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ABSTRACT

Objective: The study is focused and directed towards a promising gateway for novel inhibitor designing against malaria.

Methods: Homology model was built for both ON-state and OFF-state of Plasmodium falciparum chorismate synthase (PfCS) protein. Around 240 
antimalarial compounds were docked into the active site of PfCS to understand the interaction and binding affinity. Virtual screening was carried out 
based on docking score, molecular properties, drug likeliness and bioactivity toward lead molecule selection.

Results: Based on these properties out of 240 compounds, we found the best fit ligand idarubicin interacting with Arg46, Lys60, Glu86, Arg483 and Arg491 
of ON state PfCS, with a high docking score of -13.7. The stability of complex and hydrogen bonds were analysed with molecular dynamic simulations. In 
OFF state also idarubicin interacting with a docking score of -15.2 and interacting residues was found to be Ser16, Glu86, Gly126, Arg127 and Arg491.

Conclusion: Malaria, a cataclysmic disease caused by protozoan parasite P. falciparum is a leading disease and cause of death in many of the developing 
countries. CS is an enzyme, which plays a major role in the aromatic amino acid biosynthesis of the shikimate pathway. Inhibition of PfCS protein is reported 
to affect the growth and survival of the parasite. In this study, idarubicin compound shows anti-parasitic activity and high binding affinity towards PfCS.
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INTRODUCTION

Malaria is the third most deadly disease of the human system, and it emerges 
as a diagnostic and therapeutic challenge [1]. Plasmodium falciparum is 
the protozoan parasite which out of 5000 apicomplexan species affects 
more than 74% of the people in Africa and South-East Asia through blood-
borne malarial disease worldwide [2-4]. In 2011, WHO estimated that 
300-500 million cases are in diseased state, and 0.5 million deaths occur 
annually [5]. Perhaps the most widely used drugs are quinolines, antifolates 
and artemisinin derivatives [3]. A symptom of this disease is fever, chills, 
prostration and anemia, in the severe case can include delirium, metabolic 
acidosis, cerebral malaria and multi-organ system failure and coma. 
New, effective, less toxic and affordable antimalarial agent for increasing 
drug resistance strains of malaria are necessary to be developed through 
computational therapeutic approaches [6].

The shikimate pathway for aromatic biosynthesis is present in the 
cytosol of bacteria, fungi, plants and apicomplexan parasites, is absent 
in mammals. Chorismate synthase of P. falciparum (PfCS) reveals 
unique catalytic mechanism, which can act as attractive target for 
antimalarial drugs. The seventh and final step of shikimate pathway 
includes CS (EC  4.6.1.4), which converts 5-enolpyruvylshikimate-3-
phosphate (EPSP) to chorismate and phosphate, with reduced flavin 
mononucleotide (FMN) molecule as a cofactor for redox neutral 
reaction [7]. CS catalyses the anti-1,4-elimination of phosphate and the 
C6-pro-R hydrogen of EPSP [8,9]. CS can act as a precursor for synthesis 
of aromatic aminoacids phenyl alanine, tryptophan and tyrosine, indole 
and its derivatives, 2,3-dihydroxybenzoic acid, antibiotics, ubiquinol 
and enterobactin biosynthesis, salicyclic acid, aromatic metabolites like 
alkaloids, folates, vitamin K and para-amino benzoate [10]. CS enzyme 
plays a critical role in the growth of P. falciparum. The shikimate pathway 
is also the target of the broad spectrum herbicide, glyphosate, and it 
also supplies folates to mammals which have recently been implicated 
in apicomplexan organisms such as malaria. The shikimate pathway 
believed to be absent from all protozoans was recently demonstrated 

to be present in apicomplexan parasites [11]. In the present study, we 
explored the potentials antimalarial agents through inhibiting a key 
enzyme of the shikimate pathway.

METHODS

Homology modeling and model validation
The PfCS sequence was obtained from NCBI protein database with 
accession no AAB63293.1.The templates were identified for homology 
modeling via BLASTp program against Protein Data Bank (PDB). 
(http://www.ncbi.nlm.nih.gov/BLASTp/). We used the monomer 
structures as templates extracted from the crystal structures of other 
organisms with more than 40% identity (Table 1). A multiple sequence 
alignment of PfCS sequence with two template protein sequence was 
constructed with ClustalW [12]. Multiple crystal structure proteins 
were used to build a multi-template three-dimensional (3D) model of 
the PfCS monomer using Modeller9v7 [13]. The model ligand module in 
the Modeller9v7 was used to model the FMNred bound PfCS structure; 
reduced FMN as a cofactor. Both FMNred bound (ON-state) and FMNred 
free (OFF-state) model of PfCS were modeled using same templates. We 
used the CS-HP-FMN crystal structure as the template for our FMNred 
bound modeling. The CS protein structure was also predicted using 
I-TASSER server. The modeled structures were then evaluated using the 
Procheck [14] and ProsA server [15] (Fig. 1).

Energy minimization and MD simulation
The CS protein (ON and OFF state) structures was further refined by 
the energy minimization and molecular dynamics simulation using 
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Table 1: Details of template sequences

Template ID Identity (%)

IR52 46
4LJ2 43
IUM0 41
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Gromacs 4.5.4 package with GROMOS96  43a1 force field [16]. The 
topology parameters of proteins were created by using the Gromacs 
program. The topology parameters of FMN were retrieved from PRODRG 
server. The predicted model was solvated in a truncated octahedron 
periodic box of simple point charge water molecules. The system was 
then energy minimized using a steepest gradient method for 10,000 
steps and continuous with conjugate gradient method 10,000 steps. 
To equilibrate the system, position-restrained dynamics simulation of 
solute (NVT and NPT) at 300 K for 300ps. Then MD production was run 
at 300 K temperature and 1 bar pressure for 1 ns/1000ps.

Secondary structure prediction and active site prediction
The active site of PfCS has been predicted using Q-site finder. In Q-site 
finder the most favorable regions ranked based on the hydrophobicity 
of binding pocket. Secondary structure prediction was done with 
PSIPREDv3.3 online tool.

Ligand selection
The inhibitors that can act against CS protein were manually retrieved 
from Drugbank and Pubchem Databases. Around 240 compounds with 
antimalarial activity were selected for the studies (Supplementary Table 1).

Molecular docking
The possible interaction between ligand and receptor protein was studied 
using Auto dock Vina software [17]. The default parameters were used for 
this docking study. The coordinates of active sites obtained from Q-site 
finder were chosen to set grid box size. Lamarckian genetic algorithm 
was used to search for the best conformation of the docked protein-ligand 
complex. The log files were used to estimate the least binding energy for 
all the protein-ligand complexes. The binding modes of the ligand in the 
protein-ligand complex were visualized using pymol [18].

Drug Likeliness and bioactivity prediction
Virtual screening of the compounds was performed by using drug 
likeliness property with Lipinski’s rule of five and physiochemical 
properties using molinspiration [19], cheminsilico server [20], 
XLOGP v2.0 and prediction of activity spectra for biologically active 
substances (PASS) server [21,22]. The PASS score for anti-parasitic and 
anti-protozoan activity were also taken into consideration for virtual 
screening.

RESULTS AND DISCUSSION

CS has a unique catalytic activity which is biochemically distinct hence 
this might lay the path for developing an effective and specific anti-
parasitic agent. Nearly, more than 110 countries and territories were 
reported about the malarial transmission. These statistics indicates 
the severity of malaria as the pre-eminent disease, and it is one of the 
major killer transmissible diseases. Antimalarial drug resistance is 
recognized to be one of the greatest challenges to our ability against 
malaria. Selections of novel molecular targets as potential therapeutic 
drug targets are of paramount importance. With the increase in drug 
resistance, it becomes highly crucial to develop novel compounds to 
prevent the emergence of multidrug-resistant P. falciparum. Thus, 
it sounds to be inevitable to have a computational investigation 
using homology modeling and molecular docking towards designing 
inhibitors for CS.

Homology modeling
Homology modeling is also known as creating an atomic resolution 
model of the target protein from known tertiary structures of PDB 
database, which is conserved than amino acid sequences. CS catalyzes 
the conversion of EPSP to chorismate in the shikimate pathway, which 
represents an attractive target for discovering antimalarial agents. CS 
requires reduced FMN as a cofactor for catalysis. Hence, we modeled 
the structure of PfCS in both FMN-bound and FMN-free form (Fig. 2).

Template identification
The protein sequence of PfCS (527aa) was retrieved from NCBI 
database. BLASTp program was used for template search. Information 
of template sequences found with comparatively higher identity was 
identified and tabulated (Table 1).

Multiple sequence alignment
Multiple sequence alignment has been performed to discover common 
motif in the set of sequences. Identical residues are represented with 
as star (*) symbol and homologous residues are indicated using dot (.) 
symbol. The result thus obtained helps in improving the prediction of 
secondary and tertiary structure of proteins with a better understanding 
of weakly related proteins.

Fig. 1: Multiple sequence alignment of the target and template sequence
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Target protein structure modeling
Protein 3D-structure prediction of PfCS modelled with both Modeller9v7 
and Itasser. The modeled structure of PfCS can help us to know the 
mechanism of this enzyme action. CS protein monomer possess a novel 
“β-α-β sandwich fold.” The active site of bound FMN is formed by the 
clustering of highly conserved regions along with certain flexible loops. 
Bound FMN has an isoalloxazine ring which is non-planar. Substrate 
binding site is generally targeted by drug compounds that disintegrates 
the chorismate product formation leading to folate reduction affecting 
the parasites growth.

Model validation
All the predicted models were validated with PROCHECK and ProsA 
program (Table 2). Comparing with Itasser server, Modeller9v7 
predicted a good model for PfCS. Only the residues present in loop 
regions appeared in the disallowed region of the Ramachandran plot. 
PROSA plots depict the stability level of our model (Fig. 3).

Optimizing modeled structures using MD simulation
Energy minimization and MD simulation of the FMN bound CS 
model was carried out with the GROMACS 4.5.4 package using the 
GROMOS96  43a1 force field. The energy of CS and CS-FMN model 
has converged at steepest descent below 10,000 steps (Fig.  4). MD 
simulation analysis of root mean square deviation, potential energy, 
total energy, number of hydrogen bonds (NH) was done to explore the 
dynamic behavior of modeled protein. The hydrogen bond plot shows 
the binding affinity between CS protein and co-factor redFMN which 
retains four hydrogen bonds throughout the MD simulation process 
(1 ns) except 300 ps.

Secondary structure prediction
Secondary structure of protein were also predicted (Fig.  5) as they 
are highly conserved than amino acid sequence, which may help to 
understand more about the structure of modeled protein.

Active site prediction
Q-site finder tool is used for predicting ten possible ligand binding 
sites. The first active site from Q-site finder was chosen for this docking 
study. The selected active site residues are conserved and functionally 
active which present in the primary sequence of PfCS. Fig. 6 represents 
residues at the active site which includes Lys60, Glu86, Arg123, Lys122, 
Gly120, Arg46, Il332, Pro333, Arg483, Lys336, Leu400, Ser125, Gly126, 
Ile129, His184, Gly105, and Ser161.

Molecular docking
The high throughput virtual screening method was used to identify 
compounds with a favorable binding affinity toward ON and OFF state 
of CS protein (Muegge and Oloff, 2006). The grid parameter file was 
prepared and used for both ON and OFF condition of PfCS protein 
during molecular docking using AutoDock Vina. AutoDock doesn’t 
calculate the non-covalent bond interactions which use only empirical 
scoring functions. Hence the ligands with high binding energy ranging 
from −10 to −8 Kcal/mol were selected for the first step of the screening 
process. Thus, 80 compounds among 240 compounds were selected for 
further study (Supplementary Table 1).

Potential lead identification

Drug likeliness and bioactivity prediction
Of 80, 34 compounds were found to follow drug likeliness properties. 
Fig.  7 shows the correlation between XlogP and TPSA. From 34 

Table 2: Structure validation results of constructed CS models

Protein models Template 
ID

Identity 
(%)

Tool PROCHECK

a b c d

PfCS protein IR52 46 Modeller 9v7 82.3 12.2 3.0 2.6
4LJ2 43
IUM0 41

PfCS protein bound with redFMN IR52 46 Modeller 9v7 78.8 14.7 3.8 2.6
4LJ2 43
IUM0 41

PfCS protein ‑ Itasser 76.5 16.2 4.9 2.4

a: Percentage of residues in most favoured region, b: Percentage of residues in additionally allowed region, c: Percentage of residues in generously allowed region 
d: Percentage of residues in disallowed region, PfCS: Plasmodium falciparum chorismate synthase, FMN: Flavin mononucleotide

Fig. 2: Three-dimensional modeled structure of target protein, (a) Inactive form (OFF-state) of chorismate synthase (CS) protein structure, 
(b) active form (ON-state) of CS protein structure (CS with reduced flavin mononucleotide)

ba



Asian J Pharm Clin Res, Vol 8, Issue 4, 2015, 45-52
	 Lulu et al.	

48

Fig. 4: Root mean square deviation plot and hydrogen bond plot using molecular dynamics simulation of chorismate synthase

Fig. 5: Secondary structure prediction of chorismate synthase protein. Pink indicates helix; yellow indicates sheet; black line indicates coil

Fig. 3: Model validation plots of active (a) and inactive (b) form of chorismate synthase protein using ProsA server

ba
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Fig. 6: Surface representation of binding pockets. Grey indicates the target protein; white indicates the ligand binding groove in target protein

Fig. 7: Correlation between XlogP and topological polar surface area

compounds, 12 compounds were screened based on rate of enzyme 
inhibitor value (more than 0.5) were taken for further analysis. 

Fig. 9: Protein-ligand interaction of chorismate synthase (CS) 
protein without cofactor flavin mononucleotide-red (FMN) 

(inactive form), (a) Surface representation of CS with ligand, 
(b) ribbon schematic representations of CS with ligand, and 

(c) two-dimensional plot of protein-drug interaction

c

ba

Fig. 8: Protein-ligand interaction of chorismate synthase (CS) 
protein with cofactor flavin mononucleotide-red (FMN) (active 

form), (a) Surface representation of CS-FMN with ligand, 
(b) ribbon schematic representations of CS-FMN with ligand, and 

(c) two-dimensional plot of protein-drug interaction

c

ba

(Table  3). Among 12 compounds, camptothecan, didanosine, 
zalcitabine, zidovudine, idarubicin, hydrocortisone, are act as lead 
like molecule. Finally, idarubicin identified as a potential antimalarial 
drug which is the only one compound shows anti-parasitic and anti-
protozoan activity using PASS prediction server.
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Protein-ligand interaction analysis
All the compounds were successfully docked into the active site of CS 
protein (Supplementary Table 1). In that, FMN binding residues of CS 
active site pocket are highly conserved. Flexible loops of the enzyme 
contribute a major role in creating the active site pocket to which 
cofactor gets bound through non-covalent bonds. The residues of five 
major flexible loops that form FMN binding pocket are Arg46, Arg123, 
Ser125, Pro333, Pro334, Lys336 and Arg491. Highly conserved Ser125 
in the active site pocket contributes to make stable interaction with 
isoalloxazine ring of FMN. However, Arg123 interacts with hydroxyl 
group and Lys336, Pro333, Pro334 interact with the phosphate group 
of ribityl chain of FMN. Arg491 which is a highly conserved amino 
acid in CS was found to contribute any interaction with the active site 
of generated model. In the ON state, the selected compound prefers 
substrate binding site (Fig. 8). The ligand idarubicin founds to interact 
with Arg46, Lys60, Glu86, Arg483, and Arg491.

CS protein is an apoenzyme in which FMNred absent in OFF state. In 
OFF state also idarubicin compound prefer the same binding site. It will 
interact with Ser16, Glu86, Gly126, Arg127, and Arg491 (Fig. 9). In the 
present study, the molecular model of PfCS constructed using crystal 
structure of known organism. The model also facilitated the recognition 
of conserved residues in active site pocket. The models study highly 
focused of the binding efficiency of all the ligands with inhibitory 
capacity against PfCS.

CONCLUSION

The shikimate pathway of PfCS enzyme, which is an apoenzyme that 
undergo catalysis in the presence of FMN, EPSP and chorismic acid. 
Hence, CS can be an important disease target for anti-malarial drugs. In 
this study, 3D structures (ON and OFF state) of the PfCS were modeled 
using Modeller9v7 software and optimized through molecular dynamic 
simulation studies using GROMACS software. Secondary structure 
predictions of modeled CS structures were also done with a view of 
having better understanding of the modeled structures. This gives 
a similar picture to that of CS from other organisms. The conserved 
residues present in the primary sequence were considered as active 
site residues for docking studies. Physiochemical properties, bio-active 
spectrum and drug likeliness were considered as the virtual screening 
filters that provided potency towards ligand selection for the target 
protein. From our findings through drug-target interaction studies, 
idarubicin compound has been identified as the potent inhibitor of 
PfCS protein. As the degree of drug resistance of the virus continues 
to be a frightening fact, this study has widened the scope of developing 
idarubicin based compounds as promising antibacterial agents.
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Dextromethorphan −11.8 −11.5 Dihydroxyacetone −10.4 −4.2
Cisplatin −6.5 −6.2 Piclamilast −11.3 −8.3
Balsalazide −10.8 −10 Compound 12 −10.4 −9.9
Trandolapril −8.3 −8.4 Benzophenone −10.1 −8.3
Erlotinib −9.6 −7.8 (Aminooxy)Acetic Acid −4.9 −4.5

Supplementary table 1: Binding score of all the ligands in both ON and OFF state pfCS protein
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Compound name Docking energy Compound name Docking energy

OFF-state ON-state OFF-state ON-state

Chlormerodrin −5.9 −5 Isatin −8.8 −7.8
Gadoversetamide −6.3 −6 Calcipotriol −11.6 −11.8
Methoxsalen −9 −8.4 Compound 19 −11.8 −9.6
Bosentan −10.8 −8.9 Novo Nordisk a/S Compound −9.3 −6.8
Propranolol −8.7 −7.6 Cyanamide −3 −2.6
Valaciclovir −9.1 −8.3 Nicotinamide −6.6 −6.2
Doxazosin −13.5 −11 Compound 18 −10.7 −10.4
Piperazine −4.2 −3.9 Phosphonoacetic Acid −5.6 −5.4
Amiloride −8.9 −8.1 Frovatriptan −9.9 −8.8
Sulindac −11 −9.3 Quisqualate −7.7 −7.1
Chloroquine −8.1 −6.7 Beta−Alanine −4.6 −4.1
Amodiaquine −9.8 −9.8 Phenol −6.5 −5.8
Imatinib −12.8 −9.7 Pyruvoyl Group −4.3 −3.9
Leucovorin −10.6 −10.4 Butylamine −4.2 −3.9
Isoflurophate −6.2 −5.1 Adenosine−5’−Phosphosulfate −11 −8.9
Losartan −10.7 −9.1 Compound 4−D −11.7 −9.9
Midazolam −11.7 −9.8 Benzoic Acid −7.5 −8.8
Pomalidomide −11.8 −9.8 Formaldehyde −2.2 −1.9
Fluorescein −16.8 −12.7 Eucalyptol −9.8 −11.1
Diethylcarbamazine −7.1 −6.8 Urea −4 −3.5
Paroxetine −11 −9.4 Compound 5 −10.7 −9.7
Nitroglycerin −6.9 −5.7 Trametinib −12.4 −10.7
Nateglinide −9.1 −8.6 Citric Acid −5.9 −5.4
Pralidoxime −7 −6.8 Trimethyl Glycine −4.7 −5.1
Esomeprazole −11 −9.6 Trioxsalen −12.1 −9.7
Hydrocortisone −12.8 −12.5 Quinestrol −12.5 −11.3
Hexachlorophene −10.6 −9.7 Aniracetam −8.2 −7.3
Clopidogrel −9.4 −7.1 Dibromothymoquinone −7.9 −9.1
Benzquinamide −9.8 −8.5 Camptothecin −13 −13.5
Malathion −6.3 −5.3 4−Butyrolactone −5 −5.6
Roxithromycin −13.7 −10.6 Suramin 15.5 −10.1
Bedaquiline −12.5 −9.6 Zimelidine −9.1 −7.1
Phenylbutazone −9.7 −9.1 Dronedarone −8.1 −7.4
Meloxicam −11.5 −9.6 Voacamine −14.8 −13.1
Menthol −9.1 −7.3 Voglibose −7.9 −7.3
Phenmetrazine −7.6 −7.4 Ospemifene −9.3 −7.7
Mifepristone −13.7 −11 Iloperidone −11.6 −10
Aminolevulinic acid −5.5 −5.7 Indacaterol −13.5 −10.2
Sirolimus −18 −14 Mianserin −13.3 −10.8
Isosorbide Dinitrate −8 −7.4 Acetylcysteine −5.4 −5.8
Didanosine −10 −9.8 Alogliptin −10.7 −8.6
Methdilazine −11.2 −10.1 Vilazodone −12.8 −10.9
Ethacrynic acid −8.1 −7.4 Mevastatin −9.7 −8.9
Bimatoprost −9 −8.4 Artemether −10.8 −7.9
Buprenorphine −13.3 −11.5 Norelgestromin −14.9 −13.3
Levosimendan −9.6 −8.7 Aluminum hydroxide −6 −5.7
Salicyclic acid −7.5 −6.9 Aniline −6.5 −7.6
Zalcitabine −9.1 −9 Difluprednate −11.5 −11
Acetylsalicylic acid −7.9 −9.2 Nepafenac −9.4 −8.4
Rizatriptan −9.1 −7.3 Metiamide −6 −5.3
Dirithromycin −12.7 −10.5 Tofisopam −9.4 −7.6
Carboplatin −7.1 −6.9 Spinosad −12.4 −11.3
Telmisartan −9.9 −10.6 Fidaxomicin −14.1 −10.8
Dactinomycin −15.4 −13 Vemurafenib −9.8 −10.5
Edetic Acid −6.8 −5.1 Gadoxetate −6.5 −6.1
Ramelteon −11 −9 Regorafenib −13.1 −9.8
Cytarabine −9.4 −8.7 Enzalutamide −11.7 −9.8
Azathioprine −9 −7.3 Ipratropium bromide −7.9 −7.3
Auranofin −7.2 −7 Gadopentetate dimeglumine −6.9 −6.5
Gabapentin −8.2 −6.1 Pentosan Polysulfate −10.3 −9.6
3’-Phosphate-
Adenosine-5’-
Phosphate Sulfate

−9.9 −9.2 N−(Allyloxycarbonyl)−4−[N−
(Carboxy−Formyl)−2−(Benzoic 
Acid)−Amino]−L−Phenylalaninyl−
Amino−Butyloxy−(6−Hydroxy−
Benzoic Acid Methyl Ester)

−9.6 −8.2

Supplementary table 1: Contd...


