t.s (2) 

(3) 

where Gixnn, Gree and G1igand are the free energies of the complex, InhA and the diphenyl 
ether derivatives, respectively. In general, the binding free energy composes of an enthalpic 
(Aff) and an entropic contribution (-TM) . The enthalpic contribution (Ml) contains the gas
phase molecular mechanics energy (6GMM) calculated with a sander module and the solvation 
free energy (6.G,01" ) calculated with the PBSA program of the AMBER suite as shown in 
Equation (4). 

(4) 

6GMM is divided into non-covalent van der Waals component (6Gvdw), electrostatic 
energies component (6Gc1c) and bond, angle, dihedral energies (6GINT) in Equation (5) [50]. 

(5) 

The entropy contribution (-Tt.S) to the binding free energy was estimated using 
normal-mode analysis with the AMBER Nmode module. Due to the high computational cost 
in the entropy calculation, the residues around the ligand (less than 12 A) were only 
considered for nonnal-mode calculations and 50 snapshots were used [51-53]. The contribu
tions of entropy (Tt.S) to binding free energy from changes of the translational, rotational and 
vibrational degrees of freedom were calculated as follows: 

/lS = M translalional + thlrolalional + fhlvibr.>lional 

3. Results and discussion 

3.1 System equilibration 

(6) 

To evaluate the reliable stability of the MD trajectories, the RMSDs for all atoms of InhA, 
NAD+ cofactor and diphenyl ether derivatives relative to the initial minimized structure over 
the I 0 ns of simulation times were calculated and plotted in Figure 1. There are three solute 
species in each MD system including lnhA, NAD+ and inhibitor. The plateau characteristic of 
the RMSD plot over the simulation time is the criteria to indicate the equilibrium state of 
each solute species. For the equilibrium state of each MD system, the RMSD plots of all sol
ute species have to reach the plateau characteristic. InhA, NAD+ and inhibitor in each system 
reach the equilibrium state at a different time (Figure I). For the system of compound 1, 
NAD+ and this compound reach equilibrium at an early time point, whereas InhA reaches the 
equilibrium state after 2 ns (Figure 1.(a)). Therefore, after 2 ns the RMSD plots of all solute 
specie-s reach the plateau characteristic, indicating the equilibrium state of this MD system. In 
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.Figure I. RMSDs of diphenyl ether derivatives, compounds l (a), 2 (b), 3 (c) and 4 (d) complexed 
with the lnhA. 

the case of compound 2, its MD system reaches equilibrium after l ns (Figure l(b)). For 
compounds 3 and 4, the MD systems reach equilibrium after 2 ns (Figures l(c) and l(d)). 
The RMSD plots of these compounds over I 0 ns show large fluctuations in the range of 
about 0.5-2.5 A. This result could be accounted for by the greater flexibility of the long 
hexyl chain. Therefore, the data in terms of binding free energy, interaction energy and struc
ture of each system after an equilibrium state were analysed. 

3.2 Structural flexibility of the lnhA bindillg pocket 

The binding cavity volumes of InhA complexed with the diphenyl ether derivatives were cal
culated to study the flexibility of the InhA binding pocket using the computed atlas of surface 
topography of proteins (CASTp) method (http://sts.bioengr.uic.edu/castp/index.php) [54-56]. 
Amino acid residues within 10 A from ligands-NAO+ cofactor were used to calculate the 
binding cavity volumes of the InhA binding pockets. The binding cavity volumes of InhA 
complexed with six dipbenyl ether derivatives are summarized in Table 2. Binding cavity vol
umes ranging from 1763 A3 to 2465 A 3 of six inhibitors were found. Moreover, the binding 
cavity volume of trans-2-hexadecenoyl{n-acetyl-cysteamine)- thioester substrate (PDB code 

Table 2. The binding cavity volume of dipheuyl ether inb.ibitors. 

CompoWJd 

1 
2 
3 
4 
5 
6 
trans-2-hexadecenoyl-(n-acetyl-cysteamine)- thioester 

substrate 

Ligand Sur.[.ace Area 
(A) 

546 
530 
574 
611 
575 
612 
663 

Binding cavity m/11me 
(11) 

2,318 
2,042 
2,465 
2,039 
1,763 
1,876 
1,902 
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1 BVR) (57] is 1902 A 3. In a previous study (58], the binding cavity volumes of direct InhA 
inhibitors obtained from the available X-ray structures of lnhA inhibitors were found io range 
from 1597 A3 to 3047 A3

. These results indicate that the bind ing pocket of InhA is flexible 
enough to bind with the substrate and diphenyl ether inhibitors. The binding cavity volume 
of compound 3 in the JnhA binding pocket is higher than that of the highest compound 6 and 
trans-2-hexadecenoyl-(n-acetyl-cysteamine)- thioester substrate. ln addition, the binding cavity 
volumes of low-potency compounds 1 and 2 are higher than 1ra11s-2-hexadecenoyl-(n-acetyl
cysteamine)- tbioester substrate and the most potent diphenyl ether inhibitor. The most potent 
compound 6 shows a binding cavity volume comparable with that of the tra11s-2-hexadece
noyl-(n-acetyl-cysteam.ine)- thioester substrate. Compounds 1-4, creating lnhA cavity volumes 
larger than that of the substrate, show poor activity in inhibiting InhA. To reveal the correla
tion between the InhA cavity volume, the molecular size of compounds 1-6 and their inhibi
tory activities, the molecular surface areas of these compounds were calculated using 
HYPERCHEM 7.51 [59], reported in Table 2. Apart from the trans-2-hexadecenoyl-(n-acetyl
cysteamine)- tbioester substrate, possessing the largest molecular surface area with 663 A 2 , 

the molecular surface area of compound 6 with 612 A 2 is the largest one. Compound 4 has a 
surface area of 61 l A2

, close to that of c-0mpound 6, but its cavity volume is larger. In case 
of compounds 1-3, these compounds show smaller surface areas than that of compound 6 but 
their pocket cavity volwnes are larger. These results imply that compound 6, having a larger 
molecular size in its smaller cavity volume, could induce the lnhA pocket to fit well, with 
better binding than compounds 1-4. Accordingly, compound 6 should produce more interac
tions with amino acid residues in the b1hA pocket than compounds 1-4, leading to better 
inhibitory activity of this compound. In contrast, compound 5 has a smaller surface area than 
compound 6, but its cavity volume is close to that of compound 6. This result implies that 
the binding of compound 5 could not properly fit the lnhA pocket, leading to loss of activity 
as compared with compound 6. 

3.3 Billdi11g free energy calculations 

To evaluate the binding affinity of diphenyl ether derivatives in the lnhA binding pocket, the 
binding free energies (t.Gbind) were calculated using the MM-PBSA method. The binding free 
energies (t..Gb;nd) were calculated by Equation (2). The entropic (-Tt.S), enthalpic (t..H) 
energy and binding free energy of the dipbenyl erther/lnhA complexes are listed in Table 3. 
The binding free energies of compounds 1, 2, 3 and 4 bound to the InhA are -10.3, -7.9, 
-1 l.6 and -13.7 kcaVmol, respectively. Moreover, the binding free energy of the X-ray crys
tal structures of compound 5/InhA and compound 6/InbA complexes were calculated to com
pare with those of compounds I, 2, 3 and 4. The calculated and experimental binding free 
energies were compared as shown in Table 3. Moreover, a good linear correlation (l = 0.78) 
between the experimental IC50 and calculated binding free energy is presented in Figure 2. It 
is notable that the calculated binding free energies of the selected compounds are in the cor
rect order as compared with the ICso values. The obtained results could be successfully used 
to validate the MD procedure in this study. 

According to the energy components of the binding free energies listed in Table 2, the 
van der Waals energy of diphenyl ether derivatives in the InhA binding pocket provides the 
greatest contribution to the binding free energy due to the high hydrophobicity of the JnhA 
binding pocket [58). The van der Waals energy of diphenyl ether compounds 3, 4, 5 and 6 is 
lower than -50 kcaVmol. These results indicate that the increase of the hydrophobicity of 
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Table 3. Binding free energies in kcal/mot computed by the MM-PBSA method. 

Contribution 

Cpd. t.Gc!e fi.Gwlw t.GMM t.G,.1 t.H -T6.S 

I -10.5 ± 2.5 -45.2 ± 2.3 -55 .6 ± 5.6 27.2 ± 3.5 -28.4 ± 3.0 18.2 ± 0.8 
2 -12.4 ± 2.9 -47.l ± 2.2 -59.4 ± 3.0 31.2 ± 2.5 -28.2 ± 2.8 20.3 ± 0.8 
3 -12.9 ± 3.2 -55.8 ± 2.7 -68.7 ± 3.5 31.2 ± 4.4 -37.5 ± 4.0 25.9 ± 1.9 
4 -9.0 ± 2.7 -50.3 ± 2.5 -59.3 ± 3.0 24.3 ± 2.2 -34.9 ± 2.8 21.3 ± I.I 
5 -12.5 ± 2.0 -51.2 ± 2.2 -63.6 ± 3.2 32.8 ± 3.2 -30.8 ± 2.8 t9.0 ± 1.0 
6 -16.6 ± 3.0 -55.3 ± 2.4 -71.9 ± 3.4 24.3 ± 2.5 -36. t ± 5.5 22.l ± 1.4 

C•l derived from tiG =RT ln[ICsol. R represents the gas constant (1.988 cal/mot K), T represents the temperature (300 K). 

!:i.Gb1nd t.Ge:cp [a} 
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Figure 2. Correlation of experimental IC50 and calculated binding free energy using MM-PBSA 
method 

inhibitors leads to an increase in the binding affinity of inhibitors in the InhA pocket. This 
result agrees with the experimental biological activity (27- 32]. 

3.4 Per-residue bi11ding e11ergy decompositio11 

The binding energies between diphenyl ether derivatives with each residue in the lnhA pocket 
were calculated hy the MM-GBSA method to understand the key interactions for binding of 
protein-ligand complexes. Figure 3 displays the binding energy decomposition of diphenyl 
ether derivatives. The obtained results indicate that nine residues including .Phe97, Phe149, 
Tyrl58, Metl61 , Lysl65, Alal98, Metl99, Val203 and NAD+ cofactor .show lower interac
tion energies with diphenyl ether inhibitors. Figure 4 shows the contribution of the van der 
Waals and electrostatic energies on the binding of dipheayl ether derivatives in the InhA 
binding pocket. Most of the residues show the van der Waals energy lower than the electro
static energy. This result indicates that the van der Waals interactions have an important role 
in the binding of diphenyl ether derivatives in the lnhA binding pocket. It is important to note 
that all repulsive energies observed for each of the compounds are generated from electro
static energy. In particular, the compounds with lower activity show greater repulsive 
energies. 

3.5 Binding iJ1teractions analysis 

To elucidate the dynamic behaviour of the diphenyl ether inhibitors in the InhA pocket, the 
binding modes and interaction of inhibitors in the InhA pocket obtained from MD simulations 
were analysed. As shown in Figures S(a)-(d), the binding modes of all compounds in 
the InhA pocket obtained from MD simulations are of the same manner. For compound 1, 
the phenyl B ring reveals a pi-pi interaction with the pyridine amide ring of NAD+ cofactor. 
The hydrogen bond between the OH group of the phenyl A ring and NAD+ cofactor is found. 
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Figure 3. Per-residue binding energy decomposition of the selected diphenyl ether derivatives, com-
pounds I (a), 2 (b), 3 (c) 4 (d), 5 (e) and 6 (t) using the MM-GBSA method. 

The substituent R2 with Cl atom causes a slight repulsive interaction with the phenyl ring of 
Phel49. For compound 2, the binding interactions between diphenyl ether with NAD+ can be 
explained as follows; (i) hydrogen bond interaction between the -OH group of the phenyl A 
ring with the OH fragment of NAD+; (ii) the pi-pi interaction of the phenyl A ring and the 
pyridine amide ring of NAD+ cofactor; and (iii) a weak hydrogen bond of the Cl substituent 
and the CH of NAD+ cofactor. With regard to compound 3, the crucial interactions of diphe
nyl ether compound 3 are hydrogen bond, pi-pi interactions and hydrophobic interacti.ons 
with NAD+ cofactor. The hydrogen bond interaction of the OH group on the phenyl A ring 
of diphenyl ether aud the OH of the ribose fragment of NAD+ cofactor is found. The pi-pi 
interactions between the phenyl A ring of diphenyl ether and the pyridine amide ring of 
NAD+ cofactor can be formed, and the hydrophobic interactions between the phenyl B ring 
and all parts of NAD+ cofactor can be observed. Importantly, the hydrogen bond interactions 
between the N02 substituent of diphenyl ether and the CH2 of Met98 are found. Moreover, 
numerous hydrophobic interactions between the hexyl substituent attached to the phenyl A 
ring of diphenyl ether with Tyrl58 are observed. Compared with compound 3, compound 4 
also reveals similar interactions. However, only one .hydrogen bond interaction between the 
N02 substituent of diphenyl ether and Met98 is formed. Weaker interactions between dipbe
nyl ether with Tyrl58 are observed. 

Therefore, we can summarize the binding interaction of compounds 1-4 as follows. With 
regard to the phenyl B ring, the ring is surrounded by amino acid residues Met98, Phe97, 
Met161 and Alal 98. The crucial interactions of this fragment are hydrogen bond interactions 
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Figure 4. The plots of the decomposition energies in terms of van der Waals energy (vdw) and electro-
static energy (cle) for dipbenyl ether derivatives of compounds I (a), 2 (b), 3 (c) 4 (d), 5 (e) and 6 (!). 

~ and van der Waals interactions. Regarding the phenyl A ring bearing the alkyl chain, the R1 

~ substituent of each compound is placed in the pocket of Phel49, Tyrl58, Metl99 and 
_g Val203. These residues show van der Waals interaction energies lower than electrostatic inter-
~ action energies for all compounds (Figure 4). This result could be accounted for by hydropho-
0 bic interactions between the alkyl chain at the R1 substituent with surrounding residues. The 

OH group at the phenyl A ring of compounds 1-4 lies among the OH groups of Tyrl 58 and 
the ribose fragment of NAD+. Based on binding energy decomposition of each residue, 
NAO+ shows the lowest interaction energy for all compounds (Figure 3), indicating the larg
est contribution of NAD+ on binding of compounds 1-4 in the InhA pocket. All compounds 
can fonn two strong interactions with NAD+; the first is the hydrogen bond between the OH 
group of the compound with the OH group of the nbose fragment Another important interac
tion is the pi-pi interaction between the phenyl A ring of compounds with a pyridine amide 
ring of NAD+ (Figure 5). Considering the contribution of NAD+ in terms of van der Waals 
and electrostatic interaction energies on the binding of compounds 1-4 in the InhA binding 
pocket (Figure 4), both van der Waals and electrostatic interactions show large attractive 
energy for all compounds. These results indicate that the pi-pi interaction and the hydrogen 
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Figure 5. The MD structure averijgea over the last 2 iis of compounds I (a), 2 (b), 3 (c) .and 4 (d) in 
the TnhA bil,l<ling pocket. 

bond interaction with NAD+ p.lay imp,ortant roles in the binding of diphenyl-ether derivatives 
in the JnhA pocket. According!J, apart from the phenyl B ring ·playing 'important role for 
forming .sJrong hydrogen bond interacnons to .Met98, the key fragment for binding of diphe
nyl ether derivatives in the lnhA pQ<:ket is ·the phenyl Aring and the OH, group, that generate 
tl}e pi-pj interaction and th'e .hydr!'.igeh 'boild i11ferai::tion with NAD+, respectively. 

3.6 Structural. basis of dlphenji etfier ·derivatives for. riztio11ai inhibitor ·desig1i 

Reliabfe ·binding modes of diph:enyl ether deriv.atives in the InhA 'binding pock.et were 
obtaihed 'from MD simulationS'. Th.e superposition of MD structutes of compounds· 1,.-4 -and 
the X1ray structures of compounds '5-{) :jS shown in Figute ·6. As mentioned above, ,the .key 
fragment TOr binding of dipnenyl ~thei: derivatives· in.1lie lnhA pocket is ·the phenyl A ring 
and the OH group .fcir generating file pj--pi' intera.ction. and. fiie hydrogen bond interactiqn with 
NAD°':', respectively. The R1 substituent on the phenyl Aring is oriented in the hydrophobic 
~ket tjf Phel.4'9, M~tl55, Pio.15<?, Al.al'S7, ,"fyr~iss, Pro193, Metl99; Val203, Leu207,, 
Il~JS aj:l.d lj.ei12-l& "(Fig_ufy ~. I~¢f6fe~ aq ;R i; .~ul?.~tjtµe.tjt wi!}l' highly,· lipo.pliilic propet:ty, 
te, ~exyl~ h¢pty,l :ii,µ(! 9~cyl. Js: optf.uml f(ir 'fonnjf,ig liy(:lrophobic interacti,ops 'iJ1. tJJis .poo!Cet 
For the R1, jl3· aild ·&i· ru~s.tliuenJ~ ar 1he piienyi ,R fu.ig; corltpound 6, ·the m9'st -~l;~:Ve···cc;>m
p<>und fu this .series, containS! h}'dfqgen-atom ·at tfie8tqrositioas. A hydrogen at6m at the,R2 

position.of.-compound '6 co.ula,l>~eferabJy,fonil a. li~8top~obic interaction with the methyl side 
chain ·of..AJ'a:l 9.8 -anel ·pyropltosphll'te ;group .of N:A'D"". The CH3 group attached to .the .same 
position: of compound .4 located.·closi t0; these. residues l:ould also possibly· form. hydrophobic 
inte111ctions w'ith Alal!ig and\pyrqpbo~ph11te grou1rof N:AD1

'. The Cl atom attached to» the. R2 
posltion; with. respe<;t to com,tJPunds 2 :and ;5 generates . a :repulsive interaction wjth the vrro
phosph11.te grou_p of NAI'>~. Accorifilig~y-, the hydrophobic subsfituents ·&uch as: fI and CH:i 
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Figure 6. Superimposition of diphenyl ether derivatives, compounds 1-6, in the lnhA binding pockeL 

0 NADH+H+ NAO+ 0 

R~S-ACP ~ _/ - R~S-ACP 
lnhA 

Scheme I . The biochemical mechanism of the .lnhA enzyme. 

should be oplimal to interact with both the methyl side chain of Alal98 and the pyrophos
phate group of NAD+. In the case of the R3 position, the H substituent at this position of 
compound 6, as well of compounds I, 2, 4 and 5, points to the carbonyl backbone of Gly96. 
In contrast, the N02 substituent of compound 3 flips away from this direction (Figure 6). 
Therefore, the H substituent as a hydrogen bond donor substituent would be the most suitable 
for the R3 position to possibly form a hydrogen bond interaction with the carbonyl backbone 
of Gly96. For the ~ substituent, the H substituent at this position of compound 6, and Cl 
and N02 substituents of compounds 2, 5 and 4, respectively, is oriented to the NH backbone 
of Met98. Therefore, at the ~ position, Cl and N02 substituents and a hydrogen bond accep
tor substituent that can form a hydrogen bond interaction with the NH backbone of Met98 
would be better for inhibitor-enzyme interaction than the H substituent. Moreover, the, modifi
cation of the R2, R3 and R4 substituents at the phenyl. B ring should be of optimal size 
because the steric effect of each substituent may cause the loss of the pi-pi interaction and 
the hydrogen bond interaction of the phenyl A ring bearing the OH group with NAD+. 

4. Conclusions 

MD simulations were successful in modelling reliable binding modes, binding energy, and 
lnhA-ligand interactions of diphenyl ether in the lnhA binding pocket. Based on MD 
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simulations, tire binding cavity volumes of diphenyl ether derivatives in the InhA pocket are 
important for binding. The per-residue binding energy suggests that the van der Waals interac
tion shows .a greater. contribution to the binding of diphenyl ether derivatives in the InhA 
pocket than the electrostatic interaction. Based on the detailed MD simulations analysis, 
N.4.D;. is the key residue for l;>inding of diphenyl ether inhibitors in the lnhA binding pocket. 
Therefore, the results <?btaiued from this study should facili.tate the further modification of ll 
diphenyl ether scaffold for generating novel InhA inhibitors with improved inhibition 
potency. 
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Key Structural Features of Azanaphthoquinone Annelated 
Pyrrole Derivative as Anticancer Agents Based on the 
Rational Drug Design Approaches 
Pharit Kamsri,1•1 Auradee Punkvang,lbl Nipawan Pongprom,1' 1 Apinya Srisupan,1' 1 Patchreenart Saparpakom}<I 
Supa Hannongbua.'cl Peter Wolschann,1"- •I and Porn pan Pungpo*l•l 

· Abstract: :'Azanaptithoquinone .annelate<f pym)le'"cieriva- ·ably, the structGral requirement dr six sub'stituent positions 
"tlves have been develo'ped and sy~thesiied with a ~ontinu, i ··• on the azanaphth~uin,;ne annelated pyrrble scaffold was 
1 
oos attempt ;to develop !lrivel ' bNA intercalating agents as }f~, eluCidated heie..lliis result is the ~setulcon!=ept for d!!sign 

\)anti-cance(compou_r\ds~ ~ith }owe: ~rga~ toxidt}'. With _th~ . ·\ of newar{C! more)iC!lve azanaphthoq~inon!! annelated pyr
Jiren;iarkable anti proliferative 'activity of synthesized azanaph- ; .. ; role c!erjvaJives. Ji1oreover, MD, .sin:iulations Jising AMBER 
:thoquinone ;.anneiated _,pyrrole d~~tives, 'a ' :S,t~hurallyi;hi;ogram 'were J)ertorJiiea' to m(;dJI, ~e bin~ii;g bf azanaph
fig~f.sdiffcilq ~f.t!,le~e coi:npo1.1pds .is, appJop!i_atedJ()t 'f,ur- S;,,~~quifK!ne ,aw:ielat~ py~ole d_!!rivativ~s'il' ~e interc<Jla: 
ther development of'novel anti~anci!r agents.·Therefore, in:"", tion .. site"Of the DNA :duplex. .Based on MD.simulations, the 

. the. pre~~(.stutly,3(> Q$.6,R study, lcOMSIA) was.appliea 'on .";• i~foima~on;'iri' temil .o( lfgand:DNA ,'intera.ction: complex 
8';,aza'n~plith<>'.quinone' ar\netated . pyn:ole'';deriyatives .• to . ,Structure: and 'binding . free energy ' was - provided in this 

evaluate .. the ;Structuia1 lrequirernent ' of: these:'cpmi)6unds<- wo,rk Ther~fore; the'. integrated reSlllts ·are. lnfomlative for 
1!:The resulting . CoMSIA model ·is satisfied 'with r',.of 0.99 a _nd -', fuither mooification ':of aZanaphthoquirone"ltnnelated pyr
:cT,.£of.0.6~: The Interpretation 'of C.,,;)SIA eonti>urs~' reveals . ' role Scaffold leading to .gain novel azanapllthoquir,ione ';in- . 
the signific:.lnt importance of.steriC.' eJeCti'ostatic} hydropho-~ ', nefuted' pyrrole Clerivatives µ;)ssessing better aniiprolifera-
b;~: ~nd ~ydr0gen1 accept& ,desCJ;lptors C)n tJk acihilties of ':.• ~ivti,activify. .;~ "; ·r ':::\ - ; , . .. ' , . 

1t~¥l~in~~e ~nri~l~~C! ~~~~f; ~;r"'.~t~!~~e~ar~~~ 2'::.;':~0-c' ;;;::,, . v: :,-~ · · 
eywords: QSAR ·'MD simuJations · 'Antkancer ·Intercalating ageht · Az<,naphthoquinon 
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1 Introduction 

Mitoxantrone displays the important role for fighting a vari
ety of cancers and is widely used as synthetic DNA interca
lating agent [1-3]. However, the fighting of cancer using 
mitoxantrone and related anthraquinone compounds is 
limited by their cardiotoxicity and drug resiStance which 
are the major drawback of these anti-oncer agents [4] . 
With the aim to search for analogs with lower cardiotoxici· 
ty, the new analogs of mitoxantrone were developed lead
ing to discover an aza-anthracene-9, lo-dione [SJ. This com
pound showed a better therapeutic index and lower cardi
otoxicity as compared with mitoxantrone [6] . With the con
tinuous effort to develop novel DNA intercalating agents, 
compounds based on the azanaphthoquinone annelated 
pyrrole scaffold were developed as anti-<:ancer agents [7-
14). The evaluation for cytotoxic activity against different 
human cancer cell lines shows the promising activities of 
azanaphthoqoinone annelated pyrrole derivatives. More
over. lead compounds of this derivative show better anti
proliferative effects than paclitaxel and doxorubicin on mul
tidrug resistant cell lines [9). However, the major drawback 
of these compounds is the easy metabolic cleavage of the 
oxime group (1 OJ. To overcome this disadvantage of aza-

naphthoquinone annelated pyrrole derivatives, compounds 
containing a piperidinyl carbine! instead of the oxime 
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group were developed (10) . The replacement of the oxime 
group with a piperidinyl carbinol could increase the stabili
ty of compounds from the metabolic cleavage. However, 
the series of synthesized compounds containing a piperidin
yl carbinol display only moderate activity (1 OJ. Therefore, 
with an attempt to improve the cytotoxic activity against 
cancer cell lines of azanaphthoquinone annelated pyrrole 
derivatives, a ligand·based design method using 3D QSAR 
approach was employed in this work. The obtained results 
should provide the powerful guideline for designing novel 
and highly effective anti-cancer agents in class of azanaph
thoquinone annelated pyrrole derivatives. Moreover, molec
ular dynamics (MD] simulations using AMBER12 program 
[ 1 SJ were performed to model the binding of azanaphtho
quinone annelated pyrrole derivatives in the intercalation 
site of the DNA duplex fragment, d(CGTACG),. 

2 Methodology 

2.1 Data Sets and Biological Activities 

Twenty-eight azanaphthoquinone annelated pyrrole deriva
tives taken from one laboratory were used in this work to 
ensure that all experimental data were determined under 
consistent assay conditions (9-14] . The general frame of 
these compounds is shown in Figure 1. Chemical structures 
and antiproliferative activities on the human cancer cell 
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N~ R-1 

R 

0 

Figure 1. General frame of azanaphthoquinone annelated pyrrole 
derivatives. 

line of cervical carcinoma (KB/Hela] of azanaphthoquinone 
annelated pyrrole derivatives are listed in Table 1. All chem
ical structures of these compounds were constructed using 
the standard tools available in the program GaussView 3.07 
[16] and were then fully optimized using the HF/3-21G 
method implemented in the Gaussian 03 program [17] . For 
QSAR study, 28 azanaphthoquinone annelated pyrrole de
rivatives were divided into a training set of 24 compounds 
and a test set of 4 compounds for final model development 
and model validation, respectively. The representatives of 
the test set were manually selected and are covering the 
utmost range of activity and structural diversity of com
pounds in the data seL 
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Table 1. Chemical structures and antiproliferative activi ti es oncer
vk:al carcinoma of azanaphthoquinone annelated pyrrole deriva· 
tives. 
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Table 1. (Continued) Table 1. (Continued) 

Compound Structure log (1/IC,.) Compound Structure log (1/IC,.) 
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Table 1. (Continued) 

Compound Structure log (11/C,.J 

25 555 

26 5.68 

27 555 

28 556 

[a) Test set compound. 

2.2 30 QSAR Technique 

CoMSIA (Comparative Molecular Similarity Indices Analysis) 
(18] was used to elucidate the relationship between the 
structures and the activities of azanaphthoquinone annelat
ed pyrrole derivatives. Molecular modeling software of 
SYBYL 8.0 (19] was used to calculate CoMSIA models. The 
molecular alignment for the set up of appropriate CoMSIA 
models was carried out by the SYBYL phanmacophore 
alignment module GALAHAD (Genetic Algorithm with 
Linear Assignment for Hypenmolecular Alignment of Data
sets) (20] . Five CoMSIA similarity index descriptors including 
steric, electrostatic, hydrophobic, hydrogen donor and hy
drogen acceptor fields were derived with the grid spacing 
of 2 A. There are no energy cutoffs for CoMSIA calculations. 
To generate a contour map with prominent molecular fea
tures in the CoMSIA study, an attenuation factor of 03 was 
used. 

To derive a linear relationship between molecular d.;:_ 
scriptors and activities, the partial least square (PLS) ap
proach was employed, in which CoMSIA descriptors were 
set as independent variables and log (1//Cso) values were 
used as dependent variables. The cross-validation was per
fonmed using the leave-<ine-out method with a 2.0 kcaV 
mol column filter to minimize the influence of noisy col
umns. A final non cross-validated analysis with the optimal 
number of components was sequentially performed and 
was then employed to analyze the results. The r2 and q2 
values were used to evaluate the predictive ability of 
CoMSIA models. 

P.Kamsrieta/. 

2.3 MD Simulations 

To obtain accuracy and reliability of the binding mode in
formation, five compounds covering the range of the most 
active to the least active compounds in the series studied 
were selected for MD simulations. Compound 12 is repre· 
sented as the most active compound, whereas compounds 
7 and 22 are representative compounds possessing weak 
inhibitory activities in the dataset. Moreover. compounds 
11 and 15 possessing moderate activities were also select· 
ed. The X-ray crystal structure with the pdb code of 2GB9 
was used as the initial coordinates of d(CGTACG),. The ini
tial coordinates of the selected compounds complexed 
with d(CGTACG), were taken from molecular docking calcu
lations using GOLD Program (21]. AMBER12 using the 
Amber99 force field (22] for DNA duplex and the general 
Amber force field (GAFF) parameters (23] for the selected 
compounds was employed for MD simulations. Each com· 
plex structure was solvated by TIP3 waters (24] in an octa· 
hedral box extending up to 10 A from each solute species, 
d(CGTACG), and the selected compounds. 12 Na + cations 
were added to neutralize the charge of each system. The 
added water molecules and ions in the solvated systems 
were relaxed using the Sander program to relieve bad 
steric interactions. Non-bonded cutoff was set at 1 O A. The 
force of 500.0 kcaVmol was used to restrain the atom posi· 
t ions of all solute species. Thereafter. the whole system was 
minimized without restraint condition. The systems were 
then gradually wanmed up from 0 K to 300 K in the first 20 
ps followed by maintaining the temperature at 300 K in the 
last 1 O ps with 2 fs time steps in a constant volume boun
dary. The solute species in the solvated systems were re· 
strained to their initial coordinates with a weak force con· 
stant of 10 kcaVmol A' during the temperature warming. 
Afterward, the position-restrained dynamics simulation 
using 2 fs time steps through 70 ps at 300 K under the iso· 
baric condition was performed for each system to relax the 
positions of the solvent molecules. In this dynamics run, 
the positions of solute species were restrained with a weak 
force constant of 10 kcal/mol A' during the position-re
strained dynamics simulations. Finally, 20 ns MD simulations 
without the position restraints were performed under the 
same conditions. During the dynamics simulations. a non
bonded cutoff distance of 8 A was applied to handle elec
trostatic interactions in periodk boxes by the Particle Mesh 
Ewald method (25] . The SHAKE method (26] was applied to 
constrain the bond lengths of hydrogen atoms attached to 
heteroatoms. Coordinates and energy outputs during mo
lecular dynamics simulation were printed every 2 ps_ MD 
trajectories were evaluated in tenms of the root mean 
square deviation (RMSO), complex structure and binding 
free energy. 
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2.4 8indin1 Energy Calculation 

The binding free energies of all selected compounds 
bound to d(CGTACG), were calculated using the Molecular 
Mechanics/Poisson-Boltzmann Surface Area method (MM
PBSA method) [27) implemented in AMBER 12 package. In 
this work, SOO snapshots evenly from the last 1 O ns on the 
MD trajectory with an interval of 20 ps were used in the 
MM-PBSA calculations. The binding free energies (6G"""') 
were obtained as shown in Equations 1 and 2. 

6G"""' = G"""-(G,"' + G..,..., ) 

6G..., = t!Jl-T65 

(1) 

(2) 

where G"""' G,., and G .. ..,. are the free energies of the com
plex. DNA and the ligand, respectively. In general, the bind
ing free energy composes of an enthalpic (6H) and an en
tropic contribution (-TAS) . The enthalpic contribution (AH) 
contains the gas-phase molecular mechanics energy (6G...J 
calculated with a sander module and the salvation free 
energy (6G..,) calculated w ith the PBSA program of the 
AMBER suite. 6G- is divided into noncovalent van der 
Waals component (6G-), electrostatic energies compo
nent (6G..,J and bond, angle, dihedral energies (6Gwr). The 
entropy contribution (-T6SJ to the binding free energy 
was estimated using normal-mode analysis with AMBER 
NMDDE module. To save the computational time, 100 snap
shots evenly from the last 10 ns on the MD trajectory with 
an interval of 100 ps were used to estimate the contribu
t ion of the entropy. 

3 Results 

3.1 CoMSIA Models 

The training set chosen contains 24 compounds with activi
ty range from 458 to 8.10 in log(l/!C,., units. Only one 

compound, compound 12, has a high activity value. If it is 
removed from the dataset, the activity range narrows. It is 
important to note that compound 12 shows great influ
ence on the CoMSIA model. Removing this compound 
from the train set results in statistically unsatisfied model 
(unpublished data). Therefore, compound 12 was included 
as the training set in this study. Table 2 lists the statistical 
parameters of CoMSIA models obtained from the PLS anal
ysis. With the highest q2 of 0.65, the CoMSIA model includ
ing steric, electrostatic, hydrophobic and hydrogen accept
or fields was selected as the best CoMSIA model. The con
tribution of steric, electrostatic, hydrophobic and hydrogen 
acceptor fields is 12%, 18%, 42% and 28 %, respectively, in
dicating that the hydrophobic fie ld shows greatest influ
ence on the activity of azanaphthoquinone annelated pyr
role derivatives. The selected CoMSIA model has high 
power to estimate the activities of training set w ith r' of 
0.99 and q2 of 0.65. In order to assess the predictive ability 
of this CoMSIA model, the activities of the test set com
pounds were predicted. Experimental and predicted activi
ties (log(l /IC,.,) for the training set and test set are reported 
in Table 3, while distribution of experimental and predicted 
values for the training and the test sets according to the 
best CoMSIA model is represented in Figure 2. The calculat
ed data of compounds in training set fit well with experi
mental results with error less than 0.1 for all compounds 
and the prediction error for all tested compounds are less 
than 1.0 Therefore, the best CoMSIA model could be uti
lized to predict the activities for new designed azanaphtho
quinone annelated pyrrole derivatives. 

3.2 CoMSIA Contour Maps 

Figures 3 and 4 present the CoMSIA contour maps which 
reveal the influence of steric. electrostatic, hydrophobic 
and hydrogen acceptor fields to the activity of azanaphtho
quinone annelated pyrrole derivatives. Favorable and un
favorable steric regions are represented in green and 

Table 2. Statistical results of various CoMSIA models with different combined fields. q': leave-one-out cross-validated correlation coeffi
cient, r': non-<:ross-validated correlation coefficient. N: optimum number of components. s: standard error of prediction, SEE: standard 
error of estimate, F: F-test value; S: steric field. E: electrostatic field, H: hydrophobic field, 0 : hydrogen donor field, A: hydrogen acceptor 
field. 

CoMSIA model Statistical parameters Fraction 

q' r' N SEE F 

SIE 031 0.89 4 0.73 03 38 44/56 
SIH 0.44 0.96 4 0.66 0.19 101 21f79 
SIA 0.44 0.99 6 0.70 0.08 386 37/63 
SID 0.02 0.38 1 0.81 0.65 14 25(75 
S/EJH Q.61 0.99 6 0.58 0.08 394 14/25/61 
SIEJA 0.61 0.99 6 0.58 0.04 1819 25/30/45 
S/E/D 0.12 0.45 1 0.77 0.61 18 18/27/55 
S/E/H/A'~ 0.65 0.99 6 0.55 0.04 1335 12/18/42/28 
S/E/H/D 0.42 0.99 6 0.71 0.09 316 12/22/S 1 /16 
S/EJHIND 0.54 0.99 6 0.63 0.07 510 9/ 15/33/16/27 

[a] The best CoMSIA model 
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Table 3. Experimental and predkted antiproliferative activi ties of 
compounds in the training set and the test set. 

Compound log (1/IC,.) 

Experimental Predicredlbl Residue 

4.92 4.93 -0.01 
5.92 5.96 - 0.04 
4.92 4.94 - 0.02 

4 6.18 6.18 0.00 
5 6.17 6.13 0.04 
6 6.55 6.57 -0.02 
7'~ 4.45 5.02 -0.57 
8 5.05 5.06 -0.01 
9 4.75 4.77 -0.02 
10 4.67 4.65 0.02 
11 6.61 6.53 0.07 
12 8.10 8.11 -0.01 
13 6.85 6.86 -0.01 
14 5.60 5.63 -0.03 
15 5.73 5.81 - 0.08 
16 5.13 5.17 -0.04 
11•1 5.54 6.30 -0.76 
18"1 5.85 5.06 -0.57 
19 6.1 9 6.17 0.02 
20•1 6.01 5.44 0.57 
21 5.30 5.33 -0.03 
22 4.58 4.53 0.05 
23 5.49 5.52 - 0.03 
24 5.66 5.65 0.01 
25 5.55 5.55 0.00 
26 5.68 5.69 - 0.Ql 
27 5.55 5.49 0.06 
28 5.56 5.52 0.04 

(a] Test set. [b] Calculated by CoMSIA model {S/E/H/ A). 
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Figure 2. Plot of the experimental and predicted activities of the 
training and test sets derived from the best CoMSIA model. 

yellow contours, respectively, while blue and red contours 
indicate the regions which favor positive and negative 
charges, respectively. The magenta and white contours rep
resent the favorable and unfavorable hydrophobic regions, 

P. Kamsri et al. 

respectively. The cyan and orange contours indicate regions 
that favor the hydrogen acceptor group and unfavor hy
drogen acceptor group, respectively. The interpretation of 
CoMSIA contour maps reveals the structural requirement of 
each substituent position in azanaphthoquinone annelated 
pyrrole scaffold helpful for rational design of novel and 
potent azanaphthoquinone annelated pyrrole derivatives. 

3.3 Structural Requirement for the R1 Position 

Among all selected CoMSIA descriptors, a large yellow, con
tour overlapping with a blue contour locate near the R' po
sition shown in Figure 3. These contours suggest that this 
position prefers the small substituent which possesses low 
electron density. This suggestion is supported by all com
pounds presenting the R' substituent as the carbonyl 
oxygen showing the activities above five logarithmic units. 
In particular, the R' substituent of the most active com
pound, compound 12, is the carbonyl oxygen. Therefore. 
the carbonyl oxygen should be optimal substituent for the 
R' position. 

3.4 Structural Requirement for the R' and R' Positions 

The R' position is buried in a large unfavorable hydropho
bic region. white contour, indicating that the hydrophobic 
substituent should be not presented at this position 
(Figure 4). Accordingly, the presence of hydrophobic 
groups at the R' position of compounds 23-28 might be 
one factor responsible for lower activities of these com
pounds as compared to that of compound 12. Additionally, 
a large favorable steric contour locates near the R' position 
(Figure 3a). Therefore, the introduction of bulky substitu
ents possessing hydrophilic properties onto this position 
could enhance the activity of azanaphthoquinone annelat
ed pyrrole derivatives. In case of the R' position, no struc
tural requirement is suggested from the best CoMSIA. Most 
of the compounds in the training set contain the same sub
stituent at the R' position (the CH moiety). Only compound 
28, bearing (aziridine-1-yl)butyl at the R' position, Is differ
ent from those of other compounds. That means the sub
stituent at this position does not significantly contribute to 
the binding affinity of the compounds. As exemplified by 
the comparison of the inhibitory activities c! compound 15 
(R': H, log (1//C,.)=5.73), and that of compound 18 (R': -
CH,cH2NMe,. log (1//Cso)=5.85), the bulkier substituent at
tached to the R' position does not confer to the inhibitory 
activities of both compounds. 

3.S The Structural Requirement for the R4 Position 

As shown in Figure 3, a large green contour corresponds to 
the location of the group attached to the R4 substituent 
However, the tolerated steric requirement of this region is 
shown by a yellow contour located on the opposite side of 
the favorable steric region. It is indicated that steric occu-
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Agure 3. Sterk and electrostatic confours obtained .from ttie best CoMSIA mOdel in combination wltlHre ·mi>St active eompaund (c6m· 
pound 12), (a) .• nd .(b).are the .steric and e~rostatic contours with the·h0rlzontal .and.vertical plane of atlmaphthoquinone annelated pyr· 
role-S(affol4 r~P!!£tive!y: · · 

pancy·With b.ulky . gr,our5 :wotild.· i(ll;rea~ tho:: binding affini· 
ty, buMhe size' of·tfre 'substituent should .be tiptitnum and 
not be 'too.large.Jn addition, a pred6minant feature of hy· 
droP,!li:>bic'. eon~o1ir, mag~ta'. ajea, in the proximity of the 
R4 S!.ib.stitueiit. (figl.!r~4) predii:is 'favorable hydrop~bic 
substitue_n~. The t'eliabilify.,ot'the. s.uggestioos derived from 
the CpMSIA co.ntol.mmaps'.is verified b)i"compound·12, the 
highest aawe compound,. with oplimolri :bulky group aild 
p~ferably h}i'di'bpliobk . proj)eit/ cif 4'lC::H2CHi·pyrrolidine 
substi~lle~t ~t.tadi¥. tci tJ1ei ft4, s(\f?Sljtu'eiit: C>On'l!>Ouf!ds, 
such as comRQunds:j 3.;;l7, .IKQ!PYing· t!>e m;ill R4 · s.ub
stl!Ul!fltte. ·hy9r!?!Jen. atom, ·19Se tQ ftll the b~ikier f'!l!.Ql!l,bl!l: 
region; ,sllowii'lg .iQwer ilie ·activjties<than that ·of.· compound· 
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1~.,.on .the other band, col'OpCfU'r\j:ls ll and 15,.-occupylog 
the R4 substitoent'with too large .substituer\ts, display s1g: 
nificantly reduced biological :actKiities compare(! tO coiri. 
pound '12. Besides, lipophilic substituents iittached to tfie· 
similar position of CO.fl1~unds 't1, 14 '!.~~· 1~ ~r~ .t~ 
reason why tllese .co.mpou_rjd~ l!Xhibit· weak jnhibitory activ
ities compared to that 1>f cori\~liJid 12. 

3.6 Structufal Requiremehtlc!di\e. R~' PO.$l~i9!1 

l)le o.ra11ge con!o11r ·is pl~<;~ n~r-\~ ::it• po@ on ii\dJc~t
i!'.l!J '(hatJ .tl)\s :~~iQn. "d,iSfayq~.{h~·;hy&l.f<>!l~O :;Kq!pt~r sqb
stituent' (F,igure4)_,'Il{is fio<iing: is. s upported by the: .IOwer. 
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(a) • 

(b) 

Figure 4. The hydrophobic and hydrogen acceptor contours ob
tained from the best CoMSlA model in combination with the most 
active compound (compound 12), (a) and (b) are the hydrophobic 
and hydrogen acceptor contours with the horizontal and venical 
plane of azanaphthoquinone annelated pyrrole scaffold, respective
ly. 

activity of compound 21 bearing a nitrogen atom at the R' 
position, as compared to that of compound 19 containing 
the CH group. 

3.7 Structural Requirement for the R' Position 

The orange contour locates near the R' position indicating 
that this position disfavors the hydrogen acceptor substitu
ent (Figure 4). This finding is explaining why compound 20 
bearing a nitrogen atom at the R' position exhibits lower 
potency than compound 13. 

3.8 MD Simulations 

3.8.1 Structural Stability 

In order to investigate the structural stability during MD 
simulations, the RMSDs as a function of the simulation time 

P. Komsri et al. 

of each complex with respect to the starting structure were 
analyzed as shown in Figure 5. The RMSDs of the complex 
structures of the selected compounds, 7, 11 , 12, l S and 22 
bound to d(CGTACGJ, reach the plateau characteristic at 
8 ns, 2 ns, 8 ns, 4 ns and 6 ns, respectively. These results in-

(a) 
5.0 -------------------~ 

;;f 4.0 

0 3.0 i~~~,,~~~~~rJO!~~l}:!tl:~~=~~ ~ 2.0 ~ 
a: 1.0 
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_-D~A ~ll 
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Time(ns) 
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_ 4.0 

~ 3.0 

~ ~o -\M~~~~~~N!!~~~Y;1!!1~~~ 
c:: 1.0 
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Time (ns) 

(e) 

0 4 6 8 10 12 14 16 18 20 
Time (ns) 

Figure S. RMSD plot> for the compound 7(a), 11 (b), 12(c), 1 S(d) 
and 22(e)ld(CGTACG),. 
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dicate that each complex structure reaches an equilibrium 
state after that time. Therefore, the information in terms of 
energy and structure of each system were analyzed over an 
equilibrium state. 

3.8.2 The Binding Free Energy 

To gain quantitative insights into the affinity for binding of 
the azanaphthoquinone derivatives in the intercalation 
binding site, the binding free energies of the selected com
pounds were calculated by the Molecular Mechanics/Pois
son-Boltzmann Surface Area (MM-PBSA) method [27] . The 
comparison between the experimental binding free ener
gies (l!.G_l and the calculated binding free energies (6.Gai) 
of compounds 7, 11, 12, 15 and 22 is shown in Table 4. The 
correlation of experimental /C50 and calculated free binding 
free energy is presented in Figure 6. It is notable that the 
calculated binding free energies of all selected compounds 
are in the correct order as compared with the IC,. values. 
The obtained results could be successfully used to validate 
the MD procedure in this study. This result shows the relia
bility of the MD simulations. 

3.8.3 Structural Analysis 

The binding mode analysis of the selected azanaphthoqui
none annelated pyrrole derivatives/ d(CGTACG), complexes 
started with compound 12 (/C,. = 0.008 µM), which is the 
most active compound of the series studies. Compound 12 
inserts at the C1G2(A)/C5G6(B) of d(CGTACG), as shown in 

Figure 7. The horizontal plane of azanaphthoquinone anne
lated pyrrole scaffold is bound perpendicular to the hori
zontal plane of the CG base pairs. The interactions of aza· 
naphthoquinone annelated pyrrole scaffold of this com
pound and the CG base pairs were observed by n-n stack
ing interactions between quinone and pyrrole moieties 
with the purine and pyrimidine ring of C1G2(A) and 
C5G6(B).Compound 12 display extensively hydrogen bond 
contacts between : (Q the oxygen carbonyl of quinone ring 
at the R1 substituent with CH group of C1(A) and G2(A) de
oxyribose (iQ the CH group at the alkyl group of the R4 sub· 
stituent and NH, group of Cl (A). Notably, compound 12 is 
engaged in an additional hydrogen-n interaction between 
CH of the pyrrolidini-1-yt-<?thyl linker and pyrimidine ring of 
the CS(B). Moreover, hydrophobic interactions of pyrroli
dine ring at the R4 substituent with CS(B) and G6(B) of the 
DNA major groove were observed. The key structural fea
tures derived are in consistence with the CoMSIA interpre
taion. Numerous crucial interactions observed for com
pound 12 should be accounted for displaying the excellent 
binding free energy (-11 .1 kcal/mo!). 

Compounds 11 and 1 S (/C50 = 2.512 and 1.862 µM, re
spectively) are represented as moderate active compounds. 
Figure 8a shows the binding interactions of compound 11 
bound to C1G2(A)/CSG6(B) of d(CGTACG),. Compound 11 is 
parallel to the long axes of the CG base pairs duplex to 
form the n-:n: stacking interaction with pyrimidine and 
purine rings of cytosine and guanine, respectively. The R4 

substituent protrude into the major groove of the DNA 
duplex with C1G2(A). Compound 11 could form· hydrogen 

Table 4. The llG_ and '1Ga1 of the seleaed azanaphthoquinone derivatives bound to d(CG1ACG),. 

Cpd. IC,. (!'Ml llH -TM l>G"' l>G-"' 

7 35.481 -20.0 16.5 -3.5 -6.1 
22 26.282 -25.8 20.4 -5.4 -6.3 
15 1.862 -223 15.9 -6.4 -7.8 
11 0.245 -22.9 15.5 -7.4 -9.0 
12 0.008 -25.0 16.3 -8.7 - 11.1 

(a] derlved from llG=!fr ln[activity), where activity Is the antiproliferative activity of compounds 7, 22, 15, 11 and 12 on cervical carcinoma 
expressed in IC,. [13). R represents the gas constant (1 .988 caVmol K), T represents the temperature (300 K). 
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Agure 6. Correlation of experimental IC50 and calculated free binding free energy using MM-l'BSA method 
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Figure 7 . The structure or compound 12/d{CGTACG)1 complex averaged over the last 5 ns of the simulation time. For clarity, onty the struc
ture in the intercalating part, C1G2(Al/C5G6(8) is shown. Carbon atoms of DNA are colored by gray. Carbon atoms of compound 12 are col
ored by yellow. H-bond are colored in red. Hydrogen-n is colored in green. 

bond interaaions between : (0 the CH group of methyl 
linker at the R4 substituent with oxygen carbonyl of Cl (A) 
CiO the oxygen ether group of oxirane ring at the R4 sub
stituent with pyrimidine ring of Cl(A) (iiO the CH group at 
chiral carbon of oxirane ring at the R4 substituent and ni
trogen atom of G2(A). However, any hydrogen-n interaC1ion 
and hydrophobic interaC1ions concerning the R4 substitu
ent with the base pairs of the DNA duplex are missing. This 
is the appropriate explanation why compound 11 exhibited 
lower inhibitory aaivity compared to compound 12. 

The binding interaC1ions of compound 15 bound to of 
d(CGTACG), is presented in Figure Sb. The azanaphthoqui
none annelated pyrrole scaffold of compound 15 interact 
with C1 C2(A}/CSG6(B) in the intercalation binding site of 
d(CGTACG), are similar to that of compound 12 The aza
naphthoquinone annelated pyrrole axes of these com
pounds are perpendicular to the long axes of the CG base 
pairs Therefore, the scaffold of compound 15 inserts in the 
CG steps of the DNA duplex to form the n-n stacking inter
aaions between quinone and pyrrole moieties with the 
purine and pyrimidine ring. Only two hydrogen bond inter
aC1ions between the CH of butyl linker at the R4 substituent 
of compound 15 and the nitrogen atom of purine base 
G6(B) were observed. Similar to compound 11 , any hydro
gen--;,: interaction and hydrophobic interactions concern
ing the R4 substituent with the base pairs of the DNA 
duplex were observed. Moreover, the conformation of the 
DNA helix strand of compound 15/d(CGTACGJ, complex 
was significantly changed. The number and the quality of 
interaaions between the R4 substituent and base pairs of 
the DNA duplex decreased could explain their moderate to 
weak inhibitory aaivities of compounds 11 and 15 com
pared to that of compound 12 

Compounds 22 and 7 (/C50 = 26.282 µM and 35.481 µM, 
respectively), are representative compounds possessing 
weak inhibitory activities in this analogues. Interestingly, 
the chemical structure of compound 22 is highly similar to 
that of compound 12, the most active compound, except 
the the steric hindrance of the R' substituent. To investi
gate the effect of the R 1 substituent on the inhibitory activ
ities of the compounds, the binding mode of compound 
22/ d(CGTACG), was compared to that of compound 12. In 
contrary, the horizontal plane of azanaphthoquinone anne
lated pyrrole scaffold of compound 22 is parallel only to 
the horizontal plane of the CS(B)G2(A) base pair (Figure 9a). 

The CH2CH,-pyrrolidine side chain at the R4 position of 
this compound protrudes into the minor groove of the 
DNA duplex. whereas bulky substituent, -NNHCH 2CH,NMe, 
group, at the R' position protrudes into the major groove. 
Because of the Insertion of compound 22, bearing too 
bulky substituent at the R1 substituent, the hydrogen 
bonds between the Cl (A) base and the G6(B) base were 
broken leading to open up of the Cl (A)G6(B) base pair of 
the DNA duplex. The broken base pair results in the loss of 
the n-:c interactions between the azanaphthoquinone an
nelated pyrrole scaffold and the CG base pairs of com
pound 22. In case of compound 7, the least active com
pound in the dataset which containing bulky substituent at 
the R' substituent. the binding mode of compound 7 / 
d(CGTACG), complex is similar to that of compound 22 
(Figure 9b). The C1 (A)G6(B) base pair is opened up because 
of the insertion of compound 7. This finding explains why 
compounds 22 and 7 display poor binding free energy 
(-63 kcal/mol and -35 kcal/mo!, respectively), as com
pared to that of compound 12 (-11.1 kcal/mol). Therefore, 
these obtained results imply that the presence of bulky 
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(a) 

Flg'uni.8. :the 'structure of-com.pound 11/d(CGTACG),.com'pleic:(a) arid compound' 15/d(CGTACG), complex (b)' averaged over .last 5 ns.of 
th<!'sim4\ati0h time:· Fdrdarity; only:the .structure in the ·lnt~·realating part; .C:JGZ(A)/CSG.6(8) Is shown. CarbOn ·atoms Of DNA are·coloreil ·by 
,gray. carbon,::~toms qf COfTll'<!urid ·11 are color<!<! by pink. Carbon atoms of c0mpound 15 are colored by orange. H-bood 're colored rn 
re<;j; 

su~titu'ents at both R1 and. R" positions such as com
pounds 7 ·:and 22· diminishes the binding affinity .of aza
,naphtl}oq11inorie annelateq py(Tole derivativ~s in ~he .. CG 
step qf. Df;lA. duplex. Tl:iere ilnalyses are in well. consi~el)c:e 
wit!:\ Jhe, CQM'SIA ,s11ggestiQI) that:"tbe smali subsjj't1.1ent .is 
preferred fcir·the·R1 'positiori. 

3.8.4 A Con:ipPilsOn Betwttn. tlie CoM.SIA Model ·and,MO 

'AnaJYsd· 
hvor.der to· Yeri\Y. 'the cor{espP,ndence of the structural. -re
qllirements··derived ·from the ·3D-OSAR model with "the-MD 
analysis;. the· CoMSIA contour maps were supeiimp0'5e0 to 
i™( eq_tiil!btiuQ:i .MP conf#atiqn Q.f compoufid t2 sJ:i~fl 
in;'.F'igJ.!re ;o: lJie Cp~IA •i!Jld .~D .. an~lyses clearly.-in?icate 
,\~ s(m'ii;ir :~u9gesffons".fgr ~lte0lmwrtance· of-~~ It.hub• 
«.tituehtHo'-enhance tiil!tinbibitciry acthritil!S ~f'compounds 

in the dataset As -previously discussed,. the orientation of 
bulk)' an'd hydrophobically favored substittients of the R4 

~ltion, . 6o~n.d ,il)tO the Qiise pairs .of the DNA. duple~ is 
one ofthe' key,charJ!cteristics. of the compo4rJCi. Tf:ie steri.c 
contour•.inap, bjgt\'ii9hts,:thc . importance of'.Jluiky's11bstitu
ent cit- the 'pyrfcilidini-1 ' Yk!t11.yi. gri>up at the R' position 
which cotild 'be involved in hydrog,eri ,bond interaction ahd 
hydrogei'i'-n· :·inte.r;action. with the key DNA base paJrs, 
shown -in ,Figure•lOa. A~ , shown· in Fig,ure lob; the l)y_dro
phobtc.:map poin~s .out the beneficial pres!mce .<.of:-the .hy
drophobie-substituents at -the -R' position, enhancin,g hy
drophobic ·contacts with C5(B) •and ·G6(B) of the DNA majcir 
groove_ Moreover; an unfavorable steric contour foeated in 
ti;te vic.inity df the R1 positioi) proves to match .With the 
binding $~ettopol"9Y. by-.represen~ing -smafl :5.u!>st~e,n~ Le. 

· 1h4!_.q_~nyj ·grpqp. as.:s!lown in c0,mpound :1.Z-Satiif.iqory 
agreeml!nt obtained froni 'the CoMSIA model arid MD'canll~. 
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Figure 9. The structure of compound 22/d(CGTACG), complex (a) and compound 7 /d(CGTACG), complex (b) averaged over last S ns of the 
slniula!ion time. For clarity, only the structure In the interc:.alating part C1G2(A)ICSG6(8) is shown. Carbon atoms of ONA are colored bY : 
gray. Carbon atoms of compound 22 are colored by cyan. Carbon atoms of compound 7 are colored by green. 

yses may provide insight into crucial structural features ef
fecting ligand receptor interactions and their binding affini
ties and thus can provide guideline for novel inhibitor 
design of azanaphthoquinone annelated pyrrole derivatives 
possessing better antiproliferative activity. 

4 Conclusions 

The CoMSIA model based on pharmacophore alignment 
has high power to predict the activities of azanaphthoqui
none annelated pyrrole derivatives with t2 of 0.99 and q2 of 
0.65. By the interpretation of CoMSIA contour maps, the 
key structural elements required for a better antiprolifera-
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Aguie 1.0. -Supe<impo~ition of th¢ -a~!'39e ~are-:f~!'):.il:,.;/~!t ~ QS of the ~Q simulation <i;>olJ.d and stkkJ and iHe CoMSIA steric (a). 
al)d l)ydrop~bic c~tour (b): f.9r d;ai.ity. OQ.ly the. st{U<;tY!e. In ~". iritercala~ing ~rt· Ci1G7!!')/CsG6(8) \stick).[s shoW!l. Carbon atoms-of 
DNA .are ccilore<l,by ii!jht blue'. CarbOn atoin~ of~~mPi>Und '12 are colored by a'tom ~Sterically favore\l"iteiic areas· are represented by 
g·reen 'and disfavored steric areaS ,lre repfesenteil;f)y·yelloW,·HY<frophobically favored areas·afe·represented li'y magenta and disfavored hy
droptiobic areas are represente_d·by white.. 

tiye actlv\ty of azan!IP,hm.ogu.i•Jo.i:\!" a,rir,ie!ateclJ>ytjple cl¢riv~ 
atives· w¢~e clearly ·:eluci~ategJor. s!x ~4~st!fuel)(.P.Q~ltiqf\s.· 
Qo ··~naphf~ull)91)~ anne'l~ted P,Y.rr<>ie ~ilrfQfcL~pre:
ovet.-ME?. simolatloll$'· usiilg: .AMB!;Bl2 pr.Odram 11\ie(!f .soc;; 
cesstul 1tb JnOdel the '.reliabll!-biooingtmcldJ!tsf·azaiiaplltn<r. 
qufnone ·annelated pyiToJe: deiiVathies' iii :i'be 'CG. Siep· of 
~(~Gf~C~,t- ~,I) ii'a_;e(:tor)t a,nal~iS' i(i ~term$; !_?"f C'~J?!elS 
structul'!l and bi.nd,ing l(ee~~rgy prQxii:l~nlll!,!iWfiht lnto 
the ~ar.i19anci-ONA '1ntera4_i(?n··ai:rdi flie, ~~' stiµ~u.ral 
feature•fawrable foi bindil'.\!1 affiriify"ofatanap/\'.thoquinone 

annelat~ .. p)'Jro_le _deriyati1f.eS jn t~e intercalation site of 
ON~ d_uplex: '. farthermore,. ~11e · fin~ing obtajne.d from MD 
.simoliiticms -ls sµpport:¢!1" t.o, ~llie C1:i~SI/\ .gaidelin-e fQr· de
slgning/n¢w'~mp'9undsi:with-the·-'imp,roved .acti\.1\y. lhere

'fdre;'.the. combined results obtaine<Nrom·thiS'. study"51iould 
' facilitate . the· fuftlier in6dificatfoh of aiana~hthciquinone 
ann~te{:I' j>yfi'Qle'_:~~affo(d WW.~icl fu : ge't::i~fe , n9v~I ONA 
ii;iterql~ti_ng -;ag_ents as =aJ)Q·qncer ·compq.un.!ls in i;lass of 
azani\Ji.lith'pqulnone annelat~ pyrrole. derivatilles with im
prove<Hnhibition potenfy, target stilectiVity and .specificity. 
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