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ABSTRACT

Pneumonia continues to pose serious threats to world health mainly due to the 

emergence and spread of drug resistant strains. The advent of Computer aided drug 

designing and discovery leads to the betterment of mankind by the amalgamation of 

science and technology. More over it holds the promise to unlock the mysteries of 

disease mechanism and its cure. Ligand-based pharmacophore modeling is carried 

out on a set of 10 compounds and the standard drug Trimethoprim that were 

superimposed and merged into single pharmacophore showing three common 

features: one aromatic volume, two hydrogen bond acceptor and two hydrogen 

bond donors. The pharmacophore triangle is determined using the In-silico 

approaches. Molecular docking was brought in to use to determine the Lead 

compound as the P.carinii dihydrofolate reductase inhibitor. AutoDock Vina was 

used for docking studies of data set and the target protein used was PDB ID: IDYR. 

However VMD was employed to identify the binding interactions of the active 

confonnations of the ligands and the target protein. Lead compound revealed strong 

ligand-protein interaction which includes 7 ionic and 19 hydrogen bonds 

interactions. Four analogues of the lead compound were designed and they were 

also docked in order to predict their bioactivity. Quantitative structure-activity 

relationship was established in order to attain the information useful for the design 

of new compounds acting on a specific target. The activity parameter used in the 

QSAR analysis is the IC-50 Value. The correlation reveals that Critical volume 

(CV), Molar refractivity (MR) and Log? proved to be good descriptors for the 

activity. This research study revealed novel anti P.carinii agents for clinical trials.
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1. Introduction

The fungal opportunistic infection, Pneumocystis carinii pneumonia (PCP) is a major 

area of research and thus requires consistent efforts for further clinical investigations. 

PCP remains a major cause of morbidity and mortality throughout the world among 

patients with compromised immune systems and as a result PCP remains a leading 

AIDS (Acquired Immune Deficiency Syndrome) defining opportunistic infection in 

Human Immunodeficiency Virus (HIV) infected individuals.

PCP has remained the point of interest for the research hub since its identification and 

the major reason behind its selection is that Pneumocystis has several unique features 

that have proven Pneumocystis study to be exciting but quite difficult in part due to 

the limitation that it cannot be reliably cultured outside the host lungs. Secondly the 

organism’s source in nature has not been identified, as a result the question regarding 

its transmission has remained difficult to examine. Thirdly the organism is host 

specific however the mechanisms that are responsible for its specificity have not been 

elucidated extensively. Lastly this t>'pe of infection is essentially limited to lungs at all 

times but it has also been revealed that the characteristics of the host that allow 

progression of the infection are not understood completely. The life cycle of 

Pneumocystis carinii is also not understood completely. The development and 

application of various molecular techniques made over the past several years has 

helped in understanding the organism and the disease, in order to achieve significant 

advances (Huang et al., 2006).

The selection of Dihydrofolate reductase (DHFR) as a drug target for the cure of PCP 

is based on the fact that DHFR is considered to be a key enzyme in'terms of treatment 

and has been successfully used as a target against a variety of pathogenic



microorganisms to aid the process of antimicrobial drug discovery. DHFR has the 

potential to be used in the treatment of Pneumocystosis. The use of DHFR inhibitors 

in this study as a research issue is significant in the sense, that it is the one of the best 

known drug type for folic acid synthesis inhibition and yet this type of information is 

important in developing new forms of therapy to cure PCP (Da Cunha et ai, 2010). 

There are few Food and Drug Administration (FDA) approved drugs available for the 

cure of PCP as the first and second line treatment namely Trimethoprim, 

Sulfamethoxazole, Dapsone, Atovaquone and Pentimidine. Trimethoprim is a DHFR 

inhibitor, but if the worldwide trends are brought into consideration it is obvious that 

there exists a strong need for the identification of new potent compounds that possess 

important drug features including effectiveness, selectivity and efficiency in order to 

act as a potential drug.

Using the Computer aided drug design (CADD) or in-silico drug designing 

approaches the identification of a novel drug for the treatment of Pneumocystis carinii 

Pneumonia is promised to be developed in short time span. Research is conducted 

with the sole purpose to identify a lead compound that possesses the potential to act as 

candidate Pneumocystis carinii DHFR inhibitor. This can be achieved by the 

involvement of the in-silico techniques by reducing the time required to develop new 

drugs mainly focusing on drug bioavaiIabiIit>' by increasing binding interactions. In 

the present study, the research was focused on deciphering the following areas:

• in this research study phanmacophore models are generated by extracting 

information from various anti PCP compounds included in the data set, as yet 

not much focus has been laid on pharmacophore mode! identification for 

Pneumocystis carinii DHFR inhibitors thus it will serve as a valuable



contribution.

• Moreover, a protocol is designed to aid tiie in-silico drug development by 

including approaciies such as pharmacophore modeling, molecular docking 

and quantitative structure activity relationship (QSAR) for the identification of 

potential lead compound followed by the analogue design using the lead to 

discover the next potential drug candidates.

• 2D QSAR analysis was also perfonned by calculating the molecular 

descriptors. The correlation was determined which helped in finding a 

relationship between a biological activity and pharmacological descriptors.

• The effectiveness of the research work can be justified, since the most active 

compound the lead was identified that was involved in a greater number of 

binding interactions which enhanced the therapeutic ability. The research 

study conducted would prove to be an extremely valuable and helpful source 

for the cure of Pmiuuocystsis caritiii Pneumonia by increasing the binding 

interactions and the bioavailability of the lead compound.
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2. Literature Review

Disease, a harmful deviation from normal structural or functional state can have 

highly devastating effects if it remains untreated. The advancements in science and 

technology have a great impact on the society when it comes to medicine and issues 

related to the health of humanity. Devising a cure for a particular disease is not an 

easy task since it requires consistent efforts for the amalgamation of modem science 

and technology. However it carmot be denied that Pneumonia continues to represent a 

major threat to \vorld health and it is one of the m^or causes of childhood mortality, 

as a consequence of which the World Health Organization (WHO) and the United 

Nations Children’s Fund (UNICEF) have identified it as the major “forgotten killer of 

children”. According to the statistics provided by WHO, almost 99.9% of childhood 

deaths due to pneumonia occur in developing and least developed countries, with a 

ma.\imum death toll of 1022 000 cases per annum in sub-Saharan Afhca followed by 

a death toll of 702000 cases per annum in South Asia However considering all the 

deaths caused by pneimionia about 47.7% occur in the least developed countries 

(Madhi et al, 2008). The mortality rate however decreases with age until adulthood 

but the elderly individuals are at greater risk of pneumonia. The WHO estimates show 

that one in three newborn infant deaths are due to the onset of pneumonia (Garenne et 

al., 1992).

The HIV epidemic has also contributed largely to the increase in incidence and 

childhood mortality fi'om pneumonia in the recent years. The bacterial infection 

remains a main cause of childhood inortalit>' in children with the incidence of
■ ?

pneumonia and HIV both, but in the case of HIV infected children other pathogens 

ialso exist including the pathogen Pneumocystis jiroveci (Rudan et al, 2008). Figure



2.1 demonstrates the Global distribution of Acute Respiratory Infections including 

pneumonia and influenza both.

According to the Annual Report of Infectious Disease Epidemiology Sections (2004) 

from the Louisiana Office of Public Health, Pneumonia is particularly caused by a 

wide number of infections including the viral, bacterial and fungal infections. The 

viral agents that, are capable of causing pneumonia commonly are the respiratory 

syncytial virus, adenoviruses, influenza viruses and the parainfluenza viruses. 

However the bacterial agents including Haemophilus influenza type B, Streptococcus 

pneumoniae. Streptococcus pyogenes. Staphylococcus aureus, Klebsiella pneumonia, 

Neisseria meningitides can cause pneumonia. Moreover other organisms, including 

Escherichia coli are less commonly considered as causes of pneumonia. However the 

pathogen P.carm/7 is a major cause of pneumonia in immunosuppressed hosts.

2.1 Pneumocystis Carinii Pneumonia

The fungal opportunistic infection, Pneumocystis Carinii Pneumonia (PCP) is caused 

by the pathogen Pneumocystis jirovecii that is formerly Icnown Pneumocystis carinii 

(Redhead et al, 2006; Hawksworth et ai, 2007). The opportunistic pathogen, 

Pneumocytis carinii causes an interstitial pneumonia. A lethal type of pneumonia is 

caused by the organism P.carinii in immunosuppressed hosts especially in AIDS 

patients (Cushion, 1994). PCP also targets other patients such as those undergoing 

organ and bone marrow transplants, cancer therapies and possessing a weak and 

compromised immune system ;(Fishman, 1998). Originally, this disease was

associated to premature and marasmic infants, but now it is being reported in
t . >
immunosuppressed and immunodeficient patients with an increasing frequency 

(Goodell et al., 1970; Hughes et al, 1973). The primary mode of transmission is the



respiratory route that has been documented in the animal studies however it is 

unknown in case of humans thus the respiratory route is likely to be important 

(Cushion, 1994). Pneumocystis pneumonia patients have fewer pneumocystis 

organisms in their lungs but possess a greater number of neutrophils as compared to 

patients with AIDs who have pneumocystis pneumonia (Limper et al, 1989). In case 

of patients with the onset of AIDs, pneumocystis pneumonia occurs \\^en the T- 

helper cell count (CD4+) becomes less than 200 cells per cubic millimeter (Phair et 

al., 1990; MasMi et al., 2002).

2.2 Biology and epidemiology of P.carinii

2.2.1 Historical perspective

In terms of a historical perspective P.carinii was first identified by Chagas (Chagas, 

1909) and Carinii (Carini, 1910) in trypanosome-infected lungs of animals in the 

years 1909 and 1910, who thought that it was a form of trypanosome. However three 

years later it was reported that the organism was quiet distinct fi*om trypanosome 

hence the genus Pneumocystis was chosen by Delanoe and Delanoe which was 

descriptive enough of the form of the microbe possessing small but highly refractive 

and densely staining spherical cyst form (Delanoe and Delanoe, 1912). However it 

was named in honor of Carinii after being recognized as a new genus by Delanoe and 

Delanoe in the year in 1912. The organism P.carinii^ for nearly 50 years has been 

recognized as a human pathogen (Kovacs et al.. 1984). During the 1970s, P.carinii 

was thought to be a protozoan but its molecular studies have helped in its 

reclassification as a fungus (Edman etal, 1988).



2.2.2 Incidence of PCP

Pneumocystis pneumonia is a major cause of morbidity and mortality among patients 

with suppressed and weak immune systems (Huang et al., 2006). However the 

individuals with impaired immune systems are at a greater risk of Pneumocystis 

pneumonia. The incidence of pneumocystis infection has increased dramatically in the 

developing countries with mortality rates in the range of 20% to 80% (Fisk et al,

2003). As far as the mortality rate among the non-HIV patients with the onset of 

pneumocystis pneumonia is considered, it remains 30% to 60% depending on the 

population at risk, since the patients with cancer are at a greater risk of death as 

compared to the patients undergoing transplantation or those suffering from 

connective-tissue disease (Pareja etal, 1998; Sepkowitz, 2002).

2.2.3 Host specificity

Molecular as well as immunologic studies have revealed that there are multiple 

Pxarinii strains that are unique to single host specie in terms of causing infection 

(Kovacs et al, 1989; Stringer, 1996). Amongst many different types of Pneumocystis 

organisms some show sufficient differences to be declared as separate species. The P. 

carimi isolates obtained from different host species indicate that they differ both 

phenotypically and genetically. The variation of phenotypic characteristics among the 

Pxarinii organisms includes factors such as (i) host species specificity, (ii) 

electrophoretic mobility of enzymes, (iii) antigens, and (iv) morphology (Stringer, 

1996).

2.2.4 Genome of P.

The genome of Pxarinii that infects rats has been identified to be about 7.7 Mb in 

size, and consists of 13 to 15 linear chromosomes that range in size from 300 to 700



kb. Amongst the genes identified to date most gaies are found to have numerous short 

introns (Thomas et al, 1999). Pneumocystis Genome Project (PGP) has resulted in 

the identification of new targets however the sequaice of mitochondrial genome has 

shown implications for its use as a potential target for future therapies. The ther^ies 

including agents targeted to gene products within the Pneumocystis mitochondrion 

have already been shown to be effective including the use of drug atovaquone' 

(Sesterhenn et al, 2006). In order to explore and Identify Pneumocystis gene function 

an active Pneumocystis genome project exists which will highlight the homologies 

between Pneumocystis to infer gene fUnctioa

2.2.5 Proposed Cell cycle of Pneumocystis

In the 1970s P.carinii could not be cultured as a result of which the life cycle of the 

organism was unknown and the metabolism of the organism was also poorly 

understood. The life cycle remains unknown currently, however some recent reports 

show a greater degree of success which is encouraging in this particular area (Merali 

et al, 1999). The advances in having a better understanding of the metabolism have 

been aclueved by the application of molecular biology approaches (Kovacs et al, 

2001). Currently it is not possible to propagate pneumocystis in culture media outside 

the infected host, because of this limitation heterologous expression in related fungi is 

brought into use to perform the fimctional analysis regarding the pneumocystis cell 

cycle and of signal-transduction molecules. The signal-transduction cascades for the 

regulation of cellular responses in fungi including the responses for mating, 

filamentous growth, environmental stress and cell-wall integritN̂  make use of mitogen- 

activated protein kinase. The mitogen-activated protein kinases identified in 

pneumocystis are found to be homologous to the ones that are found in mating and



cell wall integrity pathways (Fox and Smulian, 1999; Vohra et al., 2003). Because of 

the difficulties with in vitro culturing the life cycle of Pneumocystis is found to 

consist of a trophic form, a precystic form, and a cystic form that have been identified 

with the aid of morphologic criteria (Huang et al, 2006).

In fact the life cycle of pneumocystis is very complex as several forms are observed 

after the progression of infection. Figure 2.2 shows the proposed life cycle of 

P.carinii. During the infection stage the trophic forms are more abundant as compared 

to cysts usually in a ratio 9:1. During the norma! growth majority of the trophic forms 

are thought to be haploid along with a small fraction that is diploid. The electron 

micrograph in the panel A shows a trophic form. This form is tightly adherent to the
J

alveolar epithelium by apposition of its cell membrane with the cell membrane of the 

host. The electron micrograph panel B shows that trophic forms attach to one another 

as a result of which clusters of clumped trophic forms are witnessed during infection. 

The events that lead to the formation of the cyst that is shown in electron micrograph 

panel C are unclear but it is hypothesized that the trophic forms conjugate and mature 

into cysts which on maturation contains two, four or eight nuclei (Thomas and 

Limper, 2004). The infection is established when the pneumocystis trophic forms 

adhere to the alveolar epithelium tightly. Specific signaling pathways in the organisms 

are activated when the pneumocystis binds to lung epithelial cells including gene 

encoding PCSTE20 kinase which involves in signaling responses in fungal organisms 

for the mating and proliferation (Kottom et al, 2003). Other signaling molecules that 

have been identified so far include the receptors such as the putative pheromone, 

along with the transcription factors and the heterotrimeric G-protein subunit (Smulian 

et al, 1996; Vohra et al, 2003).



2.3 Clinical features of Pneumocystis Pneumonia

Clinical investigations reveal that a clinically apparent pneumonia is witnessed in 

patients with suppressed immune systems. PCPs clinical finding suggest that it is 

characterized by symptoms such as fever, shortness of breath, other symptoms include 

substemal tightness and a nonproductive cough. However the symptoms can be mild 

and progressing slowly specially in the case of HIV-infected patiaits, which is a 

major cause of delay in diagnosis (Kovacs et al, 1984). Pneumocystis pneumonia 

patients without the incidence of AIDs typically show an onset of respiratory 

insufficiency that is abrupt which may correlate to a narrow or increased dosage of 

immunosuppressant medications (Sepkowitz et ai, 1992; Yale and Limper, 1996). 

PCP appears with the onset of common symptoms including suffering from low-grade 

fever and the onset of the subtle progressive dyspnea. Pneumothorax can develop that 

can be indicated by acute dyspnea with pleuritic chest pain (Thomas and Limper, 

2004).

2.4 Drug targets for PCP

The possible target enzymes due to their therapeutic importance have been cloned, 

sequenced and characterized. These include the genes encoding the drug targets of 

sulfamethoxazole and trimethoprim, the dihydropteroate synthase (DHPS) and 

dihydrofolate reductase (DHFR) (Edman et al., 1989; Volpe etai, 1993). More recent 

research studies have idailified that Pneumocystis contains a set of several specific 

enzymes including the DHFR (Allegra el al, 1987; Kovacs et al. 1990), thymidylate

synthase (Edman et al, 1989), DHPS (Kovacs et al, 1989), ornithine decarboxylase
i

(Lipschick et al, 1991), topoisomerase (Dykstra et al, 1991) and P-1, 3-glucan 

synthetase (Schmatz et al, 1990) can be used as the possible drug targets. Due to the



immense importance of DHFR as a drug target in the treatment of PCP, pcDHFR was 

selected as the target protein in this particular study.

2.5 Role of DHFR

Since the 1960s DHFR had been recognized and selected as a valid drug target with 

the successful discovery of methotrexate (Bertino, 1993). DHFR is a ubiquitous 

enzyme that catalyzes the reduction process of dihydrofolate to tetrahydrofolate in the 

presence of nicotine adenine dinucleotide phosphate (NADPH) as a co-factor. This 

process yields reduced folates that are capable of functioning as carbon carriers in the 

biosynthesis of nucleotides and amino acids which are essential for cell proliferatioa 

Thus if inhibition of DHFR is carried out, it leads to limitations in cell growth and 

division. This reason accounts for the use of DHFR inhibitors as cytostatic agents in 

cancer therapy.

The importance of DHFR cannot be neglected since it is a key enzyme in the 

treatment of Pneimiocystosis, Its role is to reduce 7, 8-dihydrofolate (DHF) to 5, 6, 7, 

8-tetrahydrofolate (THF) with the aid of the cofactor nicotinamide adenine phosphate 

(NADPH) in the thymidine biosynthesis as represented in Figure 2.3. After the 

process of reduction, regeneration of 5, 10-methyl ene-tetrahydrofolate is catalysed by 

serine hydroxyl methyl transferase (SHMT) and methylation of deo^^ridine 

monophosphate (dUMP) to give deoxythymidylate (dTMP) in a reaction catalysed by 

thymidylate synthase (TS) occurs. This reaction causes the conversion of methylene- 

tetrahydrofolate back to dihydrofolate, thus completing the cycle (Da Cunha et al, 

2010). Therefore, the entire proems results in the inhibition of DHFR preventing the
I 5

biosynthesis of thymidine and, as a result the inhibition of DNA biosynthesis (Da 

Cunha 2005).
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2.6 Structure of pcDHFR

Comparing the structures of the fungal enzymes from C glabrata and P. carinii 

reveal that they are very similar to each other and a superimposition with a root mean 

square deviation (RMSD) of 3.6 A over the 161 C-a atoms is shown. The residues 

composing the active site exhibit a greater degree of structural similarity thus 

highlighting the similarity between the two enzymes. The cgDHFR and pcDHFR 

differ by only one residue, located at Met33 in the cgDHFR and Ile33 in case of 

pcDHFR On the basis of the active site similarity and appeared fit of the lead to the 

pcDHFR after the docking, the results show that the propargyl-linked antifolates are 

more likely to act as the effective inhibitors. The key loop at the active site maintains 

the same position and conformation in both enzymes and the residues Pro 66 to Phe 

69 are observed (Liu et al, 2008). Figure 2.4 demonstrates the structures of both 

enzymes the cgDHFR presented in black and pcDHFR shown in gray bound to 

antifolates and NADPH. The ligands are shown in stick form.

In this study the structure of pcDHFR with PDB ID: 1DYR with a resolution of 1.9 A 

was selected (Champness et al, 1994). John and coworkers solved the structure of 

pcDHFR composed of 206 amino acids with reduced NADPH and trimethoprim and 

the pcDHFR ribbon diagram is shown in Figure 2.5, The structures are helpful to 

show the interactions of two drugs with the fimgal DFHR (Champness et al, 1994). 

However other pcDHFR structures have also been solved to date.

2.7 Importance of DHFR

The human and pathogen forms of DHFR reveal several critical differences in terms 

of their sequence, fortunately as a comequence of this it has been possible to design 

antifolates that are species selective fbr the treatment of infectious diseases including



the urinary tract infections, toxoplasmosis and malaria (Liu et al. 2008). DHFR has 

been more prominently selected as a pharmacologic target and the protein chemists 

are attracted towards the study of DHFR enzyme structure/function relationships 

mainly because of two reasons, firstly due to its small size (18-22 kDa) and secondly 

due to the availability of purified enzyme. For molecular biologists it has immense 

importance as a model for gene amplification studies and in terms of gene transfer 

studies it can be used as a selectable marker (Schweitzer et al, 1990). DHFR 

inhibitors can be used in several other disease conditions including rheumatoid 

arthritis (Bannwarth et al, 1994), inflammatory bowel diseases (Peppercorn, 1990),

psoriasis (Weinstein and Frost, 1971) and asthma (Mullarkey et al, 1988). In addition
1

to its application in the above mentioned diseases DHFR has the potential to be used 

as an effective target protein to combat infectious diseases (Queener, 1995).

2.8 DHFR Inhibitors

Some anti-pneumocystis drugs have a well-established mechanism of action. 

However in vitro DHFR inhibition can be achieved by Trimethoprim, pyrimethamine, 

methotrextate along with other investigational agents including piritrexim and 

trimetrexate (Allegra et al, 1987). An important class of therapeutic compounds is the 

folate antagonists, which is evident from their usage as antineoplastic, anti-infective 

and anti-inflammatory drugs. Thus it is evident that all drugs that are clinically useful 

belonging to this class have been inhibitors of DHFR. The folic acid inhibitors have a 

major role in PCPs treatment. Major focus has been placed on the use of inhibitors of 

pcDHFR primarily trimethoprim that is being used in combination with a sulfonamide 

mainly sulfamethoxazole (Hughes et al, 1974; Kluge et al, 1978; Winston et al, 

1980; Siegel e/fl/., 1984; D‘Antonio a/., 1986).



Figure 23: Role of DHFR in the synthesis of thymine (Da Cunha et al, 2010) 
i
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Figure 2.4: The structures of cgDHFR shown in black and pcDHFR represented in 

gray bound to antifolates and NADPH sho%vTi in stick form (Liu et ai, 2008)



Other DHFR inhibitors have also been employed into use for the treatment of clinical 

and experimental pneumocystosis which include inhibitors such as pyrimethamine, 

tetroxoprim, pitrexim, and trimetrexate, sulfonamides and sulfones including the 

sulfadiazine, sulfadoxine, sulfamonomethoxine, dapsone, and sulfonyl bisformanilide 

(Kirby et ai, 1971; Post et al, 1971; Whisnant et al, 1976; Young et al, 1976; 

Yoshida et al, 1977; Hughes and Smith, 1984 ; Hussain et al, 1985; Yamada et al, 

1985; Leoung et al, 1986; Allegra et al, 1987; Devita et al, 1987; Pearson et al, 

1987; Queener et al, 1987). Not much is known about the about the toxicity of the 

different folic acid inhibitors and their relative efficacy in the treatment of P.cariniiy 

yet such type of information is of extreme importance in the process of developing 

new forms of therapy (Walzer et al, 1987).

Compounds which effectively exhibit anti-P.carimi activity in various models 

specifically the rat models include antifolate drugs that can be used alone effectively 

or in combination with various other drugs. This group of antifolate drugs includes 

DHFR inhibitors, sulfonamides, sulfones, and sulfonylureas (Frenkel et al, 1966; 

Hughes et al., 1974; Yoshida et al, 1977; Kluge et al, 1978; Ulrich et al, 1984; 

Hussain et al, 1985; Yamada et al, 1985; D'Antonio et al, 1986; Hughes, 1987; 

Queener et al., 1987; Kovacs et al, 1988; Hughes et al., 1990). Sulfonamides are often 

used in combination with other drugs and can also be used in combination with 

macrolides, 8-aminoquinolones can be used effectively alone or in combination with 

other agents (Queener et al, 1988; Bartlett et al, 1991), diamidines and related 

cationic compounds (Debs et d?/., 1987; Tidwell et al, 1990) other compounds with 

^ti-P. carimi activity include nitrofiirans (Walzer et a l, 1991), 3-glucan inhibitors 

(Schmatz et al, 1990; Matsumoto et al, 1991; Schmatz et al, 1991), hydroxyl



naphthoquinones (Hughes et al, 1990), fluoroquinolones (Bnin-Pascaud et ah, 

1992.), iron chelators (Clarkson et al, 1990) and immunological agents like cytokines 

and antibodies (Gigliotti et aU, 1988 ; Shear et cr/., 1990).

The task of evaluating anti-P.corm// drugs is a very expensive, time-consuming and 

labor demanding process. In a given research experiment only a few compounds can 

be tested. Various types of treatment studies have been performed by incorporating 

several different experimental protocols also making use of various methods of 

evaluating drug efficacy. Thus there is a lack of standardization. This deficiency has 

prevented the results of one investigator from being compared directly with the 

outcomes of another investigator. The set of compounds that have not shown activity 

against P.carinii have few published sources of information (Walzer et al.  ̂ 1992).

2.9 Prophylaxis and Treatment of PCP

In terms of regime of prophylaxis, the most effective treatment of PCP is the use of 

the drug combination trimethoprim-sulfamethoxazole (TMP-SMX; Bactrime™, 

Septra®). However it is unfortunate to witness that almost half of the HIV-positive
I

patients develop an allergic reaction on the intake of sulpa drugs thus necessitating a 

move towards other less effective drugs (Sattler et al, 1988) including pentamidine 

(NebuPent®, Pentacarinat®), dapsone (Avlosulfon®), and atovaquone (Mepron®). 

Figure 2.6 shows the regime of prophylaxis for the treatment of PCP. However 

important factors associated with these drugs such as the deleterious side effects, 

limited efficacies of these drugs, and emerging mutations and drug resistance cannot 

be neglected and thus provide a justification for the search of more effective and less 

toxic medicinal agents (Eynde et al, 2004).



Figure 2^: The structure of pcDHFR to 1,9A resolution (Champness ei al, 1994).
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2.10 Computer Aided Drug Design

The task of introducing therapeutically beneficial and relatively new solutions 

requires expenses and is in fact a time consuming process (Song et al, 2009), Rapid 

expansion in this area has been achieved by advances in features such as 

computational power, improvements in software and hardware sophistication, 

identification of important molecular targets, and an increased availability of target 

protein structure databases (Kapetanovic, 2008). The typical drug discovery cycle 

initiating from the lead identification towards the clinical trials takes an estimated 

time span of about fourteen years (Myers and Baker, 2001) with a cost up to 800 

million US dollars (DiMasi et al, 2003). The production of compounds in vast 

quantities and the requirement to examine these corresponding huge libraries within 

short time intervals are the characteristics of modem drug discovery. The essential 

need for the storage, management and analysis of these rapidly accumulating 

resources has given a major rise to the field of computer-aided drug design (CADD). 

CADD is representation and embodiment of the computational methods and resources 

that are utilized in the therapeutic design and discovery of new solutions in order to 

facilitate the process (Song et al, 2009). In this biomedical arena, CADD or in silico 

design is being used to accelerate and facilitate drug design phenomena including the 

hit identification, selection in terms of hit to lead, optimizing the absorption, 

distribution, excretion, metabolism and toxicity profile and avoid safety issues. 

CADDD entails.

1, Utilizing computational power to streamline the drug discovery and 

development process

2. Effective use of chemical and biological properties of ligands and or targets



for the identification and optimization of new drugs (Kapetanovic, 2008). 

CADD is a stimulating and highly diverse discipUne where various aspects of applied 

and basic research amalgamate and stimulate each other. With latest technological 

advances by utilization of structure-based design, QSAR, combinatorial library 

design, cheminformatics and bioinformatics, the ever increasing number of chemical 

and biologjcal databases and an exponential growth in currently available software 

tools are providing a much upgraded and stronger basis for the ligands and inhibitors 

design with desired and required specificit>' (Bajorath et al, 1999).

Computer aided drug design development process is being used with a major role to 

identify active drug candidates as hits, select leads that are most likely the prominent 

candidates for further evaluation and carry out the optimization of leads by the 

transformation of biologically active compounds into therapeutically appropriate 

drugs by posing considerable improvement in their physicochemical, pharmacokinetic 

and pharmaceutical properties (Kapetanovic, 2008). The m^or role of computational 

models is to make use of existing knowledge to increase predictioa Computational 

methods are actively participating in drug discovery and development process by 

playing an increasingly greater and extremely important role in drug (Kumar et al, 

2006; Stahl et al., 2006) and they are thought to offer ways of improved efficiency for 

the industry (Kumar era/., 2006).

Virtual screening is brought in to use for the discovery of novel drug candidates from 

different chemical scaffolds by involvement of the database searching including the 

commercial, public or private 3-D chemical structure databases with a major goal to 

enhance and supplement various sets of molecules with desirable properties including 

activitv', drug-like, lead-like properties and side by side elimination of compounds



possessing undesirable properties like inactiveness, reactive nature, toxic effects, poor 

ADMET/PK. In alternative form it can be stated that in silico modeling is brought 

into use to minimize time and resource constraints significantly that are usually 

employed in the process of chemical synthesis and biological testing of drugs.

The most frequently employed computational approaches include ligand-based drug 

design by involvement of a 3-D spatial arrangement of chemical features, the 

pharmacophore that is essential for biological activity, however the structure-based 

drug design approach involves drug-target docking phenomena and use of other 

computational methodologies such as quantitative structure activity relatior^hips 

(QSAR) and quantitative structure property relationships (QSPR) (Kapetanovic, 

2008).

2.11 Pharmacophore Modeling

Three-dimensional (3D) pharmacophore modeling is a technique for elucidation and 

description of the interactions of small molecule ligands with a macromolecular 

protein target (Wolber et ai, 2008). Considering the early pharmacophore modeling 

techniques including the Active Analog Approach scheme  ̂proposed by Garland 

Marshall and coworkers (Marshall et al, 1979) denK>nstrates that the features 

constituting a pharmacophore could contain any fragment or atom type. Since 1998 a 

more precise official defmition in accordance with the lUPAC (Wermuth, 1998) 

defines pharmacophore as; “an ensemble of steric and electronic features that is 

necessary to ensure the optimal supramolecular interactions with a specific biological 

target structure and to trigger or block its biological response” (Wemiuth, 2006). A 

pharmacophore model can be interpreted as a spatial arrangement of atoms or 

fimctional groups that are considered to be responsible for biological activity (Ghose



and Wendoloski, 1998). In order to assist the process of drug design, a 

pharmacophore model (Wermuth and Langer, 1993) should provide effective and 

valid information for the investigation of structure-activity relationships by the 

medicinal chemists. The pharmacophore model that have emerged as the most 

effective type of models are the feature-based pharmacophores and these models have 

been reviewed recently for their utility as queries for searching 3D database (Kurogi 

and Guner, 2001; Langer and Krovat, 2003).
I

Pharmacophore modeling is conceptually simple and in many aspects it is capable of 

producing results that would be intuitive and helpful for an experienced medicinal 

chemist. This technique used is in a particular binding situation to rigidly formulate 

and model the interactions between a ligand and its binding site. Pharmacophore can 

be generated either in a structure based fashion by determination of complementarities 

between a ligand and its corresponding binding site, or a ligand-based approach can 

be used by flexible overlay of a particular set of active molecules and determining 

those conformations that possess a maximum number of significant chemical features 

that geometrically overlap when they are overlaid (Wolberera/., 2008).

The most crucial and significant elements in terms of a pharmacophore might range 

from a group of atoms to a part of the molecules volume, however other very 

‘classical’ pharmacophoric features include Hydrogen bond acceptors and donors, 

hydrophobic and/or aromatic rings, charged or ionizable groups along with 

geometrical constraints such as distances, angles and dihedral angles. The set of these 

properties is referred to as pharmacophoric ‘model’ or ‘hypothesis'. During the 

process of pharmacophore generation if ligand information is solely available, 

principally the pharmacophore identification involves two steps, firstly the analysis of

"ComputCT^id^ Drug D ^ i^ n g  of PneuinocysnTcmnir^teiiTnnni7HThn>itnr^^
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molecules itself that are included in the training set in order to identify the 

pharmacophoric features and secondly by determination of the best overlay of the 

corresponding features by performing alignment of the molecules assumed bio-active 

conformations (Wolber and Langer, 2005).

For construction of pharmacophore models using ligand information various software 

programs are available these include Catalyst ^am um  et al, 1996) that is available 

from Accelrys Inc, it is by far the most frequently used program because large 

flexibility with an integration of high-speed 3D database searching capability is 

offered during this process. Other successful programs also exist, including the 

DiscoTech (Martin, 2000), and Gasp (Jones and Willet, 2000) both from Tripos Inc 

(Wolber and Langer, 2005). Another software package for pharmacophore modeling 

is GALAHAD (Richmond al, 2004) that was developed at the University of 

ShefTield and also marketed by the company Tripos effectively makes use of a 

modified genetic algorithm. More recent and currently utilised pharmacophore 

modeling softw^e packages like Catalyst (Bamum et al, 1996), Phase (Dixon et al, 

2006), MOEs pharmacophore module, and LigandScout (Wolber and Kosara, 2006) 

always have to face a trade-off in the design of a generally applicable universal 

feature set and at the same time it needs to be selective enough to reflect all types of 

ligand-receptor interactions that are relevant.

Using the software LigandScout (Wolber and Langer, 2005) available from 

Inte:Ligand GmbH is one of the possibilities for the automatic generation of a 

feature-based pharmacophore model based on a ligand target complex structure. The 

program initiates the process of pharmacophore generation by the assignment of 

ligand information on the basis of features such as hybridization status and bond



characteristics that are absent in the input data files retrieved from the Protein 

Databank (Bernian et al., 2000) by use of two approaches together the extended 

heuristic method along with template based numeric analysis. Then the feature based 

pharmacophores are then generated by determination of interactions on the basis of 

charge, the hydrophobic contact and hydrogen bond formation between ligand and 

target atoms, and a corresponding model refinement can be then be achieved with 

reference to the binding data or one common feature pharmacophore can be obtained 

by combination of several models (Wolber and Langer, 2005). The concept of 

pharmacophore modeling is a fruitful and highly recognized approach for both ligand 

and structure based drug design as well as for virtual saeening process. For the 

pharmacophore elucidation and virtual screening different alignment approaches 

which constitute the computational methodology has significantly improved with the 

ease in availability of newer software packages. Over the past few years performance 

optimizations have been achieved by the application of new algorithms thus leading to 

modem pattern recognition approaches that are capable enough to perform the 

superpositioning of pharmacophores and molecules in a smaller portion of the time as 

compared to the time required by earlier approaches (Wolber et al. 2008).

2.12 Molecular Docking

Molecular docking is defined as a computer simulation process that is used for the 

prediction of the conformation of a receptor-Iigand complex where ligand is a small 

molecule or a protein and the receptor is often a protein or a nucleic acid that can be a

DNA or RNA molecule (Dias et al., 2008). In order to execute the drug design
i _ i i 

process by discovering the new lead compounds, the virtual compound screening
I

through the application of mol^ular docking is widely used. Molecular docking is



helpful in predicting the conformation of a protein-ligand complex and calculating the 

binding affinity (Okimoto et al, 2009). Most of the docking programs (Morris et al, 

1996; Rarey et al, 1996) involve the use of two operations firstly the docking and 

secondly scoring procedure. In the first operation, docking process involves the poses 

generated by multiple protein-ligand conformations or deals with the sampling of the 

ligand’s most likely conformations in the binding pocket of the macromolecular target 

protein. However in the second operation a scoring fimction is brought in to use to 

calculate the affinit>' for each pose betwem the target protein and the ligand (Okimoto 

€f al., 2009). A broader classification of the scoring flmctions reveals that they are 

classified into three distinct categories the empirical, knowledge-based and force 

field-based (Mohan eral., 2005).

Assuming that the structure of receptor is available the major challenge is the 

prediction of both the orientation and binding affinity of ligand during the lead 

discovery and optimization process; the former is often referred to as molecular 

docking approach (Lybrand, 1995). The number of algorithms available for the task of 

assessing and rationalizing ligand protein interactions, is considerably large and 

constantly increasing (Taylor et ai, 2002). The possibility to dock thousands of 

ligands in a timeline has increased owing to the increase in the power of computers 

and algorithm performance, wiiich is valuable and of immense use to the 

pharmaceutical industry' (Abagyan and Totrov, 2001). The docking process employs 

the use of the following principal techniques that are currently available these include 

approaches such as the Monte Carlo methods, molecular d>Tiamics, fragment-based 

methods, genetic algorithms, distance geometrv' methods, point complementarity 

methods, tabu searches and s\'steinatic searches (Taylor et al, 2002).



Kuntz et al developed the pioneer program DOCK about two decades ago in the year 

1982 (Kuntz et al., 1982) and during the span of these two decades development of 

numerous docking programs took place (Morris et al, 1998; Li et al., 2004). 

Molecular docking is rather a typical type of optimization problem since it is hard to 

achieve a solution that is globally optimal (Boehm and Stahl, 2002; Ferrara et al,

2004). It is unfortunate to reveal that no scoring function has been developed so far 

that is effective enough to predict a ligand-protein binding mode and the binding 

affinity at the same time reliably and consistently (Bissantz et al, 2000; Boehm and 

Stahl, 2002; Ferrara et al, 2004).

Several docking programs are being incorporated in to docking studies of biological 

molecules these include softwares such as DOCK (Ewing et al, 2001), AUTODOCK 

(Goodsell et al, 1996; Morris et al, 1998), GOLD (Verdonk et al, 2003; Joy et al, 

2006), FLEXX (Rarey et al, 1996; Kramer et al, 1999), ZDOCK (Chen et al. 2003), 

M-ZDOCK (Pierce et al, 2005), MSDOCK (Sauton et al, 2008), Surflex (Jain, 

2003), MCDOCK (Liu and Wang, 1999) and still others are available. Each of the 

docking application is based on a particular search algorithm such as Monte Carlo 

(MC) (Liu and Wang, 1999), Incremental Construction (IC) (Rarey et al, 1996; 

Kramer et al, 1999), Genetic Algorithm (GA) (Jones al. 1997; Morris et al, 

1998), etc. The extensively used docking methods make use of search algorithms 

based on Monte Carlo, genetic algorithm, fragment-based and molecular dynamics 

(Mohan et al, 2005). The Monte Carlo methods are one of the most established and 

extensively used stochastic optimizktion techniques (Clark et al, 2002). Evolutionary 

programing algorithms are used with the purpose of discovering or approximating 

solution in case of molecular docking and in search associated problems with an effort
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to identify the exact or closest conformation of the global energy minimum and 

genetic algorithms belong to this respective class. The GOLD algorithm has adopted \ 

the GA and it has a requirement of the approximate size, the coordinates of protein 

and a ligand conformation along with the location of the receptors active site as an 

input (Joneses al., 1997; Verdonk et al, 2003). Another example of GA’s 

implementation is the program DOCK which is capable of docking the entire ligand 

inside active site or docking a ligands rigid fragment (Ewing et al., 2001). 

AUTODOCK is amongst the most recognized molecular docking programs that make 

use of “Lamarckian” GA (Goodsell et al. 1996; Morris et ah, 1998). Many 

improvements have been introduced and added to this algorithm since its 

development in 1990s and applied to the virtual screening process for speed and 

accuracy optimization (Morris et al, 1996; Vaque et al., 2006).

AUTODOCK is a software package that can be successfully applied for automated 

docking of small molecules including peptides, enzyme inhibitors and drugs to 

macromolecuier proteins, enzymes, antibodies, DNA, and RNA. In this software three 

search methods are involved and tested the simulated annealing, genetic algorithm, 

and Lamarckian genetic algorithm but the research study concludes that the most 

efficient, reliable, and successful is the Lamarckian genetic algorithm (Morris et al, 

1998). AutoDock4 makes use of a semi empirical free energy force field in order to 

predict the binding free energies of small molecules the ligands to macromolecular

Cjq, target proteins and it allows the fully flexible modeling of specific portions of the

^  protein in a similar way as the ligand. The major and most prominent limitation of

AutoDock4 is its dependence on a ^d-based energy evaluation (Morris et al, 2009).' 

AutoDockVina is an upgraded version of Auto Dock 4 and both work in a roughly



similar manner bv pairing an empirically weighted scoring function by means of a 

global optimization algorithm The major difference lies betweai the parameterization 

of the scoring function and local search function of the two. AutoDockVina is 

compatible with the Auto Dock PDBQT file format and it offers the several 

advantages over Auto Dock 4. One advantage is that Vina is designed to function 

considerably faster and its accurju:y in redocldng protein-ligand complexes is greater 

than AutoDock4 which is shown by the authors (Trott and Olson, 20^!^. Other 

advantages are that using AutoDockVina grid computation is not necessary which 

was a complex process and it gives higher accuracy of binding mode, furthermore it is 

available for each operating system and it makes use of iterated local search algorithm 

(Chang et al, 2010).

2.13 Quantitative Structure Activity Relationship

Three-dimensional quantitative structure-activit>' relationship (3D-QSAR) techniques 

are ver>' beneficial and useful approaches involved in the ligand-based drug design by 

the correlation of a set of related compounds physicochemical descriptors to their 

known molecular activity' or the values of their molecular properties (Hansch et al, 

1972; Yang et al, 2007). 3D-QSAR is a mathematical model for a series of 

compounds in which correlation between the variation on chemical structure and the 

activity' profile is found and is statistically validated (Da Cunha et al, 2009). 

Nowadays the most commonly and routinely used 3D-QSAR techniques used in the 

field of modem drug design are the comparative molecular similarity analysis 

abbre\iated as CoMSIA and comparative molecular field analysis abbreviated as 

CoMFA (Cramer et al, 1988). QSAR is a very useful approach for the analysis of 

different potential drug molecules. It is basically employed into use to study the



biological activities with various structure associated properties and is a helpful 

source to elucidate how structural features in a drug molecule influence the biological 

activities of molecules. Other softwares that can be used are the ChemDraw (Zielesny, 

2005), H>perChem (Tsuji, 2010) and many more are used for finding molecular 

descriptors.

A successful in silico-based QSAR analysis assures certain advantages like the higher 

speed and lower costs for bioactivity evaluation in comparison to experimental testing 

procedures. Hansch and Fujita first developed the QSAR about 40 years ago and it 

has remained a most valuable source in the lead discovery and optimization process 

for understanding the drug activity relations. This particular method involves 

recognition of organic, protein, peptide and still other molecules to be really three 

dimensional. In terms of a QSAR analysis the most important properties are the steric 

properties that include shape and volume along \vith the electronic properties such as 

charge and electrostatic potential last but not the least lipophilic properties, i.e. degree 

of polarity. Whole molecule descriptors are some of the earliest descriptors that are 

most dense in terms of information and are extremely informative. This particular 

type of descriptors captures information in relevance to molecular size and through 

the use of lipophilic properties such as molar weight or volume and logP that is the 

log of octanol-waler partition coefficient (Winkler, 2002). The ChemDraw software 

package is a drawing tool for chemical structure and is capable of enabling several 

features including boiling point, melting point, critical volume, heat of formation. Log 

P and molar refractivity (MR) upon drawing the structure. H>perChem enables energy 

minimization of the compounds which lowers the systems energy by altering its 

molecular geometrv', and helps in >ielding a more stable conformation by generating a



log file using computational chemistry techniques such as semi-empirical formula, 

molecular mechanics etc (hypercube et al, 2002).

Over several decades QSAR has been applied successfully and comprehensively to 

bioactive agents in order to predict activity models. It has been extensively applied to 

areas associated with the field of bioactive molecules discovery and development with 

the sole purpose to gain therapeutic benefits. These areas include drug resistance 

(Wiese and Pajeva, 2001), distinguishing drug like from non-drug like molecules 

(Ajay et al, 1998), prediction of toxicity (Schultz and Seward, 2000; Andreas and 

Joop, 2001), physicochemical property prediction (Gombar and Enslein, 1996), 

peptide activity (Brusic et al. 2001), datamining (Burden and Winkler, 2000), drug 

metabolism (Lewis, 2000), other pharmacokinetic and ADME properties prediction 

(Vedani and Dobler, 2000) and gastrointestinal absorption (Agatonovic eM/., 2001).



CHAPTER NO. 3
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3. Methodology
In-silico dmg designing and development process makes use of screening huge set of 

compounds. Large sets of compounds were screened and correspondingly selected on 

the basis of particular selection criteria. The methodology adopted for this research 

study involves the apphcation of ten basic steps to a set of mX\-Pneumocystis cannii 

test compounds that have already been reported in several research studies. The 

protocol that compiles the entire methodology' brought in to use for lead identification 

and devising a cure for Pneumocystis carinii Pneumonia is summarized in the Figure 

3.1.

The in-silco drug designing approach adopted in this research study begins with the 

initial step of disease identification and followed by the identification of the potential 

protein target. The next step involves the collection of appropriate compounds to 

compose the data sets that meet the selection criteria in relevance to this research 

study, followed by drawing of selected compounds using the 2D view. The process of 

Pharmacophore generation was brougjit into use by the aid of LigandScout software 

which proceeded to the docking of compounds included in the data set. Molecular 

docking and QSAR study was performed as a next step in this study. The molecular 

docking results were interpreted and binding interactions were studied, as a result of 

which the lead compound was identified. The identification of the lead compound 

helped in the design of the respective analogues for further investigation. The steps 

involved in this protocol along with the challenges faced are discussed.



3.1 Disease IdentiHcation

One of the leading causes of pneumonia is the pathogen Pneumocystis carinii 

especially in patients with suppressed immune systems. PCP was selected as a target 

disease, since it is a fatal illness if it remains untreated. Despite advances in the 

treatment of AIDS the incidence of Pneumocystosis has increased markedly over the 

past decade (Walzer et al, 1987). The incidoice of PCP has also increased 

dramatically in the developing countries with mortality rates in the range of 20% to | 

80% (Fisk e/ al., 2003). Moreover the anti-pneumocystis drugs that are currently j 

available have a limited use due to the advent of various problems such as emerging
i

resistance, efficacy and toxicity (Fishman, 1998). j

3.2 Protein Target

Multiple set of targets can be brought into consideration in order to cure PCP. These 

targets include various specific enzymes found in Pneumocysiis that can be used 

effectively as drug targets. DHFR was selected as the drug target in this study and the 

protein structure was extracted from Protein Data Bank. The protein structure used for 

this study is pcDHFR with the PDB ID: IDYR (Champness et al., 1994).

3.3 Data Set Fonnation

Various Pneumocystis carinii inhibitors specifically the pcDHFR inhibitors have been 

identified and selected for study along with anti P. carinii drugs. Large sets of 

compounds were screened and conespondingly selected to compose the data set on 

the basis of particular selection criteria. The considerations for the selection of 

compounds include the fact that all compounds included in the data set should have a 

reported IC50 value not greater than 100 jiM and these test compounds had already
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Figure 3.1: Protocol for the Jnsilco drug designing and development.



passed through bioassay. More over the compounds must belong to different classes 

that have numerous functional groups. Lastly all the compounds in this data set must 

not be reported earlier than 1990. The drugs should show pcDHFR inhibition activity 

and selected compounds should also be capable of taking part in combinatorial drug 

therapy.

The data set includes 46 compounds along with 4 drugs making a total of 50 

compounds in the data set (Queener et al, 1993; Bartlett et al, 1995; Rosowsky et al, 

1995; Jackson et al, 1996; Patrick et al, 1997; Cushion et al, 2004; Cushion et al, 

2006; Gan^ee et al, 2006; Da Cunha et al, 2010). The FDA approved drugs 

incorporated into this study were namely Atovaquone, Primaquine, Sulfamethoxazole 

(SMX) and Trimethoprim (TMP) with IC50 values of 4.2 uM, 2.5 uM, 0.104 uM and 

12 uM respectively (Broughton and Queener, 1991; Cushion et al, 1999; Cushion et 

al, 2004; Vale et al., 2009). The compounds included in the data set are shown in 

Table 3.1.

3.4 Compounds Drawing

In order to draw compounds many types of sofhvares are available. Compounds 

included in the data set were drawn using Chem Draw Ultra Version 8.0 

(Cambridgesoft.com) (Mendelsohn et al, 2004). ChemDraw provides user friendly 

drawing environment where one can draw structures by simple drag and drop method. 

It is basicdly a molecule editor that can be used to draw the chemical structures df 

compounds. It is the part of the ChemOffice suite of programs and is available for 

Macintosh and Microsoft Windows operating systems. Chemdraw supports a wide 

range of features such as chemical properties, logP values, molar refractivity, volume, 

melting point, chemical structure to name conversion and many other features.

- . i



Chemical structures of all compounds were drawn using this tool and saved in ‘cdx' 

format and then saved correspondingly in ‘pdb’ format using ChemSD Ultra 8.0 from 

the Chem Office suit of programs for pharmacophore modeling.

3.5 Pharmacophore Modeling

The 2D and 3D pharmacophores of the compounds were generated by the effective 

use of LigandScout Version 3.0, (Cambridge et al, 2009) which is a powerful 

structure and ligand based pharmacophore model generator that is based on 

sophisticated algorithms for performing alignments, interpreting and customizing 

ligand-macromolecule interactions.

The main aim of this particular study was ligand based drug designing therefore 

ligand based pharmacophore models were generated. A ‘pdb’ file is taken as an input 

by the software. It extracts and interprets ligands and their macromolecular 

environment from ‘pdb’ files and visualizes advanced 30 pharmacophore models 

with multiple features. Pharmacophore was generated by using simple commands. 

Hence ‘pdb’ files were created for all compounds included in the data set followed by 

visualization of each compound using LigandScout The command Create 

pharmacophore with default parameters was used to generate 3D pharmacophore for 

ligands. After the process of pharmacophore generation the common features of 

ligands were predicted. All the pharmacophore features i.e. aromatic rings; 

hydrophobic region, hydrogen bond acceptor and hydrogen bond donor were studied 

and analysed. Shared pharmacophore model was generated using the command 

‘generate shared feature pharmacophore’. As a result, the common feature 

pharmacophore was identified and obtained by superimposition of ligands. At the end 

a unique or shared pharmacophore was predicted for inhibitors of pcDHFR.



Table 3.1; Molecular Structures along with their IC50 Values of the dataset









3.6 Molecular Field Analysis

FieldTemplater makes use of the molecules electrostatic and hydrophobic fields for 

finding common patterns by comparison of molecules. FieldTemplater helps to 

determine the bioactive conformations and relative alignments of molecules without 

requiring any receptor or binding site information when it is applied to several 

different molecular structures that have a common activity. It provides the complete 

pictorial layout defining how the active molecules bind, which features they make use 

of, their shape along with the view that how different series can be compared. Most '■ 

important binding regions of a molecule are summarized by the Fields. 

FieldTemplater can be used for visual comparison of fields of two molecules and 

accurate determination of the overall similarity of the fields of two different 

molecules. It works with the common fields including v ^  der Waals effects, the
I

positive and negative electrostatic fields, and hydrophobic effects on and near the 

surface of a molecule. Highly similar interactions are displayed by molecules which 

bind to a common active site and hence they possess highly similar field point 

patterns. FieldTemplater is a tool that explores the conformational space of a set of 

ligands inspecting for commonality and it also searches for common field patterns.

For this particular study t\vo most active ligands along with one standard 

Trimethoprim were taken as the input set for FieldTemplater. After the processing of 

these compounds by FieldTemplater, a template was generated. After the generation 

of the template, it w'as used as a reference for the alignment of further representative 

ligands of remaining classes using FieldAlign. For this purpose a set of about 19 

pcDHFR inhibitors were aligned to the selected template. Thus a common template



was found which reveals the field points that are common in all structurally-distinct 

ligands against PCP.

3.7 Molecular Docking

In the field of molecular modeling, docking is the computer aided simulation of a 

candidate ligand binding to a receptor. The two important ingredients for the docking 

phase are the target protein and the ligand. In order to enter the docking phase the 

basic requirement is the identification of specific target protein hence a suitable target 

protein was chosen for miXi-Pnevmocystis carinii activity i.e. the pcDHFR with PDB 

ID: IDYR (Champness et al, 1994) was selected which met all the requirements to ■ 

be a suitable target protein. Docking was performed using software AutoDock 

(Goodsell et al, 1996; Morris et al, 1998) and its patch AutoDock Vina (Trott and 

Olson, 2010).

3.7.1 Steps for Molecular Docking

Docking of the chosen pcDHFR test compounds and standard drugs was performed
a

using Autodock 4.0. The 3D structures of all compounds were placed in the same 

directory that contained the installed software. The ‘pdb’ file of the macromolecule 

was taken as input by software, modifications were made and the resultant 

macromolecule was saved in ‘.pdbqt’ format. Kollman and Gasteiger charges were 

computed for the macromolecule. The macromolecule was then repaired for missing 

atoms after the charges were computed. The next step involved the addition of polar 

hydrogens to the macromolecule. After the processing the macromolecule was saved 

as a ‘pdb’ file in the Autodock folder of the software’s directory as RH.pdb.

After modifying the protein the Kollman and Gasteiger charges were computed for 

the ligands. Similarly ‘pdb’ file of ligand was given as input to modify ligand file



which allowed the program to calculate its parameters such as non-polar hydrogen, 

aromatic carbons and rotatable bonds along with the ligand toreions. The Torsion 

count option was used to adjust the number of rotatable and non-rotatable bonds. For 

all the ligands Torsions were defined by the use of Torsion Tree option from the 

Autodock software. The Torsion Tree option was used to Choose Torsions, Set 

Number of Torsions to most atoms and to Detect Root \vhich is the rigid part of the 

ligand. The number of active torsions was set to the maximum number of atoms. After 

the modifications the ligand was saved as a new file with the extension .pdbqt with 

the file name L.pdbqt The rigid macro molecule was saved with an extension of 

.pdbqt after computing the charges and merging the hydrogens. This rigid protein file 

was brought into use for the preparation of grid parameter file which was prepared by 

using the ligand L.pdb. In order to provide the appropriate docking area and 

dimoisions the properties of the Grid Box were set and saved later. The grid settings 

were saved as a grid parameter file with the extension ‘.gpf. After this processing a 

text file was created that contained majorly three features: (I) macromolecular file in 

‘pdbqt’ format, (II) ligand file in 'pdbqt’ format and (III) 3D location of the grid fi-om 

where d(>cking algorithm was incorporated in order to search for docked site.

Grid locMion is important in the sense that it depends upon the active site of the 

protein. If the active site of the protein is the central pocket then grid must point at the 

center and so on in the specified direction accordingly. In case of pcDHFR active site 

the grid pointer was set at the center where center points of x axis = 17.32, y axis= 

6.071, 2 axis = 1.694 respectively iand size of the affinity grid was set to 60 x 60 x 60 

and then the docking was performed.

For docking purpose AutoDockVina (Trott and Olson, 2010) was used which is an



open source program. Vina uses a ‘conf file that was helpful in referring the pdbqt 

files of macromolecule and ligands that were akeady prepared using AutoDock. Log 

parameter files was generated by running the command (”\Program Files\The Scripps 

Research Institute\Vina\vinaexe“ -config conf.txt -log log txt) on the command 

prompt. The outputs generated by Vina are the log files and pdbqt files of different 

energy models in accordance with the data set. For each ligand, the model with the 

lowest energy was selected amongst the list of models generated by Vina and was 

appended at the end of original protein file. The entire procedure outlined for one 

ligand was applied to all the 50 compounds. The docking parameter files for the entire 

set of ligands docked into the IDYR macromolecule were obtained and analyzed.

3.7.2 Ligand-Protein Interactions

The ligand-protein interactions were visualized using Visual Molecular D>Tiamics 

(VMD) software. VMD (Humphrey et a i, 1996) is a molecular visualization and 

analysis program designed for biological systems such as proteins, nucleic acids, lipid 

bilayer assemblies, etc. The active conformation of ligand along with the target 

protein after being docked successfully was provided as input to the VMD. After this 

the interactions including ionic, hydrogen and hydrophobic between the ligand and

the active site of the target were drawn by selecting atoms within 5 A.

3.7.3 Lead Identification

After the extensive and detailed analysis of the ligand-protein interactions the most 

active pcDHFR inhibitor was identified. Binding interactions of all the compounds 

were observed thoroughly and the compound showing the best interactions was 

identified as the potential lead among all compounds in the data set. Lead was 

identified keeping in mind three considerations these include properties sudi as the



IC50 values, the Energy values of the model generated through docking and last but 

not the least the number of interactions, most prominently Hydrogen and ionic 

bonding.

3.7.4 Analogue Designing

After the identification of the lead four structural analogues of the lead were designed 

by introduction or elimination of various functional groups with the main aim of 

increasing the activity. Docking studies were then performed on the analogues using 

the same procedure already mentioned with the aid of the softwares, AutoDock 4.0 

and its patch Vina

3.8 Quantitative Structure Activity Relationship

A quantitative structure activity relationship (QSAR) analysis was performed for a set 

of 21 analogues derived from the pentamidine (Cushion et ai, 2004). These analogues 

were obtained by addition of linker, 1, 4-piperazinediyl parent compound with alkyl 

or cycloalkyl groups introduced on one side of the nitrogen atoms of the amidine 

moieties. QSAR was performed by computing a number of electronic and steric 

descriptors. To accomplish the task of descriptors computation ChemDraw (Zielesny,

2005) and HyperChem (Tsuji, 2010) were brought in to use. Hyper Chem generates a 

log file that was used to study electronic parameters whereas ChemDraw was used to 

study and calculate the steric parameters that were computed on several mouse clicks. 

More over the QSAR equation was calculated along with estimation of different 

statistical parameters. The values for IC-50 value are predicted and a graph is 

generated by plotting the actual and predicted IC-50 values.



CHAPTER NO. 4

RESULTS AND DISCUSSION



4. Results and Discussions

The research work is based on the extensive study and analysis of a series of 

compounds that exhibit anti Pneumocystis carinii activity in order to identify the most 

active compound. Computer aided drug designing (CADD) was incorporated to 

identify the most active compound i-e the Lead from the set of 46 compounds. 

Analogue designing and lead identification was accomplished by the effective use of 

CADD.

4.1 Data set formation

With reference to this research study a wide range of pcDHFR inhibitors were taken 

into consideration and a comprehensive analysis was conducted on the data set of 

compounds belonging to different classes. The data set was extended by including 4 

FDA approved drugs along with the rest 46 compounds as the potential hits for this 

study.

These compounds belong to following classes: Piperazine-Linked and Alkanediamide 

or phenylenediamide-Linked Bisbenzamidines, the 8-Aminoquinolmes, 2,4- 

diaminoquinazolmes, the dicationic carbazoles, disubstituted Diaminopteridines, 

disubstituted pyrimidines, benzanilides and benzylamines derivatives , 1-naphthyl 

derivatives,  ̂diamide derivatives, triazolyl analogues, trimethoprim derivatives, 

methotrexate analogs .trimetrexate analogs. Pyrimethamine analogs, Triazines andl,3- 

diamino-7,8,9,10-tetrahydropyrimido[4,5'-c]isoquinolines (Queener et al, 1993 

Bartlett et al, 1995; Rosowsky et di, 1995; Jackson et al, 1996; Patrick et al, 1997 

Cushion et al, 2004; Cushion et al, 2006; Gangjee et a l, 2006; Da Cunha et a l 

2010).



4.2 Rule of Five

Although the compounds and drugs included in the study have already undergone 

through the bioassay but in order to counter check their drug-Iikeness properties in- 

silico techniques such as the rule of 5 or Lipinski rule was brought in to use to 

incorporate the pharmacokinetics of the drugs. Lipinski rule or the rule of 5 should 

obey the following characteristics:

• Hydrogen bond acceptors should not be more than 10

• Similarly Hydrogen bond donors should not exceed 5

• The molecular weight should be under SOODa

• Log P should be less than 5

The data represented in the Table 4.1 reveals the results of Lipinski’s rule (Rule of 

Five). The results show that all most all the compounds follow the HBA, molecular 

weight and Log P constraints but it is also revealed that some compounds deviate 

from the regular rule of five required range of HBD. The compounds that deviate 

from the required HBD criteria for the rule of five are the compounds namely 

YPCPIO, YPCPll, YPCP32, YPCP33 and YPCP34. Only Uvo compounds deviate 

from the logP criteria namely YPCP26 and YPCP30. The percentages computed 

against the Rule of five features that are fulfilled by the compounds in the data set are 

shown in Table 4.2 and demonstrated in Figure 4.1 by means of a bar chart. Thus the 

elucidation of the Lipinski rule or the Rule of five prop^ties revealed that the HBD 

feature is not being followed by certain compounds. Hence the result is verified and 

compatible with the selected standard drugs thus it can be concluded that all the 

 ̂ potential hits included in this specific study possess the required druggable properties.



Table 4.1: Lipinski’s rule (Rule of Five) applied to complete data set

Compound No. HBA

<10

HBD Molecular Weight (Da) LogP

YPCPl 1 3 396.49 4.12

YPCP2 1 3 348.44 2.95

YPCP3 2 3 338.19 2.83

YPCP4 1 4 338.41 1.95

YPCP5 2 2 273.37 2.17

YPCP6 6 2 439.51 3.39

YPCP7 7 2 469.54 3.63

YPCP8 3 3 369.46 1.57

YPCP9 2 4 366.42 0.56

YPCPIO 2 6 380.44 0.98

YPCP 11 2 6 400.44 1.93

YPCP 12 1 4 337.46 2.23

YPCP 13 2 3 301.35 0.8

YPCP 14 2 2 315.38 1.59

YPCP 15 4 2 218.26 2.48

YPCP 16 4 2 246.31 3.28

YPCP 17 4 2 274.36 3.97

YPCP 18 5 2 298.3 1.51

YPCP 19 6 2 356.38 1.75

YPCP20 4 2 330.42 3.64

YPCP21 4 2 344.45 4.05
YPCP22 6 2 332.35 1.4

YPCP23 6 2 346.38 1.82
YPCP 24 6 2 360.41 2.23
YPCP 25 2 4 407.9 2.35
YPCP 26 2 4 393.87 5.14
YPCP27 3 3 367.83 3.95
YPCP28 3 3 363.8 2.97



Compound No. HBA

<10

HBD Molecular W dght (Da) - Log?

YPCP29 2 3 353.85 4.37

YPCP30 2 -  ̂ 2 367.88 5.16

YPCP31 4 3 344.37 3.69

YPCP32 2 6 364.4, 0.36

YPCP33 2 6 400.43 1.93

YPCP 34 2 6 380.44 0.98

YPCP35 2 4 319.79 3.67

YPCP36 9 3 476.45 2.06

YPCP37 8 4 473.87 1.41

YPCP38 2 5 328.46 2.43

YPCP39 3 5 343.38 2.14

YPCP 40 2 3 317.39 3.76

YPCP41 0 4 300.79 2.93

YPCP42 0 4 335.23 3.48

YPCP43 3 2 178.17 1.3

YPCP44 2 2 194.62 1.7

YPCP 45 2 2 286.07 2.5

YPCP46 3 2 r 225.25 2.71

Trimethoprim 5 2 290.32 1.43

Atovaquone 5 2 426.89 3.42

Sulfamethoxazole 4 2 253.28 0.86

Primaquine 2 2° i 259.35 1.47



4.3 Pharmacophore Modeling

In order to interpret the interactions of ligand molecules \vith the macromolecular 

target protein, three-dimensional (3D) pharmacophore modeling techniques were 

brou^t in to use. The pharmacophore model of anti>PCP agents has not been reported 

yet therefore it is an attempt to generate the general pharmacophore model. The 

dataset selected from literature review was employed in to use in order to outline 

electronic interactions of bio-active compounds that are capable of producing 

comparable biological effects in a comparable situation within the same binding site 

(Wolbere/fl/.. 2008).

Ligand Scout was used to generate the pharmacophore model of compounds included 

in the dataset. It was also used to identify a common pharmacophore that was shared 

among the ligands in the data set and the standard drugs. It essentially focused on the 

common features such as Hydrophobic, Hydrogen Bond Acceptors, Hydrogen Bond 

donors and positive ionizable that were present in compounds of the data set The 2D 

and 3D pharmacophores of a few selective compounds from different classes of 

compounds were identified during the study along with the drugs. The 2D and 3D 

pharmacophores of YPCPl 1 and YPCP21 are shown in Figure 4,2 and 4.3. The 2D 

and 3D pharmacophores of drugs Sulfamethoxazole and Trimethoprim are shown in 

Figure 4.4 and 4.5 respectively. Figures 4.2- 4.5 indicate that the compounds consist 

of hydrophobic unit, hydrogen bonds (acceptor and donor) and aromatic rings. In 

^cordance with LigandScout scheme of features every single compound contains

hydrophobic patch shown by yellow sphere, hydrogen bond donors represented as
1

Greei spheres and hydrogen bond acceptors as red spheres and the rare aromatic rings 

are shown by means of Blue Circles.



Figure4.2: 3D and 2D Pharmacophore Model of ligand YPCPl 1

Figure 4 3 : 3D and 2D Pharmacophore Model of ligand YPCP21

10

Figure 4.4: 3D and 2D Pharmacophore Model of drug Sulfamethoxazole

Figure 4.5: 3D and 2D Pharmacophore Model o f standard drug Trimethoprim



\

4.3.1 Shared Pharmacophore Generation

In order to develop a pharmacophore model, ligands including YPCP17, YPCP18, 

YPCP20, YPCP21, YPCP24, YPCP25, YPCP27, YPCP29,YPCP31, YPCP44 and the 

standard drug Trimethoprim were superimposed. The merged pharmacophore is 

shown in Figure 4.6a. This shared pharmacophore indicates that every compound 

qualifying to have activity similar to the active pcDHFR inhibitors must have one 

Aromatic volume along with two hydrogen bond acceptors (HBA) and two hydrogen 

bond donors (HBD). The common featured pharmacophore predicted for the various 

classes of DHFR inhibitors against the PCP is represented in the Figtire 4.6b; it 

indicates one Aromatic volume shown by yellow circle, two Hydrogen Bond 

Acceptors shown by red and two Hydrogen Bond donors shown by green. The 

calculation of these pharmacophoric features help in the identification of more 

effective, active and improved anti Pneumocystis carinii drugs. Pharmacophoric 

features of each class of compounds superimposed along with Trimethoprim to 

generate the shared pharmacophore are summarized in the Table 4.3.

4.3.2 Pharmacophore Triangle

Pharmacophore distance triangle was constructed which basically covers three 

featuresi.e. one HP/Ar feature, one HBD and one HBA. The distance ranges 

represented in the distance triangle were calculated with the aid of VMD. The 

distance range from HBD to HBA lieswithin 2.25-2.83A whereas the distance from 

HBA to HP/Aris between 2.36-3.OSA and the distance from HP/Arto HBD is between 

3.62-3.90A.The pharmacophore triangle is shown in Figure 4.7.Table 4.4 shows the 

distance of the compounds used to identify the general pharmacophore model.



Figure 4.6a: Merged Pharmacophore of compounds YPCP17, YPCP18, YPCP20, 

YPCP21, YPCP24, YPCP25, YPCP27, YPCP29, YPCP31, YPCP44 and 

Trimethoprim generated by LigandScout

Figure 4.6b; Shared Pharmacophore showing two Hydrogen Bond Acceptors, two 

Hydrogen Bond Donors and one Aromatic volume



Table 4 J :  Pharmacophoric Features of Data Set used for generation of a shared
pharmacophore.

Com pounds HBDs HBAs A r HP Positive
ionizable

Negative
ionizable

6 ,7-dibutyl-2^
diamin(^teridine

' Twoy Four O n e ' One None None

3-(3-((2,4-diaramopyrimidin 
-5-yl)-4-methoxyphenyI) 
propiolic acid

Two Five Two One None One

5-{5-(hexyloxy)-2-
methoxybenzyl)pyrimidihe-
2,4-diamine

Two Four Two Three None None

5 -<5 -(heptyloxy)-2-
methoxybenzyOpyrimidine-
2,4-diamine

Two Four Two Four
>

None None

6 ^ -((2 ,4 -
diamin(^yriniidin-5-
yl)methyl)-4-
methoxyphcnoxy) hexanoic 
acid

Two SLx Two Two None One

5-(3-(4-benzy 1-4,5-dihydro- 
1,2,3 -triazol-1 -yl) -4-cMoro 
phenyI)-6-cthylpyrimidine- 
2,4-diamine

Four Two Three Four One None

N-{2-chlor(v5-(2,4-diami no- 
6-ethyIpyriinidin-5- 
yl)phenyl) benzamide

Three Three Three Four None None

5 “(3-(benzyIamino)-4- 
chJorophenyl)-6- 
ethylpyrimidine -2,4- 
diamine

Three Two Three Four None None

(2,4-diaminoquinazoline-6- 
yl) methyl 1-naphthoate

Three FolU Four Three None None

5 -chlwoquinazol ine-2,4- 
diamine

Two Two Two Two None None

Trimethoprim Two Five Two None None None



4.4 Molecular field based similarity analysis
Cheeseright and coworkers have described the molecular fields in a form that enables 

similarity comparisons across molecules in three dimensions in a series of 

publications in the years 2004, 2006 and 2007 respectively. Cheeseright et al have 

also demonstrated the use of molecular fields as non-structural templates for defining 

similar biological behavior. It is also revealed and publicized that the field patterns 

can be used for the alignment of molecules that possess the capability of acting at the 

same target by means of their common field pattern and the field patterns derive the 

biologically active conformation of a ligand without access to any protein structural 

data. These principles are being incorporated in Field Templating however Field 

Aligning encompasses the virtual screening process of all the synthesized compounds 

using field patterns for potential hits. Both Field Templating and Field Aligning rely 

on the assumption that those molecules should be chosen for further investigation 

whose field patterns are most similar to those of an active search molecule and these 

molecules are most likely to show the same patterns of biological activity.

One FDA approved standard drug Trimethoprim and two Ligands were used by 

FieldTempler to generate templates with their o\vn field pattern. Figure 4.8a shows 

the template generated through FieldTemplater. Of all the highest ranked template 

sets generated by FieldTemplater, the top-ranking template set was chosen as the 

master template on the basis of which calculation of field similarities across the whole 

data set was to be computed in this particular study. The scores for field alignment of 

tHe top-rank template set are given in Table 4.5.

Once a template has been generated, multiple molecules can be aligned using it as
f

part of lead optimization process. The tool FieldAlign is capable of generating the 3D



conformers from a 2D molecule followed by the calculation of a field similarity score 

for each conformer. Figure 4.8b shows all the 19 ligands aligned with the template. 

Figure 4.9 (a-d) show the different fields; including hydrophobic, Van Der Waal, 

positive and negative fields, represented in different colors. Table 4.6 represents the 

values for similarity score against each 2D molecule given as input and aligned with 

the template. The software Field Align identifies, scores, and displays the conformers 

of the ligands that best match the template and the most probable conformer of each 

database molecules was selected on the basis of pair \vise matching and close 

observation of molecular field point alignment.



Table 4^: Scores for Top-Rank Template

S. No. Template score Value of score

1 Molecular similarity 0.630

2 Field similarit>' 0.563

3 Shape similarity 0.697

Table 4.6: Similarity scores after alignment of YPCPs with template

Compound Similarity score Compound Similarity score

YPCP4 0.49 YPCP29 0.601

YPCP6 0.541 YPCP34 0.514

YPCPIO 0.515 YPCP35 0.617

YPCPll 0.513 YPCP37 0,54

YPCP14 0.597 YPCP39 0.663

YPCPI7 0,588 YPCP39 0.663

YPCP24 0.555 YPCP41 0.565

YPCP25 0.595 YPCP44 0.557

YPCP26 0.58 ' YPCP46 0.582

YPCP27 0.632



Figure 4.8a & b: (a) field alignment of template molecules in lowest energy 
conformations (b) field alignment of all pcDHFR inhibitors to the template ((the 
positive (red),negative (Blue), Van der Waals (yellow), and hydrophobic (orange) 
field point are represented as balls or cubes or 
polygons)

Figure 4.9a & h: Hydrophobic field points (Gold) & van der Waals surface field 
points (yellow)

Figure 4.9c & d: Negative field points likely to interact with HBD (blue) & positive 
field points likely to interact with HB A (red)



4.5 Molecular Docking

Molecular docking studies were performed on the entire set compounds comprising of 

the pcDHFR inhibitors along with the drugs. The compounds were docked in order to 

obtain different conformations of the ligands docked into the protein IDYR, The 

software AutoDock Vina was used to predict how ligands bind to the target and it was 

also helpful in indicating the best conformation in ligand protein binding interactions.

4.5.1 Active site of P.carinii DHFR

With reference to the pdb structure IDYR enzyme complex, the active site was 

ranked second in an already reported study by the use of softwares OPLS and 

Amber94. It was also concluded that the best site for binding interactions is located 

approximately 20A away. The active site is composed of the residues namely Asp 139, 

Leu7, Ile20, Ser6, Lys5, Thr8, TrplSO, Argl40, Argll9 and AsnllS as shown in 

Figure 4.10. This active site is shallow and the atoms of pterin that are accessible to 

the solvent are N1 and N8. This particular combination of residues that structure the 

active site seems to be unique to pcDHFR (Bliznyuk and Gready, 1997).

In this particular research study the compounds in the data set were docked into the 

active site one after the other, as a result it was identified that most of the compounds 

bind at the same active site position with a few deviations. The amino acids located 

within the active site were identified by observing the amino acids in the SA vicinity. 

The residues found within 5A vicinity of active site that are also significantly 

involved in the binding interactiohs are namely: Leu7/Leu25, Leu72, Leul28, UelO, 

Ilel9, Ile33, Ile36, He64, I!e65, JleSO; Ilell7, IIeI23, Phe36, Phe69, Ser6, Ser24, 

iSerSl, Ser64, Ser97, Thr8, Thr6l, ThrSl, Thrl44, ThrI83, Gly20, Gly58, GlyI24, 

blyl25, Valll, ValI54, ValI81,;Vall85, AlaI2, Alal26, Alal31, Asn23, AsnllS,



Asp99, Aspl34, Aspl39, Hisl35, Glu32, Lys5, Lys28, Lys37, Lys60, Lys96, Lysl84, 

Tyrl29, Arg21, Arg38, Arg59, Arg75, Arg82, Argl 19, Trp27 and Pro66. Table 4.7 

shows the hst of amino acids within 5 A  of the ligand docked with pcDHFR. The 

indicates the presence of interaction wdth the amino acid whereas the ’ indicates the 

absence of interaction and the drugs Trimethoprim, Atovaquone, Sulfamethoxazole 

and Primaquine are daioted by the following alphabets, T for Trimethoprim, A for 

Atovaquone, S for Sulfamethoxazole and P for Primaquine.

4.5.2 Docking of compounds in the data set

The compounds added to the data set were docked into the active site of pcDHFR. In 

order to have a deeper understanding of binding activity of compounds the docking 

studies were brought into use. The docked files were thus used for visualizing all 

three types of binding interactions including the hydrogen bonding, hydrophobic and 

ionic interactions. The active conformations were used for identifying the ligand 

protein interactions using the software VMD. A detailed and comprdiensive 3D study 

of the docked files revealed that all the compounds of dataset have the same amino 

acids within 5 A of the hgand and al! the interactions were computed after selecting 

the best conformation based on energ\  ̂ values. It was also observed during the 

analysis phase that the amino acids such as IlelO, Ilel9, fle33, Ile65, llel23, Ser24, 

Ser64, Thr61, Leu25, Phe36, Glu32, Alal2, Vail, Val54, Glyl24, Glyl25, Tyrl29 

and Asn23, were most important in terms of involvement in the binding interactions. 

Figure 4.11 displays the amino acids within the active site of pcDHFR. Amongst all 

the conformations the best conformation with minimum binding energy were
'v

considered and their values recorded in Table 4.8a, however the interactions for all 

the compounds along with the drugs are displayed in Table 4.8b.



Table 4.7: Amino acids Present within the 5 A Vicinity of the Ligand

U6ANDS
(Y P C P 1-Y P C P 18 )

10 11 12 13 14 I S 16 17 18

ILEIO

tL£19

ILE33

lt£ 36

{L££4

IL££5

tL O O

11E117

ILE123

SER6

SER24

SER51

SER64

SER97

THRS
THRBl
TH R 81

TH R 144

TH R 1S3

LEU7

L£U25

lf U 7 2

LEU128

PHE36

PHE69

P R 066

G LU 32

lY S S

LYS28

LYS37

LYS60

LYS96

LYS184

ASI>99

ASP130

ASP139

A1A12

A LA 12 S

A IA 1 3 1

A R G21

A R G38

A R G59

AR G7S

A R G82

ARG119

V A t i l

V AL154

VAL181

V A U 8 5

GLY20



A A U G A N D S

( Y P C P 1 9 - Y P C P 3 6 )

1 2 2 2 2 2 2 2 2 2 2 3 3 3 3 3 3 3

9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6

IL£10 + . - + - - - + - - - + - + - -

IL£19 + + ♦ + - + - - + - + - + + ♦ - ♦

ILE33 + - 4- - + - + - + - + + + - +

ILE36 - - - - - . - - - - - - - -

IL£64 _ _ _ . . . . - - . - - + -

IL£6S + ♦ _ + + . + . ♦ * . - -

ll£ 8 0 _ _ _ . * . . . _ - - - - -

ILE117 - . . - - - - - - - - - - - - - -

I l f l2 3 - - + . - - + + - - + - ♦ - +

SER6 _ - - . _ - - + . - - - - - -

SER24 - - + - - +

SCR51

SER64 + + + - + +' - 4- + + + - - + ♦ -

SER97

TH R 8

•m R 6i - + + + + + - - + + - + + + + ♦

TH R 81

TH R 144 -

TH R 183

l£ U 7

L£U2S + . + - + ♦ + + +

t£ U 7 2

t£U 12 8

PHE3S . + + + - + * + * + . + . ♦ - -

PHE69 4- - - +

P R 066 + + +

G LU 32 * * - + + + + +

LYS5

LYS28

LYS37

LYS60 - - - - - - + - - - ■I- . * + + . +

LVS96

LVS184

ASI>M

ASP130

ASP139

ALA12 - - + . . + . + . * ♦ +

A IA 1 2 6 ♦ + . .

A1A131 -

A R G21

A R G38

AR GS9 +

AR G 75

A R G82

AR G 119 -

V A L l l ♦ - + - - ; - + * - - - ♦ - + ♦ -

V AL154 ♦  ^ + - .

V A L IS I

VAL1S5 _
GLY20 - + +

GLY5S -

6LY124 -



AJV

IL£10
ll£1 9

ILE33

1LE36

UGANDS
(Y P C P 37-Y P C P 46 )

37 38 33 40 41 42 43 44 45 46

tl£64

ILEfiS

ILE80

IL£117

ll£123

SERS

SER24

S E R S l

SER64

SER97

TH R 8

TH R £1

TH R 81

TH R 144

TH R 183

l£ U 7

LEU2S

LEU72

LEU12S

PHE36

PHE69

P R 066

O A J3 2

LYSS

LYS2S

LYS37

LYS£0

LYS96

LYS184

ASI>99

ASP130

ASP139

ALA12

A LA 126

A1A131

A R G21

A R G38

A R G59

AR G7S

ARG82

ARG119

V A U l

V A U 5 4

V A U 8 1

V A L IS S

GLY20

GLY58

GLY124



AJV

GLY125

G LN127

TK P 27

UGANDS
(Y P C P 1-Y P C P 17 )

8 10 11 12 13 14 IS 16 17

HIS135

TY R 12 9

ASN23

A S N 118

AJV UGANDS
(Y P C P 19 -Y P C P 35 )

19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35

GLY125

G IN 1 2 7

TR P27

HIS135

T Y W 2 9

ASN23

ASN118

AJV UGANDS
(Y P C P 37-Y P C P 46)

37 38 39 40 41 42 43 44 45 46

GLY125

O N 1 2 7

7 » » 2 7

HIS135

7YR129

ASN23

A SN118

Figure 4.10: The shallow active site of P.carinii for pterin binding.



4.5.3 Molecular Docking of Standard drugs

Docking of standard drugs was performed using the same parameters and molecular
j i

docking tools. Standard drugs were dock^ in order to compare their binding activity 

with the entire set of compounds to determine the use of these compounds as future 

drugs. The docking analysis indicated that the standard drugs bind to the same active 

site. Figure 4.12 shows the interactions of the standard drug Trimethoprim.

While considering the binding activity of Trimethoprim it was revealed that it was 

involved in seventeen active binding interactions with amino acids Glu32, lielO, 

Ilel9, IIel23, Valll, T\t129 and GIyl25 respectively. Three Hydrogen bonds were 

formed between O of Glu32 and H of the ligand with distances 3.093 A, 3.913 A and 

2.532A. Whereas the remaining four hydrogen bonds were formed between O of 

IlelO and H of ligand, N of Vail 1 and H of ligand, 0  of Ilel23 and H of ligand and 

OH of Tyrl29 and H of ligand with the distances 2.595 A,3.786 A,2.365 A and 3.172 

A respectively. However amino acid involved ionic interactions were Glu32, IlelO, 

Ilel23 and Tyrl29. Five ionic bonds were formed between O of Glu32 and N of ̂ IF

ligand, O of He 10 and N of ligand, O of Ilel23 and N of ligand and lastly between OH 

of Tyrl29 and N of ligand with the following distances 2.884 A,2.759 A,2.916 

A,3.564 a  and 2.800 A. Five Hydrophobic interactiorK were found between C of 

Glyl25 and C of ligand, C of Ilel9 and C of ligand, C of Leu25 and C of ligand with
* r

the distances 3.993 A,3.894 A,3.757 A,3.99 A and 3.99 A respectively.
I

In case of Atovaquone ail three txpes of interactions Ionic, hydrogen and 

Hydrophobic were observed. One .Hydrogen bond with a distance of 3.112 A was 

formed beKveai O of Ilel9 and H of lig^d. Tw'O ionic interactions vvith a distance of 

3.061 A, 3.999A were observ ed between N of Alai 26 and O of ligand and N of Ser24



and the ligand. These interactions were found between C of ligand and C of He65, C 

of Phe36, C of GIu32, C of UelO, C ofTyrl29, C of Ilel9 and C of Valll with the 

following distances 3.946A, 3.858A, 3.734A, 3.935A, 3.992A, 3.572A, 3.942A, 

3.960A, 3.537A, 3.692A, 3.823A, 3.932A, 3.991A, 3.771A, 3.864A, 3.813A and 

3.875A, The detailed binding interactions of the drugs are represaited in Table 4.8b.

4.6 Lead compound identification

The lead identification process was accomplished on the basis of the binding 

interactions, the binding energy value and the IC 50 value of the ligands. It is evident 

from the analysis that compounds YPCPl, YPCP9, YPCPll, YPCP25, YPCP28, 

YPCP30, YPCP31, YPCP33 and the drug Atovaquone have lower binding energies. 

The compound YPCP6 has the lowest value i.e. -11.5 Kcal/mol among all the 

compounds in the data set and hence it must be more potent than other compounds 

included in the data set but it was biased to take this decision by the considering 

binding affinity solely. To predict a compounds activeness ICso value and binding 

interactions were also important.

It is clearly evident from the Table 4.8b that compounds YPCP3, YPCPIO, YPCPl 1, 

YPCP15, YPCP16, YPCP37, YPCP31, YPCP33, YPCP36, YPCP41, YPCP42 and 

YPCP44 were involved in a good and considerable number of all the three types of 

interactions including the hydrogen, ionic and hydrophobic interactions. However 

three drugs namely Trimethoprim, Sulfamethoxazole and Primaquine were also involved 

in a notable number of interactions and Atovaquone was involved with the minimum

number of interactions. The compounds having least activity in terms of all three
i
i i I
types of interactions are the YPCPl, YPCP2, YPCP6, YPCP7, YPCP8, YPCP14, 

YPCP30, YPCP32 and YPCP40. ;



Table 4^a: Inhibition Concentration and Energy Value of the Data Set

Compound N um ber IC s o ( p M ) Energy Value (Kcal/mol)

YPCPl 1 .3 1 -10 .5

YPCP2 1 .7 1 -9.3

YPCP3 3.3 -9.8

YPCP4 6.48 -9.0

YPCP5 0.028 -8.9

YPCP6 0.18 - 1 1 . 5

YPCP7 0 .17 -8 .7

YPCP8 0.027 -9.6

YPCP9 0.0 0 1 -10 .5

YPCPIO 0.0008 -8 .3

Y P C P ll 0.578 -1 1 .4

YPCP12 5 -10 -8.0

YPCP13 100 -9 .5

YPCP14 5 -10 -8.4

YPCP15 0.62 -6 .3

YPCP16 0.2 -8 .1

YPCP17 0.082 -8 .1

YPCP18 1.0 -8 .1

YPCP19 1.0 -9 .5

YPCP20 14 -9 .1

YPCP21 5.6 -7 .4

YPCP22 0.25 -9 .5

YPCP23 0.049 -6.9

YPCP24 0.80 -9 .3

YPCP25 5 .18 -10 .4



Compound N um ber ICsoQiM) Energy Value (Koil/mol)

YPCP26 3.53 -8 .3

YPCP27 10.8 -8.8

YPCP28 1.3 -10 .4

YPCP29 0 .12 -9.0

YPCP30 1.0 7 -10 .5

YPCP31 1 1 0 - 1 1 . 3

YPCP32 5.3 -8.9

YPCP33 1.2 -1 1 . 0

YPCP34 0*002 -7 .9

YPCP35 2.8 -8.4

YPCP36 0.000035 -9 .3

YPCP37 0.0054 -8.9

YPCP38 0 .17 -8 .7

YPCP39 0.77 -7 .8

YPCP40 0.859 -8.9

YPCP41 4.4 -9 ,7

YPCP42 0.84 -9 .5

YPCP43 1.0 -8.4

YPCP44 0 .4 1 -6.8

YPCP45 0.42 -6.4

YPCP46 0.52 -6.8

Trimethoprim 12 -7 .2

Atovaquone 4.2 --11.4

Sulfamethoxazole 0,104 -7 .9

Primaquine 2.5 -7 .1



Table 4.8b: Binding Interactions and distances o f Data Set showing all the three kinds o f 

interactions including Hydrogen Bonding, Ionic and Hydrophobic Interactions

UGANO
NO

HYDROGEN BONDtNG iONIC BONDING HYDROPHOBIC
INTERACnONS

rcso

Amino Adds Dist Amine Adds Oist Amino Adds Dist

YPCPl No hydrogen bonds No kmk bonds - PHE36:CG

PHE36;CD2

PHE36:CE2

IL£33:CD1

IL£33:CD1

ILE65C01
il e g s k :g i

IL E 6 5 :C 6 l

SER64;CB
SER64:CB

THR6l;CG2
LEU2S:CD1
IYS60:CB

U N K 0 :C

U N K 0 :C

U N K 0 ;C

U N K 0 :C

U N K 0 :C

U N K O :C

U N K O iC

U N K O :C

U N K O :C

U N K O :C

U N K O ;C

U N K O :C

U N K O :C

3.771

3.344

3.501

3.303

3.694

3.728

3.512
3.891

3.788  

3.718 

3.676

3.788 
3.945

1.31

YPCP2 A S N 2 3 ;0 D 1  U N K O :H  

A 5 N 2 3;N 02  U N K O :H  

LVS80:NZ U N K O iH

2.233

2.965

3.083

TH R 6 1 :0 G 1

A SN 23r001

U N K O :N

U N K O ;N

3.565

3.210

ALA12:CB

V A L llr C

PHE35:CD1

PHE36:CB
PHE36:CG

LEU25:CD1

LEU25:CD1

LEU25:CD1

LEU25:CD1

LEU25:CD1

T>1R61:CA

G LY125:CA

U N K O :C

UN K O tC

UN K O tC

UNKbrC
UN KO rC

U N K O ;C

UN KO tC

U N K O ;C

UN K O :C

UNKOtC

UN K O tC
UN K O tC

3.783

3.770

3.243

3.647
3.601

3.993

3.863

3.865

3.422

3.578

3.949

3.299

1.71

YPCP3 V A L llt O

ALA12tN

G LU 32 :0 E 1

G L U 3 2 tO E l

GLU32tOE2

G LU 32:O E2

6 L U 3 2 .0 E 1

LYSeOtNZ

A S N 2 3:0D 1

ASN23tND2

ASN23tN

UNKOtH

UN K O tH

UN K O tH

UN K O tH

UN K O tH

UN K O tH

U N K O tH

UN K O tH

UN KO tH
UN K O tH

UN K O tH

3,536

3 .1 0 0 .

3.473 ,

3.769

3.328

3.075

3.417

3.127

2.761

3.366

3.579

G LU 32 tO E l

GLU32tOE2

G LU 3 2 tO E l

ILE123tO

LYSeOtNZ

A S N 2 3tO D l

A SN 23t001

UN K O tN

UN K O tN

UN K O tN

UN K O tN

U N K O tO

UN K O tN

U N K O tN

3.321

3 .2 2 9 '

2.754

3.837

3.191

2.800

3.833

PHE36tCDl
GLU32tCD
A LA l2 tC B

ASN23tCA

VAL154tCG2

V A L l5 4 tC G '

VAL154tC6*

IL£19tCD l

TYR129tCE2

TYR129ta
TVR129tCE2

UNKO.-C

UN K O tC

UN K O tC

UNKOtC

U N K O tC

UNKOtC

U N K O tC

UN K O tC

U N K O tC
UNKO.-C

U N K O tC

3.828

3.988

3.905

3.878

3.211

3.993

3.547

3.765

3.778

3.934

3.931

3.3

YPCP4 ILElOtO
V A L llt N

ILElO tO

ILE 12 3tO ^

rLE123tO
LYSeOtNZ
A S N 2 3 tO D l

ASN23tND2

TYR 129tO H

UN K O tH

UN K O tH

UN K O tH

UNKOtH

UN K O tH

UN K O tH

UNKOtH

U N K O tH
UN K O tH

2.156

3.409

2.946

2.513

3.221

3.151
2.447

2.434

1.942

ALA12tN

ILElO tO

ILElO tO

A S N 2 3tO D l

ILE123tO

ILE123tO

UN K O tO

U N K O tN

UN K O tN

UN K O tN

UN K O tN

UN K O tN

3.006

2.849

3.144

3.424

3.272

3.166

V A U lt C A
V A U 5 4 tC G 2

VAL154tCG2

V A L l54 tC G 2

A5N23tGG

LYS60tCE
ASN23tCA

UN K O tC

UN K O tC

UN K O tC

UN K O tC

U N K O tC

UN K O tC

UN K O tC

3.775

3.866

3.396

3.238

3.571

3.887

3.623

6.48
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Y P C P IO ILE65:N

SER 64:0

P R 0S6:N

SER 64:0

L£U25;N

T H R 6 1 :O G l

GLY125:N

ILE10:0

ILE123:0

TYR 129:O H

UN K O rH

U N K O ;H

U N K O :H

U N K O ;H

U N K O :H

U N K O :H

U N K O :H

U N < 0 :H

U N K O ;H

UN K O :H

3.222

2.144

3.913
3.849

2.234

2.213

3.789
3.468

2.454

3.618

SER 64:0

IL£123:0

T H R 6 1 :O G l

ALA12:N

V A L llr N

UNKO-.N

U N K O :N

U N K O :N

U N K 0 :0

U N K 0 :0

3.181

3.181 

3 .212 

3 .074  

3.972

PHE36:CE2

P H E 3 5 ;a

PHE36:CE2

IL£33:CD1

PHE36:CG

PHE36:C02

PHE35:CE2
PHE36:CD2

PHE36:CE1

PHE36-.cz
SER64:CB

SER64:CB

GLY12S:CA

ILE19:CD1^

U N K O :C

UNKO.-C
UNKOrC
U N K O £

U N K O iC

U N K O :C

UN KO rC

UN KO rC

u n k o k :

UNKO-.C

U N K O iC

U N K O iC

UN K O :C

U N K O :C

3.967

3.886

3-770

3.588

3.828

3.763

3 .9 0 1 '

3.712

3.788

3.90S

3.971

3.793

3.808

3.776 '

0.000
8

Y P C P ll TH R 1 4 4 :0 G

GLU 32:O E2

'c L U 3 2 rO E l

V A L llt O

ALA 12:N

G LU 3 2 :0 E 1

G LU 32 :O E 2
V A L ll iN

ILE19:0

A S N 2 3:0D 1

GLN 127:NE2

UN K O rH

UN K O rH

UN K O rH

UN KO rH
UNKOrH

UN K O tH

UN KO rH
UN KO rH

UN K O rH

UN KO rH

UN K O rH

3.550

2.432

3.179

3.4S8

3.270

2.085

2.822

3.849

3.227

1.837

2.859

ILElO rO  UN K O rN

GLU32rOE2 UN K O rN

G LU 3 2 rO E l UN K O rN

)LE19rO U N K O rN  

A S N 2 3rO D l UN K O rN

3.731

2.918

2.907

3.972

2.800

V A L llr C A

V A U lr C

V A U lr C A

V A L llr C
A IA 1 2 :C A

A lA 12 rC B

LEU 2SrCD l
VAL154rCG'

VAL154rCG*

LYSeOrCE

LYSSOrCE

LYS60.-C0

LYSSOrCB

VAL154rCG*

V A L lS 4 rC G ‘

U N K O rC

UN K O rC

U N K O f

UNKO.-C

UNKOrC

UNKOrC

UNKO-.C

UN KO rC

UN KO rC

U N KO rC

U N KO rC

UN K O rC

U N K O rC

UN K O rC

UNKOrC

3.901

3.804

3.869

3.979

3.890

3.452

3.371

3.S87

3.984

3.811

3.637 

3.734

3.638 

3.S84 

3.951

0.578

YPCP12 G L U 3 2 rO E l

G LU32rO E2

G lU 3 2 rO E l

GLU32rOE2
ALA12rN

V A L llr O

V A L llr N

UN KO rH

UN K O rH

UN K O rH

UN K O rH

UN K O rH

UN K O rH

UN K O rH

2.155

2.611

3.720

3.316

3.475

3.740

3.94S

G LU 3 2 rO E l

GLU32rQE2

U N K O rN

U N K O rN

3.126

3.323

LEU72rCD2

1LE6SrCDl
(.EU72rCD2

PHE69rCD2

PHE36rC02

IL£65rC G l

ILE33rCDl

ILE33rCDi

fU 3 3 rC D l

ILE19rCB

ALA12rCB

V A U lr C G 2

SER24rCA

SER24rCA

lE U 2 5 rC D l

UN K O rC

UN K O rC

U N K O rC

UN KO rC

UNKO.-C

UN KO rC

UN K O rC

UN KO rC

UNKOrC

UNKOrC

UN K O rC
U N K O rC

UNKOrC

UNKOrC

UNKOrC

3.723

3.672

3.533

3.721

3.691

3.756

3.151

3 3 9 9

3.969

3.930

3.872
3.828

3.835

3.812

3.863

5-10

YPCP13 ILE19rO

A S N 2 3 rO D l

ASN23rND2

ASN23rN

UN KO rH

U N K O rH

U N KO rH

U N KO rH

3.015

2.306

3.679

3.804

lL£19rO

A S N 2 3rO D l

UN K O rN

UN K O rN

3.132

2.993

LEU 25 rC D l

ILE19rCDl

7YR129rCE2

V A U M r C G '

V A U 5 4 rC G '

VAL154rCG'

ASN23rCA
LYSeOrCE

LYSeOrCO

LYSSOrCE

LYSeOrCE

LYSSOrCE

GLY58rCA

6LY58rC

UN KO rC

UNKO.-C

UN KO rC

UNKOrC

UNKOrC

U N K O rC

UNKO.-C

U N K O rC

UNKOrC

UNKOrC

UN KO rC

UN KO rC

UN K O rC

UNKOrC

3 J 6 7

3.756

3.677

3.728

3-552

3.652

3.762
3.966

3.909

3.724

3 J 5 1

3.959

3.321

3.746

100



YPCP19 ILE19:0

ILE lO iO

VAL11:N
ALA12:N

tLE10:0

LEU2S:N

U N K O :H

U N K O iK

U N K O :H

U N K O :H

U N K O :H

UNKOtK

2.635

2.843

3.186

3.171

2.662

3.945

L£U25;N

TYR 129;O H

ILE123:0
IL£10:0

U N K 0 :0

UN K O ;N

U N K O iN

UN K O :N

TY R 1 2 9 .0 H  UN K O rN 

ILE123:0  U N K O :N

3.081

3.156

3.830

3.045

2.862

3.366

PHE69;CE2

PHE69:CD2

PHE69:CD2

PR 066:C D

IIE 65 K :6 2

IIE65:CB
IIE6S.-C61

ILE33:CD1

ll£33.-CG2

1L£33:CD1

IL£33:CD1

SER64:C

SER64:CB

U N K O iC

U N K O C

U N KO rC
U N K O :C

U N KO rC

u n k o k :

UNKOrC

U N K O :C

UN K O :C

U N KO rC

U N KO rC

UN K O rC

u n k o k :

3.329

3.537

3.619

3.903

3.384

3.972

3.539
3.974

3.666

3.S27

3.886

3.733

3.741

1.0

YPCP20 G l.U 3 2 rO E l

G LU32rO E2

ALA 12:N

A LA 1 2 :0
ILE19rO

TYR 129:O H

A LA 12 ;0

UN K O rH

UN K O rH

UN K O rH

UN KO rH
UN KO rH

UN K O rH

UN KO rH

2.988

3.671

3.165

2.020
3.612

3.466

3.601

ALA12rO

ILE19rO

UN KO rN

UN K O rN

2.997

3.883

5ER64rC

SER64rCB

ILE65rCGl

SER64;CB

THR61rCG2

TH R 61rC 62

THR61rCB
TH R 61rCA

6LY20rCA

UN K O rC

U N KO rC

UNKOrC

U N KO rC

UN K O rC

UN K O rC

UN KO rC
U N KO rC

UN K O rC

3.790

3.425

3.417

3.483

3.392

3.644

3.802
3.654

3.S80
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YPCP21 T H R 6 1 rO G l

THR61rN

SER64rOG

T H R 6 1 rO G l

LEU2SrN

SER24rN

SER64rO

UN K O rH

UN K O rH

UN K O rH

UN K O rH

UN KO rH

UNKOrH

UN K O rH

2.651

3.803

3.941

3.049

2.655

3.868

3.202

A tA 1 2rN  UNKOrO 

T H R filrO G l UN K O rN

2.983

2.977

V A U lr C G 2

IL£19rCB

ILE19rCB

ILE19rCDl

PHE36rCZ

PHE36rCG

PHE36rCE2

PHE36rCZ

PHE36rCE2

PHE36rC01

PHE36rCB

ALA12rCB

ILE33rCDl

ILE33rC01

ILE33rC01

PHE36rC02

UNKOrC

UN K O rC

UN K O rC

UN K O rC

UN K O rC

UNKOrC

UN K O rC

UN K O rC

UN K O rC

UN KO rC

UN K O rC

UN K O rC

U N K O rC

U N KO rC

U N KO rC

UNKOrC

3.7S3

3.450

3.982

3.479

3.891

3.881

3.767

3.734

3.916

3.607

3.799

3.776

3.7S7

3.823

3.774

3.726

5.6

YPCP22 LEU25rN

SER24rO
LEU25rN

SER24rN

SER64rO

6 L U 3 2 :0 E 1

GLU32^3E2

ALA12rN

UN K O rH

UN K O rH

UN K O rH

UN K O rH

U N K O rH

UN K O rH

UN K O rH

UNKOrH

3.420
2.914

3.518 

3.372 

2.843 

2.474 

2.876

3.519

A lA 12 rN

SER 24.0

SER64rO

AN S23rO

UN KO rO

UN K O rN

UN K O rN

UN K O rN

3.633

3.861

3.674

3.873

SER24rC

SER24rCA

LEU25rCD2

SER64rCB

AtA 12rC 8

PHE69rCE2

lLE65rC G l

IL£6SrCG l

ILE65rC01

ILE65rCDl

PHE36rCZ

PHE36rCE2

ILE33rCDl

UN K O rC

U N KO rC

UN K O rC

UN KO rC

UN KO rC

UN K O rC

U N KO rC

U N KO rC

UN KO rC

UNKOrC

UNKO.-C

UNKOrC

UNKOrC

3.893

3.946
3.834

3.97S

3.961

3.765

3.888

3.740

3̂ 67
3.726

3.645

3.585

3.483

0.25
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VPCP23 6 L U 3 2 ;0 E 1

GLU 32;O E2

V A L llr O
A IA 1 2 :N

G LU 32:O E2
G LU 32 :0 E 1

UNKO-.H

U N K O iH

U N K O :H
U N K O :H

U N K O :H

U N K O :H

3.114

2.493

3.464
2.693

3.201

3.4SO

GLU32-.OE1

GLU 32;O E2

G L U 3 2 :O E l
ILElO rO

U N K O :N

UNKO-.N

U N K O :N

U N K O ;N

3.244

3.097

3.460

3.S73

PHE36-.CD1

PHE36;CE1

PHE36:CG
PH E 36 :C O l

ILE65:CG1
ILE123:CD1

ILE65:CG1
TH R 61;C G 1

GLY124;C A

TH R 61:C G 2

G LY125:CA

G LY125:CA

TYR129:CE2

ILE 19 C B

ILE 19 C D 1

ILE19:CB

IL£19:CD1

IL£19;CG2

V AL11:CG2

UNtCOzC

U N K O :C

U N K O £

u n k o k :

u n k o k :

U N K O ;C

U N K O :C
U N K O :C

UNJCOtC

UNKOrC

U N K O :C

U N K O :C

U N K O :C

UNtCOrC

UNKÔ:
UN KO rC

UN KO tC

UN K O ;C

U N K O ;C

3.522

3.729

3.671

3.675

3.715

3.906

3.990

3.719

3.707

3.743

3.580

3.724

3.696

3.696 

3.851 

3.489 

3.968 

3.798 

3.777

0.049

YPCP24 G LU 32 :0 E 1

G LU 32 ;O E 2

G L U 3 2 ^ )

6LU 3 2:O E X

G LU 32:O E2

TY R 1 2 9 :0 H

A LA 12 :0

ALA 12:N

U N K O :N

U N K O :N

UNKO-.N

U N K O iN

UN(CO:N
U N K O :H

U N K O .H

UNKOrH

2.193

2.S18

3.965

3.908

3.479

3.060

3.67G

3.163

GLU 32 :0 E 1

GLU 32:O E2

TY R 12 9:O H

A LA 12 ;0

U N K O :N

U N K O rN

U N X O ;N

U N K O :N

3.093

3.224

3.949

3.64S

ll£ 3 3 :C D l

ILE 33 :C D l

SER64:CB
l.YS28:CA

IL E 3 3 C 0 1

!IE 6 5 :C D I

ll£ 6 S :C G l

IL£65:CG1

ILE65:CD1

■m R61:CG2

SER24:C

LEU25:CD1

U N K O :C

U N K O <

U N K O :C

U N K O :C

U N K O :C

UN KO rC

U N K O :C

U N K O rC

U N K O tC

UNKO.-C

UN K O rC

U N K O rC

3.833

3.952

3.905

3.967

3.S53

3.948 

3.636 

3.009 

3.683 

3.9S6

3.949 

3.244

0.80

YPCP25 GLY20:N

lLE19rO

A U 1 2 6 :N

A S N 2 3:0D 1
TH R B lrN

LYSeOrO

SERS4:OG

SER64:OG

A N S 2 3 :0

U N K O rH

UN K O rH

UN KO rH

UN K O rH

U N K O rH

UN KO rH

U N K O rH

U N K O rH

UN K O rH

3.941

2.909

3.496

3.401

3.435

3.097

3.551

2.170

3.224

lLE19rO

A S N 2 3rO D l

SER64rOG

LreSOrO
T H R filrO G l

UN K O rN

UN KO rN

UN K O rN

UN K O rN

UN K O rN

3.9S7
3.564

2.884

3.220

3.384

P H E36rCEl

PHE36:CZ

P H E36rCD l

PHE36rCG
PHE36rCE2

PHE36rCD2

P H E 3 6 ra

P H E 3 6 ra 2

PHE36rCD2

IL£65rC01

ILE65rCGl

ILE6SrCGl

SER64rC

SER64rCA

5ER64rCB

THR61rCB

TH R 6 l;O G 2

LEU25.C01

ALA12rCB

ALA12rCA
V A U lr C A

V A L llr C

UNKOrC

UNKOrC

UNKOrC

UNKOrC

UNKOrC

UNKOrC

UNKOrC

UNKOrC

UNKOrC

UN K O rC

UN K O rC

unkok:
UN K O rC

UN KO rC

U N K O rC

UN K O rC

UN K O rC

UN K O rC

UNKO.-a
UN K O rCL
UNKOrCL

U N K O r a

3.513

3.590

3.741 

3.932 

3.859 

3.980

3.741 

3.647 

3.991 

3.758 

3.28S 

3.441 

3.802 

3.858 

2 .943 

3.954 

3.706 

3.903 

3.827 

3.888 
3.643 

3.684

5.18

YPCP26 ASP134rO

ASP99rOD2
H IS lB S rN D l

ASP134rOD2

ASP134rOD2

U N K O rH

UN K O rH
U N K O rH

U N K O rH

U N K O rH

3.780

3.252
2.710

2.626

3.470

LYS96rO UN K O rN

ASP134rOD2 UN K O rN
ASP99rOD2 U N K O rN

ASP99rOD2 UN K O rN

3.900

3.306
3.435

3.880

ILES0rCG2

llf8 0 rC G 2
JLE80:C62

ALA131rCB

ALA131rCB

A U 1 3 1 rC A

ALA131rCfl

ASP134rCB

SER97rCB

UNKO.-C

UN KO rC
UN K O rC

UN KO rC

U N K O rC

UN K O rC

U N K O rC

UN KO rC

UN KO rC

3.595
3.524
3.837

3.486

3.868
3.924

3 3 5 5

3.913

3.798

3.53

S I



yPCP27 SER 64;0

ILE65:N

TY R 12 9:O H

GLY124:N

1LE123:0

U N K O iH

U N K O ;H

U N K O :H

U N K O :H

UNKO-.H

2.600

3.649

3.359

3.831

2.236

I LEI 2 3 :0

TYR 129:O H

SER 64:0

U N K O :N

U N K O :N

U N K O :N

3.125

3.731

3.576

PHE36;CE1

PHE36:C01

P H E 3 5 :a

PHE36:CE2

PHE36:CD2

PHE36:CG

ILE33.-CD1

ILE65:C61

GLY125:CA

A IA 1 2 ;C B

ALA12:CB

V A U 1 :C A

ILElO tC

UNKO:C

UNKO:C

UNKOtC

UN K O tC

u n k o k :

UNXO:C

U N KO rC

U N K O :C

U N K O iC L

UN»CO:C

UN K O rC

UN)CO:C

UN K O rC

3.885

3.825

3.872
3.771

3.620

3.649

3.672
3.733

3.742

3.SS9

3.948

3.703

3.961

10.8

YPCP28 ILE19:0

ILE19;0

AN S23rO

SER 64:0G

SER24:N

SER 24:0

U N K O :H

UNKO-.H

UNKO:H
UNKO:H
UN K O rH

U N K O :H

2.617

3.443

3.02G

3.S48

2.874

3.872

IL£19:0 U N K O :N 3.006 PR 066:C G

PR066:CG
PHE36:CZ

ILE lO rC

V A U 1 ;C A

VAL11:C A

SER64;CB
TH R 61:C G 2

THR61rCG2

U N K O iC

U N K O :C

UN K O :C

UN KO rC

U N K O ;C L

UN K O rC

UNKO.-C

UN K O rC

UN K O rC

3.923

3.998 

3.850 

3.964 

3.921

3.999 

3.478 

3.651 

3.617

1.3

YPCP29 TY R 12 9:O H

TH R 6 1 rO G l

LYS60;0

TH R 61:N

SERS4rOG

A S N 2 3 :0

ILE123:0

UN KO rH

UN K O rH

UNKOrH

U N K O :H

U N K D rH
U N K O rH

UN K O rH

3.141

3.061

3.956

3.663

2.598

3.768

3.232

TY R 12 9;O H  UN KO rN

TH R 6 1 rO G l UN KO rN

TH R 6 1 :0 G 1  UN K O rN

LYSeOrO UN K O rN

SER64rOG UN K O rN

T H R 6 1 :O G l UN K O rN

3.995

3.076

3.277

3.925

3.543

3,731

IL£33rCD l

PHE36rCEl

PHE36rCZ

PHE36rCE2

PHE36rC02
PHE36:CG

PHE36rCE2

PHE36:CD2

LEU72rCD2

PR066rCD

tL£65rC62

IL £ 6 5 ^ G 1

THRfilrCe
THR61rCG2
THR 61rCA

TH R 61rC62

UN K O rC

UN KO rC

UNKOrC

UN K O rC

UNKO.-C

UN K O rC

UN K O rC

UN K O rC

UN KO rC

UN KO rC

UNKOrC

UN K O rC

UN KO rC

UNKOrC
UN KO rC

U N K O .C

3.850

3.889

3.779 

3.756 

3.789 
3.916 

3.633

3.911

3.911

3.779 

3.731 

3.741 

3.824 

3.964 

3.887 

3.759

0.12

YPCP30 SER64rO UN KO rH  

ILE65rN UNKOrH
SER64rO UN K O rH

3.162

3.972
3.933

SER64rO U N KO rN 3.702 ILE6SrCGl
ILE19rCDl
AlA12rC6
AlA12:Ca
G lY 12 5rC A

UN K O rC

UNKO.-C

UN KO rC

UN KO rC

U N K O rC

3.710

3.769
3.997

3.765

3.650

1.07

YPCP30 SER 64;0

ILE65rN

SERS4rO

UN KO rH

UN K O rH

UN K O rH

3.162

3.972

3.933

SER64rO U N KO rN 3.702 IL£65rC G l

l l f l 9 C D l

ALA12rCa

A IA 1 2 :C B

GLY12SrCA

UN K O rC

UNKOrC

UN KO rC

U N K O £

UN KO rC

3.710

3.769

3.997

3.765

3.650

1.07

YPCP31 ILE123rO

ILElO rO

tLElOrO

V A L llr N

A lA 12 rN

A U 1 2 r N

ALA12rO
TyR129^)H

TYR 129rO H
TH R 6 1 rO G l

GLY125rN
LYSeOrN
ARG59rN

GLN127rNE2
L£U128rN

GLN 127:N

UN K O rH

UN KO rH

UN KO rH

U N K O rH

UN K O rH

U N K O rH

UN K O rH
UN K O rH

UN K O rH
UN K O rH

UN KO rH
UN K O rH

UNKOrH

UNKOrH
UN KO rH

UN K O rH

3.095

3.591

3.274

3.366

2.924

2.197

2.713
3.228

3.486

2.385

3.162
2.422

3.442

3.998

3.170

3.803

ALA12rO

ILElOrO
ALA126rN

TYR 129rO H

T H R 6 1 rO G l

■mR61rN

U N K O rN

UN K O rN

UN K O rO

U N K O rN
UN K O rN

U N K O rO

2.984

3.666

2.874

3.217
2.903

3.958

IL£19:CB

ILE19rC01

7YR129rCF2

IL£19rCD l

GLYS8rCA

LY560:Cfl

LYSSOrCA
LYSeOrCB

LYSfiOrCB
V A Q 5 4 rC G "

V ALlS 4rC G 2

V A U S 4rC 6 *

A5N23rCA

ASN23rC

UN KO rC

UN K O rC

UNKOrC

UN K O rC
UN K O rC

UN K O rC

UN K O rC
U N K O rC

U N K O rC

UN KO rC

UNKOrC
UNKOrC

UNKOrC

UNKO-.C

3.808

3.729

3.795

3377
3.821

3.413

3.846
3.661

3.655
3.638

3.874
3.871

3.568
3.974
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YPCP32 A IA 1 2 6 :N

GLN127;NE2
LYS60:NZ

U N K O :H

U N K O ;H

U N K O :H

3.422

3.539

2.773

No km ic bonds ILE33:CD1

ILE33:C01

LEU2S:CD2

LEU25:C02

TH R 61:C G 2

IL E W rC O l
LYS60CE

V A L IS 4 ;C G '

VAL1S4:CG2

V A U 5 4 :C G 2

U N K O C

U N K O :C

U N K O :C

U N K O :C

U N K O £

UN K O rC
U N K O rC

U N K O :C

U N K O £

UN K O :C

3.767

3.875

3.433

3.993

3.752

3.957
3.887

3.607

3.972

3.466

5.3

YPCP33 G LU 32 :0 E 1

ILE10:0
ALA 12:N

VAL11;N

V A L llr O

ILE123:0

TYR 129:O H

SER 64:0

SER64:OG

ILE65:N

U N K O :H

U N K O :H

U N K O rH

U N K O :H

U N K O rH

U N K O rH

UN K O rH

UN K O rH

UN K O rH

UNKOrH

3.542

3.949

2.606

3.569

3.709

2.082

3.412

3.524

3.947

3.775

ILElOrO

TYR129rOH
}LE19rO

IL£123:0

LEU25:N

UN K O rN

U N K O rN

UN K O rN

UN K O rN

U N K O rO

2.985

3.041

3.326

3.027

3.201

1LE33:CD1 UN KO rC 

PHE36rCE2 U N K O :C

PHE36rCD2

P H E36rCD l

P H E36rCEl

PHE36:CG

UNKO.-C

U N K O rC

UNKOrC

UN K O rC

3.594

3.868

3.7S1

3.651

3.825

3.792

1.2

YPCP34 LYSeOrO

THR61rN

U N K O rH

UN K O rH

2.600

3.705

LYSSOrO UN KO rN 3.244 ILE33rC01

ll£ 3 3 rC D l

IL£33rCG2

PHE36rCE2

PHE36rCD2

ILE33rCDl

P H E36rCEl

PHE36;CD1

ILE65;CG2

ILE65:CG1

ILE65rCG l

IL£65rC01

SERfi4:CB

TH R 61;CG2

TH R 61;CG 2

UN KO rC

UN KO rC

UN K O rC

UN KO rC

U N K O rC

UNKOrC

UNKOrC

UN K O .C

UNKOrC

UNKOrC

U N K O r< ^

U N K O rC -

UN K O rC

UN KO rC

UN K O rC

3 J 0 9

3.438

3.832

3.795 
3.629 

3.603 

3.815 

3.674 

3 .990 

3.770 

3.279 

3.765

3.795 

3.558 

3.762

0.002

YPCP35 G L U 3 2 rO E l
6 LU 3 2;O E 2

G LU32rOE2

V A L llr N
ALA12rN

V A L lIr O

T H f ll4 4 r0 6

U N K O rH
U N K O rH

U N K O rH

UN K O rH

U N K O rH

U N K O rH

UN K O rH

2.394
2.009

3.452

3.459

3.411

3.302

3.829

GLU 32:0E1
G LU 3 2 rO E l

6LU32rO E2

V A L llr O
TH R 6 1 :0 6 1

T H R 6 1 rO G l

T>IR61rO G l

U N K O rN
UN K O rN

UN K O rN

UN K O rN
U N K O rN

U N K O rN

U N K O rN

3.489
3.272

3.005

3.971

3.137

3.243

3.G49

V A U 1 ;C G 2

VAL11:C 8

V A U lr C A

5ER64rCB

SER64rCA

IL£64rCG l

LEU25rC01

THR 61rCA

UN KO rC

U N KO rC

UN KO rC

UN K O rC
U N K O rC l

UN K O rC

UNKOrC

UN KO rCL

3.376

3.380

3.527

2.896

3.992

3̂ 22
3.659

3-700

2.8

YPCP36 GLN 127:NE2

GLN127rN

GLN127rNE2

A LA 1 2 :0

TR P27:NE1

G L U 3 2 :0 E 1

A R G 59;N

LYS60rN

TH R 61:N

T H R 6 1 rO G l

T H R 6 1 rO G l

TH R 61;N

GLY125rN

GLY125:N

ILE123r0

ILE19r0

U N K O rH

U N K O rH

UN KO rH

U N K O rH

UN K O rH

UN K O rH

U N KO rH

UN KO rH

UN K O rH

UN KO rH

UN K O rH

U N K O rH

UN K O rH

UN KO rH

UN KO rH
UN KO rH

3.167

2.686
3.887

3.436

3.998

3.563

3.913

3.497

3.553

3.803

2.075

2.729

3.127

3.925

3.583
3.385

ALA12rN

■rHR61rOGl

TH R 6 1 :0 G 1

UN KO rO

U N K O rN

U N K O rN

3.921

3.084

3.116

ILE33rC01

LEU25rC02

LEU25:CD1

V A L llr C 6 2

V A U lr C A

GLY20:CA

GLV125rCA

LYSeOrCB

GLY125;CA

SER24rC

5ER64rCB

SER24rCA

UN K O rC

UN K O rC

UN KO rC

UNKOrC

U N K O £

U N K O £

UN K O rC

UN K O rC

U N K O rC

U N K O rC

UNKOrC

UN K O rC

3.872

3.838

3.719

3.909

3.871

3.854

3.644

3.992

3.894

3.642

3.S60

3.988

0.000
035

( / •



YPCP41 A SN 2 3:0D 1

A SN 23;N D 2

LYS60:NZ

LVS60:NZ

A S N 2 3 :0 0 1

T H R G ltO G l

SER64:OG

T H R 6 1 :0

LYS60:0

TH R 61:N

UNKO:

UNKO;

UNKO:

UN K O :

UNKO:

UNKO:

UNKO:

UNKO:

UN K O :

UN K O :

1.925

3.621

3.657

3.632

3.530

3.474

2.404

3.878

2.840

3.301

A 5 N 2 3rO D l UN KO rN 3.401

A 5 N 2 3 rO D l UN KO rN 2.800

SER64rOG UN K O rN 3.311

TH R 6 1 rO G l UN K O rN 3.167

LYSSOrO U N K O rN 3.808

VAL154rCG' UNKOrC 3.559

GLY125rCA UNKOrC 3.380

GLY125rC UN K O rC 3.719

LEU25rC01 UN KO rC 3.914

LEU 25rCD l UN KO rC 3.667

LEU 25rCD l UN KO rC 3.796

V A U 5 4 rC G ' UN K O rC 3.968

V A U 5 4 rC B UNKOrC 3.787

VAL154rCG' UN K O rC 3.760

GLY20rCA UN K O rC 3.318

4.4

YPCP42 A S N 2 3:0D 1

A S N 2 3:0

SEft24:N

SER 64:0G

ILE19:0

ILE19:0
A R G 2 1 :0

ASN23:N

AR G21:N

SER 24:0

SER24:N

U N K O iH

UN K O :H

UN K O rH

UN K O ;H

U N K O :H

U N K O :H

U N K O :H

U N K O iH

UNKOrH

UN K O rH

UN K O rH

3.811

3.087

3.015

3.581

2.993

3.340 

3.976 

2.978 

3.508

3.341 

2.996

ILE19rO

ILE19rO

UN K O rN

UN K O rN

3.550

3.022

ILE65:C01

ILESSrCGI

PHE36rCZ

PHE36rCE2

PHE36rCEl

PHE36rCZ

PHE36:CD1

SER64:CB

TH R 61rCG2

TH R S lrC B

LEU 25rCD l

UNKOrCL

UNKOrCL

U N K O r a

UN KO rCL

UN K O rC

UNKOrC

UNKOrC

U N KO rC

UN K O rC

UN KO rC

UN KO rC

3.471

3.936

3.901

3.708

3.389

3.511

3.825

3.525

3.786

3.819

3.798

0.84

YPCP43 G L U 3 2 rO E l

G LU 32 :O E 2

GLU32rOE2

TH R 144rO G

U N K O rH

U N K O rH

U N K O rH

UN K O rH

2.467

1.938

3.534

3.974

6 L U 3 2 rO E l UN K O rN

6LU32rO E2 UN K O rN

G U U 3 2rO E l UN K O rN  

TH R 144rO H  UN KO rN

ALA12rO UN K O rN

3.283

2.945

3.336

3.820

3.873

PHE36rC01 UN KO rC

ILI19.-CB UN KO rC

LEU 25rC D l UN K O rC

LE U 25 rC D l UN K O rC 

THR 61rCG2 UN KO rC

3.734

3-S66

3.790

3.620

3.887

1.0

P H E36rC D l UN K O rC 3.955

P H E36rCEl U N KO rC 3.800

PHE36rCZ UNKOrC 3.754

P H E36rCD l UN K O rC 3.893

PHE36rCG u n k o k : 3.842

PHE36rCD2 UN KO rC 3.778
PH£36rCE2 UN K O rC 3.773

P H E36rCD l UN KO rC 3.631

PHE36rCG UN KO rC 3.723

PHE36rCEl U N K O rC 3.901

YPCP44 G L U 3 2 rO E l U N K O rH 2.823

GLU32rOE2 U N K O rH 3.113
G LU 32 .0 E 1 U N K O rH 2.216
GLU32rOE2 U N K O rH 3.028

TYR 129rO H UN KO rH 1.962

JLE19rO UN KO rH 3.999
TYR 129rO H UN K O rH 3.730

ALA12rO UN KO rH 3.309

ALA12rN UN K O rH 3.637
ALA12rN UN K O rH 3.938

lLE123rO UN KO rN 3.368

7YR129rOH UN K O rN 3.853
TYR 129rO H UN K O rN 2.909

G LU 3 2 rO E l UN K O rN 2.809
GLU32rOE2 UN K O rN 3.438

0.41

PH E36rCEl UN K O rC 3.760
P H E36rCD l UNKOrC 3.686
PHE36rCG UN KO rC 3.800
ILE33rCDl UN K O rC 3.738
IL£123rC01 UNKOrCL 3.895

PH E36rCDl UN KO rC 3.731

PHE36rCG UN K O rC 3.753
PHE36rCB UNKOrC 3.996

YPCP45 tLE19rO
A lA 1 2 rO

ALA12:N
ILE123rO

T H R S lr O G l

ILE123rO

UN KO rH

UN K O rH

UN K O rH

UN K O rH
U N K O rH

U N K O rH

2.835
2.272

2.6B0
3.774

3.959

2.179

ILE123rO
TYR 129;O H

ILE19;0
ALA12rO

ALA12rO

UN K O rN
UNKOrN

UN KO rN

UN KO rN

.U N K O rN

2.966
3.735

3.760
2.957

3.928

0.42

YPCP46 ARG82rN

TVIR 81rO Gl

A R GS9:NH2
ARG59rNE

UN K O rH
UN K O rH

UN K O rH

UN KO rH

3.467

3.766

3.737
3.249

ILEfiOrO UN K O rN  
ILESOrO UN K O rN  

TH R 8 1 rO G l UN K O rN

3.891

3.692

3.160

LYSeOrCO UN KO rC
LYSeOrCG UN KO rC

LYSeOrCG UN KO rC
lYSSOrCD UN KO rC

GLN127rCB UN KO rC

3.979

3.793

3.606
3.947

3.878

0.52



T iim e th

-o p rim
G LU 32 :0 E 1

G LU 32 :O E 2

6 L U 3 2 :0 E 1

ILE10:0

V A L ll iN

!LE123:0
TYR 129:O H

UN K O rH

UN K O rH

U N K O :H

U N K O :H

U N K O :H

UN K O tH
U N K O :H

3.093

3.913

2.S32

2.595

3.786

2.365
3.172

ILElO rO  U N K O :N

m i 2 9 : O H  U N K O :N

ILE123:0  U N K O :N

G LU 32 ;0 E 1  U N K O :N

G LU 32 :0 E 1  U N K O ;N

2.884

2.759

2,916

3.564

2.800

GLY125;CA

ILE19:CD1

LEU2S:CD1

LEU25:CD1

IL fl9 :C B

U N K O ;C

U N K O :C

U N K O :C

U N K O :C

UN K O rC

3.993

3.894

3.757

3.99

3.99

12

A lo v a -  

quone
ILE19:0 UNKO:H 3.112 ALA 126:N

SER24;N

U N K 0:O

U N K 0 :O
3.061

3.999

ILE33:CD1

IL£33;CD1

PHE69:C02
PHE69:CD2

PHE36;C02

LEU25;C02

LEU25;C02

LEU25:CD2

LEU2S:CD1

ILE65:C01

U N K O :C

U N K O ;C

U N K O :C

U N K O rC

U N K O C

U N K O :C

UN K O rC

UN K O rC

U N K O :C

U N K O ;C

3.9S4

3.686

3.807
3.040

3.274

3.901

3.883
3.590

3.527

3.844

2.5

Sulpha-
methox
azoic

A S N 2 3:0

SER64:OG

SER 64:0G

TH R 61:N

A SN 2 3:0D 1

A SN 2 3:0D 1

LYS50;0

LYS60:0

UN K O rH

UN K O rH

UN K O rH

U N K O rH

U N K O rH

UN K O rH

UNKOtH

UN K O rH

2.977

2.352

3.185

3.452

2.965

3.155

2.775

3.591

SER64:OG
LYS60:0

ASN23rO

GLY125;N

A L A U r N

A S M 2 3:0D 1

TYR 129rO H

UN K O rN

U N KO rN

UNKOrN

U N K O rO

UNICOtO

UN KO rN

UNKOrN

2.804

3.251

3.977

3.842

3.112

3.289

3.015

PH£36;CD1

SER64rCB

TH R 61;C G 2

UN K O rC

UNKOrC

U N K O rC

3.999 

3.572

3.999

0.104

Prims-
quine

TYR129rOH

ILE123rO

TH R 6 1 :0 G 1

T>HR6lrN

T H R 6 1 rO G l

UN K O rH

UN K O rH

UN K O rH

UN K O rH

UN K O rH

2.849

2.278

2.094

3.963

3.675

T H R 6 1 rO G l

TYR 129rO H

ILE123rO

A U 1 2 r O

ILE123rO

UN K O rN

UN K O rN

UN KO rN

UN K O rN

UN KO rN

2.980

3.235

3.353

3.184

3.116

tLE6S .C D l

tL£65rCDl

PHE36rCEl

P H E36rCD l

P H E36rCD l

PHE36;C01

PH E36rCEl

G LU 32rCD

IL E lO rC G l

PHE36.C2

PHE36rCE2

PHE36rC02

PHE36:CG

TW129rCr
IU 1 9 rC G 2

V A L llrC G 2

V A L llr C A

UN KO rC

UN K O rC

UN K O rC

UN KO rC

UN KO rC

UNKO.-C

UN K O rC

UNKOrC

UNKOrC
UNKOrC

UN K O rC

UN KO rC

UN K O rC

UN K O rC

UN KO rC

UNKOrC

UNKOrC

3.946

3.8S8

3.734

3.935

3.992

3.572

3.942

3.960

3.537

3.692

3.823

3.932
3.991

3.771

3.864

3.813

3.875

4.2



It m ust be noted that all the interactions w ere taken w ith the side chain functional 

groups o f  the target protein am ino acids as rest are bonded by m eans o f  a  peptide 

bond therefore none o f  the interaction is taken w ith those functional groups. The 

m ost active com pounds possessing strong binding afTmit>' w ere nam ely Y PC P3, 

YPCPIO, Y P C P ll,  Y PCP31, YPCP36, YPCP37 and YPCP42. The interactions o f  

these com pounds w ere as follow; Y P C P3 had a  total o f  about 7 ionic interactions, 11 

hydrogen bonding and 11 hydrophobic interactions. Y PC PIO  had 11 hydrogen bonds, 

5 ionic and 14 hydrophobic respectively. Y P C P l l  had 5 ionic, 11 hydrogen and 15 

hydrophobic interactions. Y PC P31 had 6 ionic, 16 hydrogen and 14 hydrophobic 

interactions. Y P C P 36  had 16 hydrogen bonds, 3 ionic and 12 hydrophobic 

interactions. Y P C P 37  had 19 hydrogen bonds, 7 ionic and no hydrophobic 

interaction. Last but not the least com pound Y PC P42 had a total o f  11 hydrogen 

bonds, 2 ionic along with 11 hydrophobic interactions. But the binding affinity o f  the 

com pounds Y P C P l, YPCP6, Y PCP9, Y P C P ll ,  YPCP25, YPCP28, Y PCP30, 

Y PC P31, YPCP33, Y PCP37 was least in the entire data  set i.e. -10.5, -11.5, -10.5, - 

11.4, -10.4, -10.4, -10.5, -11.3, -11.0 and -9.3 Kcal/m ol respectively.

By bringing into consideration all these factors the hits were reduced to three i.e. 

Y PC P31, YPCP36 and YPCP37. A lthough IC50 value has 30%  role in idaitify ing  the 

lead but when the IC 50 value o f  Y PCP31, Y PCP36 and YPCP37 w ere com pared there 

was a  rem arkable difference because IC 50 value o f  YPCP31 was 110 ^M , how ever 

Y PC P36 had an IC 50 value o f  0.000035 and that o f  YPCP37 is 0.0054 p M .  The 

analysis revealed that Y PCP36 had a  lowest IC50, but YPCP37 had the lowest binding
: 5

affinity and a  greater num ber o f  interactions as com pared to YPCP36. All these 

observ'ations led to the decision that YPCP37 was the lead having a  binding afifmity o f



Table 4.9: Table showing the two hits for lead identification along with their energy 

values, IC50 and the Tiumber of binding interactions.

COMP

NO
STRUCTURE ENERGY

VALUE

IC»
MM

H

BOND

IONIC

BOND

HP

YPCP36 -8.9

NHj

0.000

035

16

C GOOH

-I j

2-(3,5-dichlcaro-4-(((2,4-dianiinopteridm-6-yl)methyl) 

(m ^yl) aimno)beozaimdo)pentai]edi6ic acid

12

YPCP37 -9.3 0.005

4

19

2-(2-chloro-5-({2,4-diamino-5-metiiylpyrid(^2,3 - 

d}prrimidine-6-yl)me*hylanHno)bmzamido)succmic acid

V f..-

\  /j\0g 

/ - M X

■ ‘ m

Figure 4.13a& b: (a) Binding interactions o f YPCP37 the potential lead compound 

showing 19hydrogen bonds (b) Binding interactions o f YPCP37 the potential lead 

compound showing 7 ionic interactions



4.7 Analogues of the Lead compound

On the basis of binding interactions, binding affinity and IC50 value the compound 

YPCP37 had beoi selected as the potential lead. Using the lead analogues were 

formulated correspondingly in order to obtain the most active compound to be used as 

a pcDHFR inhibitor. Table 4.10 shows the analogues of the lead confound with their 

lUPAC names obtained from ChemDraw. Analogues were designed by changing the 

functional groups which either increased the hydrophobicity or hydrophilicity of the 

analogue formulated thus reworking the efficacy of the compound.

The first analogue was designed by carrying out the process of ester formation, by 

replacing H with the methyl group resulting in an increase in hydrophobicity by 

conversion of COOH at the side chain of ring to COOCH3. A second analog was 

prq>ared by performing reduction. The O of the carbonyl group was replaced by the 

hydrogen at the side chain attached to the ring structure. To obtain the third analog 

dehydrogenation was applied by adding double bond at C of the side chain of the ring 

structure. The fourth analogue was prepared by amide formation. The two amines on

the first ring structure were converted to amide and owing to the greater
f .  I "

electronegativity of oxygen, the carbonyl (C=0) act as a stronger dipole as compared 

to the N-C dipole. The presence of a C=0 and to a lesser extent presence of N-C 

allows ‘amides to act as H-bond acceptors. In amides the presence of N-H allows 

amides to fimction as H-bond donors as well. Thus amides can participate in hydrogen 

bonding since the N-H hydrogen atoms can donate H-bonds \\4iereas the oxygen atom 

can accept hydrogen bonds. Thus amide formation would increase the hydrogen 

bonding character. The pharmacophore features were also computed for all the four 

analogues using LigandScout and the r^ults are shown in Table 4.11.



T a b le  4.10: Analogues form ed from  lead com pound along w ith their lU PA C  names

Compound Structure Energy
Value

Ester formation

l-ii COOM

r  o

2-(2-chloro-5-((2,4-diam ino-5-m ethylpyrido[2,3-^ 
prrim idin-6-yl)m ethyIam ino)benzam ido)-4-m ethoxy-4- 
oxobutanoic acid

-8.5

Reduction

1^r-in
n i----o o on1r o

X

2-(2-chloro-5-((2,4-diam ino-5-m ethyipyrido[2,3-£/| 
prriniidin-6-yI) m ethylam ino) phenyl)) m ethylam ino) 
succinic acid

-9.5

Dehydrogcnation

1
-----OOOM

i °
1H

2-(2-chloro-5-((2,4<diamino-5-methylp>Tido[2,3-e3(] 
prrim idin-6-yl) m ethylam ino)ben7am ido)but-2-enedioic 
acid

-8.4

Amide formation

----COOt-i
1*̂C ==  Q

I
2-{2-ch!oro-5-((2,4-dicarbamoyl-5-methyIpyrido[2,3'</] 
prrimidin-6-vI) m ethylam ino) benzam ido) succinic acid

-10.5



4,7.1 Docking and Interactions of Analogues with the Target Protein

All the analogues were docked within the active site of pcDHFR with the already 

mentioned approach. The best conformation was selected and visualized using the 

VMD software in order to calculate binding interactions for each of the analogues. It 

is also revealed that the T' , 2"** and 4*̂  analogue was docked at the same position 

where the rest of the compounds in the dataset were docked i.e. same active site 

position including amino acids lie 10, He 19, Ue33, lle65. He 123, Ser24, Ser64, Thr61, 

Leu25, Phe36, Glu32, Alal2, Vail, Val54, Glyl24, GIyl25, T\t129 and Asn23.

The docking studies revealed that the first analogue had a binding energy of -8.5 

Kcal/mol and it was involved in a lesser number of interactions as compared to the 

lead YPCP37 wth a total of 3 hydrogen bonds, 1 ionic bond but a greater number of 

about 15 hydrophobic interactions that were absent in the lead but it is also evident 

from the docking analysis that analogues 1 has a binding energy greater than the lead. 

Hydrogen bonds were formed bet\veen the H of the ligand and O of Ser24, Leu25 

with distances 3.858A, 3.735A and one was formed with N of Leu25 with distance 

2.642A- One ionic bond was observed between 0  of the ligand and N of Leu25 of the 

target. Moreover 15 hydrophobic interactions were observed between the C of ligand 

and C of amino acids Ue33, Ile65, Ser64, Pro66, Phe36 and Leu256.

Second analogue designed by reduction showed 15 hydrogen bonds formed between 

the H of ligand and N of Glnl27, AIal2, Alai 26, Leu25 and Glyl25 and O of amino 

acids Thr61, Tyrl29, Alai 2 and GIu32. 11 ionic interactions were observed out of 

which 5 formed beUveai the N of ligand and O of Thr61, Glu32, Tyrl29 and Arg59 

and the remaining 6 formed between 0  of ligand and N of L>'s60, Glnl27, and



Alai 26. 9 hydrophobic interactions were observed between the C of ligand and C of 

Leu25, Lys60, Glyl25 and Vail 54 respectively. It possesses a binding energy o f-  

9.5Kcal/mol which is lower than that of the lead.

However the third analogue designed by dehydrogenation process was found to bind 

to relatively different set of residues including Leu88, Trp62, Leu86, Glu63, Ser85, 

AsnS3, Glu84 and Asp87. It showed 11 hydrogen bonds formed between H of ligand 

and 0  of Leu86, Leu88, Ser85, Asn83, Glu63, Glu84 and Asp87 and N of amino acid 

Trp62 of the target. 5 ionic interactions were observed between 0  of ligand and N of 

residues Leu86, Leu88, Asn83 and Glu84. However the 6 hydrophobic interactions 

were observed between C of ligand and C of Leu88. Third analogue has a binding 

affmity of -8.4 Kcal/mol, which is greater in comparison to that of the lead.

The fourth analogue produced through amide formation yielded 13 hydrogen bonds 

that were observed between the H of ligand and 0  of L>'s60, Ile80, He 10, lie 123, 

Thr61, Ser64 and Tyrl29 and N of Arg59, Glnl27, Leul28 and Lys60. 15 ionic bonds 

were formed between O of ligand and N of Glnl27, Alai 26, Leu 128, Thr61, Lys60, 

Arg59, Glyl25 and Glyl27. The remaining ionic interactions were found between N 

of ligand and 0  of residues Ilel9, Ilel23, Thr61 and Ser64. However 10 hydrophobic 

interactions were found bet\veen C of ligand and C of Ser64, Glyl25, Gly58, Glnl27, 

Phe36, Ilel9 and Vall54. It has a binding energy of about -10.5 Kcal/mol. The 

binding interactions of all the four analogues along with the residues and distances are 

shown in Table 4.12.

The binding energies of all the four analogues were far better than the lead and the 

analogues 2 and 4 have lower binding affinities in comparison to the lead that is a plus



point for the further investigations of these tsvo analogues in tentis of drug designing. 

In terms of activity and binding interactions it can be clearly noticed that that 

analogues produced by reduction and amide formation show a greater number of 

interactions and along with this the possess lower binding energies even lower than 

the lead. Thus on the basis of the active binding interactions of the above maitioned 

analogues it can be concluded that they have a potential to be tested, to undergo trail 

and further investigation to achieve effective anti P.carinii drugs that specifically 

target the pcDHFR. All three types of binding interactions of the two analogues 

produced by reduction and amide formation are represented in Figure 4.14(a-c) and 

4.15(a-c). Figure 4,14(a-c) Hydrogen, ionic and hydrophobic interactions of the 

Analogue 2 with the target pcDHFR and Figure 4.15(a-c) Hydrogen, ionic and 

hydrophobic interactions of the Analogue 4 with the target pcDHFR.

Table 4.11: Pharmacophoric Features of the four analogues designed from the lead
compound using LigandScout.

Compounds HBDs HBAs Ar HP Positive
ionizable

Negative
ionizable

ESTER FORMATION Five Eight Three Three None One

REDUCTION Four Seven Three Three Two Two

DEHYDROGENATION Six Eight Three Two None One

AMIDE FORMATION Five Nine Three Two Two None



Table 4.12: Binding interactions of the analogues which include hydrophobic, 

hydrogen bonding and ionic interactions along with distances in Angstrom

Ana
no

Hydrogen
Bondinc

dist Ionic Bonding dist Hydrophobic dist

1. LEU25;N UN K O :H 2.642 LEU25:N U N K O tO 3.924 ILE33tCG2 UNKOtC 3.624

LE U 25 ;0 U N K O :H 3.858 ILE33tCB U N K O tC 3.736

SER24:OG U N K O iH 3.735 ILE33tC G l UN K O tC 3.620

5ER64tC U N K O tC 3.773

SER64tCB UN K O tC 3.826

ILE65tC G l UNKOtC 3.301

PR066tCG UN K O tC 3.950

PR066tCB U N K O tC 3.999

PHE36tCE2 UN K O tC 3.759

PHE36tCE2 UN K O tC 3.999

PHE36tCE2 UN K O tC 3.751

P H E 3 6 :a UN K O tC 3.881

LEU256tCD2 UN K O tC 3.775

LEU2S6tCD2 UNKOtC 3.999

LEU256;CD2 UN K O tC 3.817

2 . G LN 127:N U N K O tH 3.229 TH R 6 1 :0 G 1  UN K O tN 3.240 LEU 25 tC D l U N K O tC 3.446

GLN 127:N U N K O :H 3.377 G LU 3 2 :0 E 1  UN K O tN 2.975 t£U 25tC 02 UN K O tC 3.962

ALA126:N U N K O :H 3.703 GLU32tO E2 UNKOtN 3.324 LY560tCD UN K O tC 3.753

A U 1 2 6 :N U N K O :H 3.S63 TY R 12 9:O H  U N K O iN 3.006 LY560tCG UNKOtC 3.985

TH R 6 1 :0 G 1 U N K O :H 2.908 LYSeOtN U N K 0 :0 3.276 LYSSOtCB UN K O tC 3.469

TYR 129:O H U N K O :H 3.426 AR G59:N UN K O tN 3.855 lYSeOtCB UN K O tC 3.909

TYR 129:O H UN K O :H 2.474 G LN 127:N UN K O tO 3.952 G LY l2 5 tC UN K O tC 3.847

A LA 12 ;0 U N K O ;H 3.918 A U 1 2 6 :N U N K O tO 3.930 6LY125tCA U N K O tC 3.720

ALA 12:N U N K O :H 3.257 ALA 126:N UN K O tO 3.928 VAL154tCG2 UNKOtC 3.446

GLU 32:O E2 U N K O :H 3.333 ALA126:N UN K O tO 3.073

G LU 32 :0 E 1 U N K O :H 3.559 GLN 127:N UN KO tO 2.924

G LU 32 :0 E 1 U N K O :H 1.956

GLU 32 ;O E 2 U N K O :H 2.613

LEU25:N U N K O :H 3.886

GLY12S:N U N K O :H 3.779

3. LE U 8 8 :0 U N K O :H 1.804 L£U86tO UNKOtN 3.611 LEU88:CB UN K O tC 3.760

LEU S S:0 U N K O :H 3.680 LEU 8S:0 UNKOtN 2.778 L£U88tCG UN K O tC 3.987

TRP62;NE1 U N K O tH 2.592 LEU88tO UN K O :N 3.734 LEUSStCG UN K O tC 3.989

TRP62:NE1 U N K O ;H 3.446 G LU 84tO UNKOtN 3.945 LEUSBtCG UN K O tC 3.732

LE U 86 :0 U N K O :H 3.373 ASN83tO UNKOtN 3.674 LEU88tCB UN K O tC 3.754

LE U 86 :0 u n k :o : h 3.719 LEU86tC U N K O tC 3.959

G LU 63:O E2 U N K O :H 2.860

S£RSS:OG U N K O :H 3.695

A S N 8 3 :0 U N K O :H 3.097

G L U S 4 :0 U N K O :H 2.969

ASP87:0D 1 U N K O ;H 3.144

4. L « 6 0 : 0 U N K O :H 3.320 GLN 127:N UN KO tO 3.103 SER64:CB UN K O tC 3.995
I l f  1 23 :0 UN K O tH 3.408 ALA126tN UN K O tO 2.915 6LY125tCA UN K O tC 3.894

IL£80:0 UN K O tH 3.186 6LN 1 27 :N E 2U N K O tO 3.951 GLYSStCA UN K O tC 3.575
ARGS9:N UN K O tH 2.916 L£U128:N UN K O tO 3.696 GLW127tCA U N K O t a 3.809
6 LN 1 27 :N UN K O tH 3.736 TH R 61:N U N K O tO 2.906 P HE36tCEl U N K a C 3.904
LEU128;N UN K O tH 3.115 LYS60:N U N KO tO 3.310 ILE19tCB UN K O tC 3.780
LYS60:NZ UN K O tH 3,853 LYSeOtN U N K O tO 3.775 IL f l9 tC D l UN K O tC 3.909
T H R f il :0 6 1 UN K O tH 2.493 A R 6 59 :N UN K O tO 2.993 VALL54tCG2 UN K O tC 3.666
SER64;OG UN K O tH 3.469 ILE l9 tO UN K O tN 3.247 V A U 5 4 tC G 2 UN K O tC 3.984
LYS60;0 UN K O tH 3.026 TH R e 1 :0 6 1 UN K O tN 3.154 V A U 5 4 tC G 2 UNKOtC 3.791
Jl£ 1 0 ;0 U N K O tH 3.320 ILE123t0 UN K O tN 3.013
1 lf l0 :0 U N K O tH 2.434 IL £ l2 3 t0 UN K O tN 3.685

TYR 129:O H UN K O tH 3.201 SER 64:0G UN K O tN 3.712
2.764 6LY127tN UN K O tO 3.891

GLY125tN UN K O tO 2.882
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Figure 4.14a: Hydrogen Bonds of the Analogue 2 (Reduction) and the target

pcDHFR

£>>JC >

Figure 4.14b; Ionic Bonds of the Analogue 2 (Reduction) and the target protein

pcDHFR

Figure 4.14c: Hydrophobic interactions of the Analogue 2 (Reduction) and the target

pcDHFR



Figure 4.15a: Hydrogen bonds of the Analogue 4 (Amide formation) and the target

pcDHFR

Figure 4.15b: Ionic bonds of the Analogue 4 (Amide formation) and the target

protein pcDHFR

Figure 4.15c: Hydrophobic interactions of the Analogue 4 (Amide formation) and the

pcDHFR



4.8 Quantitative Structure Activity Relationship

In this particular study one of the major areas of focus is in-silico QSAR (Quantitative 

structure-activity relationship). The relationship between molecular structure and 

change in biological activity, when similar molecules with minute difference or 

variations show different biological activity' is main area of focus of QSAR Modeling, 

QSAR is defined as the process “by which chemical structure is quantitatively 

correlated with a well-defmed process, such as biological activity or chemical 

reactivity” .QSAR are usually based on a comparison executed between a particular 

t>T)e of activity and the chemical structure or a comparison executed between the 

physicochemical properties of a series of chemical compounds (Mishra et a I., 2010).

For the selected data set QSAR model was built in order to describe the direct and 

indirect relation of descriptors to the biological activity i.e. pharmacokinetics of a 

compound. A selected set of descriptor was chosen and then applied to data set. It was 

assumed that the descriptors influence the fact whether a given compound will 

successfully bind to the target protein or fail in binding to the target. 21 compounds 

were included in this set data. These analogues were obtained by addition of linker, 1, 

4-piperazinediyl p^ait compound \vith alkyl or cycloalkyl groups introduced on one 

side of the nitrogen atoms of the amidine moieties (Cushion e! al., 2004). Th 5e data set 

for the QSAR analysis is sho\vn in table 4.13.

The descriptors selected for QSAR analysis of the ligands are the partition coefficient 

i.e. Log P, Molar refractivity, (MR), Critical volume (CV), Highest occupied
• j

molecule orbital (HOMO), Lowest unoccupied molecular orbital (LUMO), Heat of 

formation (HF) and Total binding energy' of the ligand (TE) respectively. These 

descriptors were computed using the tools H\per Chem and Chem Draw.



Tabic 4.13: Chcmical Structure and I C 5 0  values o f compounds for QSAR studies.

Hi

C O M PO U N D S R IC so (jiM )

Y Q SA R  1 NH.HCl

MN-CH,CH
^CHj

0.002

Y Q S A R 2
NHHO

- i

0,002

Y Q SA R  3
NH.HCl

HN-CCHj^-CHj

0.007

Y Q SA R 4
NH.Ha

.CHj

0.016

YQ SA R 5
NHHCI

HN-(CH2>j-CHj

0.091

YQSAR 6

^  V \
HN-O

0.115

YQ SAR 7
NH.HCl

0.117

YQ SAR 8
H H H a

0.208

YQ SA R 9 NH.HCl 

; ^

0.242



COMPOUNDS R ICso ( mM)

YQSAR 10 0.317

YQSARll
N H .H O

0.425

YQSAR 12
,N H .H a

—i
H N - C H j C H s

1.20

YQSAR 13

H

1.31

YQSAR 14
H . ♦  c r

- < oHN—'

3.03

YQSAR 15
NMHO

HN-CH,

1.53

YQSAR 16 NMMCl
--^

3.34

YQSAR 17 1.71

YQSAR 18
N H  H C I

---C
2.5

YQSAR 19
NM Hd

--? . 0 * 3MN—C m
C M ,

3.01

YQSAR 20
NH

h :
H N— OH

3.3

YQSAR 21 6.48



The values of LogP and the molar refractivity were obtained using Chem Draw. The 

descriptors including total binding energy, CV, Ehomo, EujMa ai'd heat of formation 

were computed using the software Hyper Chem. The values of the calculated 

descriptors have been showii in Table 4.14.

While performing QSAR the first step was the calculation of QSAR equation The 

activity parameter used in the QSAR analysis is the IC-50 value. The following 

QSAR equation was obtained.

IC50 = 3.951227499760E+000 + -2.9968499881OOE-001* (LogP) + 
-3.542425594621E-001*(MR) + 9.952824647556E-003*(CV) + - 
3.713228694800E-H)00*(EHoino) + 8.138843835032E-002*(ELumo) 
+ -2.915664271882E-004*(T.E) + 1.004416345322E-002*(H.O.F)

QSAR equation calculation was followed by the next step the statistical analysis of 

the data set. The RSQ value must be high to obtain a good QSAR equation. RSQ is 

the indication of the high degree fitting of the calculated QSAR equation to the given 

the data This would be helpful to get much better predictions for new test data. 

According to the data set, the RSQ value is adjusted to give a new value. If there is a 

significant difference in actual and adjusted values, it gives an indication that the 

overall prediction is weaker. The F statistics show the measure of strength of 

regression. It can be stated that the QSAR equation is not effective or good if the 

critical F is greater than F statistics. Table 4.15 show's the values for the above 

statistical parameters.

The next step involves the establishment of correlation of descriptors with activity. 

The descriptors including the Elu\{o. Ehomo, Heat of formation and Etotal values 

were found to have no correlation with acti\it>' so these descriptors are discarded 

from the set of descriptors.



Table 4.14: QSAR, Steric and Electronic descriptors of Ligands along with IC50 value.

Compounds IC5.
HM

Log? MR
cmVmol

CV
cmVmol

EiiaM
kcal/mol kcal/mol

T .E
kcalAnol

ttO .F

QPCPl 0.001 4.6 122.94 1093.97 -0.07402 0.064422 -96551 177.1719
QPCP2 0.001 4.62 122.76 1104.17 -0.07539 0.062977 -96553.2 174.9624
QPCP3 0.004 5.03 127.36 1148.25 -0.07096 0.060613 -100001 169.9704
QPCP4 0.009 4.53 122.94 1097.08 -0.07502 0.062179 -96552.3 175.815
QPCP5 0.046 4.2 118.16 1059.32 -0.07558 0.062295 -93104.5 180.4537
QPCP6 0.058 3.67 115.97 1023.6 -0.05854 0.032016 -92354.3 223.5575
QPCP7 0.069 4.92 129.77 1127.72 -0.26382 0.003473 -102756 151.533
QPCP8 0.116 4.51 125.17 1091.25 -0.00493 0.086812 -99273.2 190.9217
QPCP9 0.139 4.83 128.7 1126.97 -0.00198 0.055304 -100556 229.8447
QPCPl 0 0.195 5.34 134.37 1161.55 -0.26383 0.004742 -106203 146.9504
QPCPl 1 0.226 4.09 120.57 1058.73 -0.24746 0.013035 -95828.2 192.788
QPCPl 2 0.524 3.3 108.96 971.04 -0.00694 0.085902 -86208.9 189.8288
QPCPl3 0.711 4.12 122.51 1073.15 -0.07481 0.052841 -96430.8 204.661
QPCPl 4 1.44 3.06 111.88 982.25 -0.25997 0.007357 -88984 150.7096
QPCPl5 1.53 2.96 104.16 925.62 -0.00848 0.078141 -82758.9 196.6962
QPCPl 6 1.6 3.78 113.56 1015.27 -0.00581 0.085371 -89656.8 185.1109
QPCPl7 1.71 2.95 107.28 939.8 -0.03008 0.242141 -85463.5 228.1163
QPCPl8 2.5 3.25 111.37 999.91 -0.01415 0.054839 -88913.1 221.6328
QPCPl9 3.01 3.61 113.65 1005.73 -0.25971 0.006893 -89646.3 195.6194
QPCP20 3.3 2.83 101.69 902.06 -0.02538 0.02737 -86078.5 200.9702
QPCP21 6.48 1.95 101.79 902.32 -0.0776 0.080731 -96551 166.0862

Table 4.1S: Statistical parameters and their values

SS r 44.94
SS e 7.38
SS t 52.32
RSO 85.89 %
Adjusted RSQ 78.30 %
F statistics 11.31
Critical F 2.51



The correlation value ranges from -1 to +1 through 0. -1 indicates ideal negative 

correlatioa 0 as correlation value indicates no correlation at all and +1 gives an 

indication of perfect positive correlatioa The correlation value is best measure for 

witnessing the tendency of relevance between descriptors and activity (IC-50), To be 

notable as a good predictor the descriptor should contribute more than half to the 

activity, that is more than 50%. The values that indicate the percentage contribution 

are the independent RSQ values of each descriptor if they were used alone. The 

correlation reveals that Critical volume (CV), Molar refractivity (MR) and LogP 

proved to be good descriptors for the activit\'. The table 4.16 shows the values of 

correlation and the percentage contribution.

Further a plot was generated for the training data that was generated on the basis of 

the QSAR equation. This shous the relationship between the actual lC-50 values and 

those predicted by the QSAR model. This will provide a proof of how much correctly 

the equation is fitting the data. Table 4.17 shows the actual IC-50 values and the 

predicted values. Figure 4.16 shows the plot between the actual and predicted values.



Table 4.16: Correlation of descriptors with activity and the percentage contribution of.
each descriptor to activity ,

Descriptors Correlation Percentage
LogP -0.80 64,69 %
CV -0.75 55.93 %
MR -0.73 53.78 %

E homo 0.06 0.33 %
Elumo 0.11 1.15%
E total 0.37 13.70%
H.O.F 0.05 0.21 %

Table 4.17: Actual and predicted IC-50 values of QSAR data set

No. ACTUAL PREDICTED No. ACTUAL PREDICTED

1. 0.00 0.12 12. 0.52 1.10

2. 0.00 0.26 13. 0.71 0.45

3. 0.00 -0.11 14. 1.44 1.60

4. 0.01 0.16 15. 1.53 1.52

5. 0.05 0.62 16. 1.60 0.72

6. 0.06 1.35 17. 1.71 1.76

7. 0.07 0.19 18. 2.50 1.68

8. 0.12 0.01 19. 3.01 1.69

9. 0.14 -0.23 20. 3.30 3.27

10. 0.20 -0.27 21. 6.48 6.40

11. 0.23 1.35



CONCLUSION AND FUTURE

INVESTIGATIONS



Conclusion and Future Investigations

The present study was aimed at the identification of novel drugs for the treatment of 

Pneumocystis car ini i pneumonia that possessed the best pharmacophore features and 

binding interactions.

The Ligand based pharmacophore modeling approach was brought in to use and 

pharmacophore models were generated. The shared pharmacophore was identified 

using the training set composed of 10 compounds belonging to differait classes along 

with one standard drug Trimethoprim. All the compounds along with the standard 

drug were superimposed for the purpose of generating the shared pharmacophore 

model. The selected compounds were different groups of disubstituted 

diaminopteridines (Jackson et al., 1996), 0-alkyl derivatives (Rosowsky and Forsch,

2003), triazolyl analogues (Chan et al, 2002), benzanilides and benzylamines (Da 

Cunha et al, 2010), substituted 2, 4-diamino-5-benzylpyrimidine (Forsch et ai,

2004), 1-naphthyl derivative (Hallberg et ai, 2004) and Diaminoquinazolines 

(Rosowsky et al, 1995). The identified pharmacophore consisted features including  ̂

two hydrogen bond acceptors, two hydrogen bond donors and one aromatic volume. 

No such model has been predicted or reported in literature till date for pcDHFR 

inhibitors.

A pharmacophore model specific for the pcDHFR inhibitors was idaitified. The 

generated pharmacophore can be utilized effectively to predict the activity of a wide 

variety of chemical scaffolds. Moreover it has the capability to can be used as a 3D 

query for database searches. This helps in determining a variety of compounds that 

can prove as potent pcDHFR inhibitors.



Molecular docking studies were performed on the entire data set and the potential lead 

compound was identified on the basis of best energy score i.e. minimum energy score 

and greater number of interactions by the effective use of Auto Dock Vina. Lead 

compound w'as selected and the corresponding four analogues were designed. 

Amongst the four analogues, two showed the potential to for further investigations 

since they had more binding interactions thus it can be concluded that they will have 

more bioavailability. The two analogues that show the significant number of 

interactions are proposed for clinical trials and synthesis in laboratory with the sole 

purpose to bring forth a better drugs having high bioavailability than the already 

available drugs which may treat pneumocystis infectioa

Molecular docking was used as an important tool through which the important 

interactions between the potent inhibitors and the active site residues were uncovered. 

Using a combination of pharmacophore modeling, virtual screening, and molecular 

docking, putative novel pcDHFR analogues were successfully identified, which can 

be further evaluated by in vitro and in vivo biological tests.

For the QSAR studies a selected set of descriptor was chosen and then applied to data 

set of 21 compounds. These analogues were obtained by addition of linker, 1, 4- 

piperazinediyl parent compound with alkyl or cycloalkyl groups introduced on one 

side of the nitrogen atoms of the amidine moieties (Cushion et al, 2004). The analysis 

showed that descriptors including the Elun!o, Ehomo, Heat of formation and Etotal

values were found to have no correlation. The correlation reveals that Critical volume
t i  ;

(CV), Molar refiractivit>' (MR) and LbgP proved to be good descriptors for the 

Activity. The descriptor which was found to be critical for P.carinii inhibitor in this 

study may be evaluated for other classes of compounds to get a general view.



In terms of recommendations for fiiture directions the research can be split into two 

branches firstly research can be conducted in terms oiPneumocystis basic science and 

secondly in terms of drug designing for the cure of PCP. The following aspect should 

be considered to be of immense importance for Pneumocystis basic science research:

• Improvemoit in understanding Pneumocystis interactions with a range of cells 

including the epithehal cells, die dendritic cells, macrophages and proteins of 

the lung principally surfactant protein should be made.

• Further development of vaccines and novel methods to therapeutically deal 

with the lung inflammation during the infection should be focussed. A better 

and improved understanding of life cycle along \vith the signaling pathways 

and the particular culture requirements are basic necessity for its future 

investigation.

• An improved understanding of the current epidemiology of PCP throughout 

the world including the middle income countries needs to be developed. More 

over an appropriate examination of the PCP prophylaxis is required. The 

continuation to the developmait and validation of new methods for PCP 

diagnosis is also a major area of research. Extensive research study should be 

conducted on putative drug resistance in human including the particular 

association between the mutations in the P.carinii dihydropteroate synthase 

gene and trimethoprim-sulfamethoxazole. Further exploration of issues 

concerning PCP treatment failure and death should be considered. 

Comprehensive research is required for studying the further clarification of the \ 

role of PCP prophylaxis for the non-HTV immune compromised hosts. Future 

research should be conducted in order to fiirther investigate the risk of PCP or



transmission of PCP (Huang et al., 2006).

• However important factors associated with the drugs for the cure of PCP such 

as the deleterious side effects, limited efficacies of these drugs, and emerging 

mutations and drug resistance cannot be neglected and thus provide a 

justification for the search of more effective and less toxic medicinal agents 

(Eynde et al., 2004).

Last but not the least in terms of drug designing for the Pneumocystis carinii 

pneumonia future investigations can be focused on the study of the energy landscape 

of the two analogues suggested for clinical trials. Simulation studies can also be 

performed on the analogues. Molecular dynamics may assist in the exploration of the 

energy landscape and the free energy simulations can also be used to compute the 

relative binding free energies of a series of putative drugs.
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