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Abstract 

T protective antigen of anthracis is 

central to the action of the lethal and 

edema toxins produced by Bacillus 

anthracis. It is the common cell-binding 

component, mediating the translocation of the 

enzymatic moieties (lethal factor [LF] and edema 

factor) into the cytoplasm of the host cell. 53 

compounds of anthrax lethal factor inhibitors 

were used to investigate their inhibitory 

potencies against WT protective antigen of 

anthracis as novel drugs for treating early attacks 

of Bacillus anthracis. The compounds were 

optimized by employing Density functional theory 

(DFT) with basis set of B3LYP/6-31G*. The results of 

Molecular docking analysis by using two 

neurotransmitter transporters PDB ID 3Q8A 

(resolution = 3.129 Å) showed that two of the 

ligands (compound 2 and 11) having higher 

binding affinity were 

observed to inhibit the 

targets by forming 

hydrogen bonds and 

hydrophobic interactions 

with amino acids of the 

receptor binding site. The 

results of these studies 

would provide important 

new insight into the 

molecular basis and 

structural requirements 

to design more potent 

and more specific 

therapeutic treatment 

for anthrax. 
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Introduction 

he association of the full-length, monomeric 83 kDa anthrax 

protective antigen (PA) to the host receptor is a key step leading to 

the formation of the anthrax toxin. Upon binding to the host 

receptor (Bradley, Mogridge, Mourez, Collier, & Young, 2001; Martchenko, 

Jeong, & Cohen, 2010). PA is cleaved by a cell-surface furin-like protease, 

releasing a 20 kDa fragment (Molloy, Bresnahan, Leppla, Klimpel, & Thomas, 

1992). This allows the remaining 63 kDa fragment, bound to the receptor, to 

oligomerize into heptameric (Mogridge, Cunningham, & Collier, 2002) or 

octameric (Kintzer et al., 2009) complexes, called collectively the prepore. 

The prepore creates binding sites for the two enzymatic moieties of the 

toxin, edema factor (EF) and lethal factor (LF) (Melnyk et al., 2006). The 

toxin is then endocytosed into the cell by receptor-mediated endocytosis 

(Zornetta et al., 2010), and subsequently trafficked to late endosomes which 

become acidic. In this low pH environment (pH ¼ 5–6), the prepore 

undergoes a major conformational change, forming a 14-stranded b-barrel 

pore (Benson, Huynh, Finkelstein, & Collier, 1998; Katayama et al., 2010). It 

is through the b-barrel pore that EF and LF must translocate through, from 

the acidified endosome, into the cell cytosol (Krantz, Finkelstein, & Collier, 

2006). Once in the cytosol, EF functions as an adenylate cyclase (Leppla, 

1982) which raises cellular cyclic-AMP levels, altering chemotaxis (Hong et 

al., 2007), and LF is a zinc-metalloproteinase that cleaves mitogen activated 

protein kinase kinases (MAPKKs) (Duesbery et al., 1998), disrupting cell 

integrity (Lehmann, Noack, Wood, Perego, & Knaus, 2009). 

Based on the crystal structures of PA (Santelli, Bankston, Leppla, & 

Liddington, 2004) or the heptameric prepore (PA63) (Lacy, Wigelsworth, 

Melnyk, Harrison, & Collier, 2004) bound to the soluble von-Willebrand 

factor A (vWA) domain of the receptor, capillary morphogenesis protein 2 

(CMG2), the contact interfaces between the two proteins are well defined. 

Domain 4 of PA has been shown to be required and sufficient for binding to 

CMG2 (Williams, Lovell, Anbanandam, El‐Chami, & Bann, 2009). Domain4 

accounts for the largest binding interface (1300 A° 2), and contributes an 

T 
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aspartic acid (D683) to the coordination of a magnesium ion that sits in a 

metal-ion dependent adhesion site (MIDAS) on the surface of CMG2.  

 showed that lowering the pH increases the rate of association of all 
proteins to CMG2, with little effect on rates of dissociation, their studies 
suggested that low pH shifts an equilibrium between ‘‘unbound’’ and 
‘‘bound’’ states, favoring the bound state, leading to a faster rate of 
association and an overall lowering of the KD for binding, hence this 
encourages the use of LF inhibitors to inhibit the enzyme, since its inhibition 
will prevent the creation of prepore that presents the binding site for the 
two known enzymatic moieties of the toxin (EF and LF). 
 
MATERIALS AND METHODS 
Chemical dataset sources 

In this study, a chemical dataset of fifty three (53) compounds of Anthrax 
Lethal Factor (LF) inhibitors were collected from BindingDB database 
(www.bindingDB.org). The compounds were optimized at the density 
functional theory (DFT) level using Becks’s three-parameter Lee-Yang-parr 
hybrid functional (B3LYP) at 6-31G* basis set (Davidson & Feller, 1986; 
Schäfer, Horn, & Ahlrichs, 1992) to simulate chemical structures of the 
molecules at their minimum potential energy or most stable state in a real 
chemical system before subjecting them to the molecular docking process.  
 
Geometry optimization 

Optimization is the process of finding the equilibrium or concept energy 
geometry of molecules. Chemdraw software ultra-version 12.0 was used to 
draw the chemical structures of the compounds and subsequently imported 
into Spartan 14 software (Hehre & Huang, 1995; Li, Wan, Shi, & Ouyang, 
2004) to optimize the molecular geometry at the density functional theory 
(DFT) using B3LYP level of theory and 6-31G* as the basis set. 
 

Computational Docking Studies 

The molecular interactions studies were carried out on Dell computer 

system, with processor properties of Intel ® Core i5-6100U CPU 

Dual@2.30GHz, 12 GB (RAM) between the ligands and two anthrax 

protective antigen (target); the X-ray Crystal structure of WT Protective 

Antigen (pH 5.5), a toxin of Bacillus anthracis deposited in RSCB protein data 

bank by Rajapksha and his lab partners in 2011 (Rajapaksha et al., 2012).  
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Preparation of Ligand and Target  

All the compounds were optimized 

using Spartan software initially saved 

as SDF files and were appropriately 

later saved as Protein Data Bank 

(PDB) file. Subsequently the PDB file 

of the receptor were downloaded 

from RSCB site (http://www.rcsb.org/) 

with the PDB ID: 3Q8A for the crystal 

structure of WT protective antigen of 

anthracis in acidic medium. The X-ray 

diffraction resolution for 3Q8A was 

given as 3.129 (Rajapaksha et al., 2012). 

Figure 1 below displays the prepared 

structure of the receptor. 

                                        

(a)  PDB ID: 3Q8A (3.129Å) 

Figure 1: Prepared structures of the targets 

 

Detailed Docking process on ICM  

The process involves setting up the project file by reading in the PDB file of 

the receptor. For example, the PDB file for WT protective antigen imported 

into ICM pro. The PDB file was converted into an ICM object by deleting all 

water molecules present in the binding pocket and selecting the option to 

optimise all hydrogens and optimise HisProAsnGlnCys. The box hide missing 

side chains was unchecked. Since the ICM is required to build missing heavy 

atoms that are not reported in the PDB (due to the lack of density), they are 

added according to the residue name and assigned zero occupancies. The 

next step involves moving any ligand that might be complexed with the 

receptor out of the pocket of WT protective antigen (3Q8A), otherwise the 

ligand will be included in the docking maps which will ultimately affect the 

result. The ligand was removed from the ICM object by right clicking on the 

ligand in the ICM Workspace and then selecting "move from object". 

http://www.rcsb.org/
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Afterwards we generated the receptor grid binding site map. The box was 

made large enough to encompass the binding pocket but not too large to 

include regions of the receptor which are not relevant for the ligand to bind. 

Once the receptor and maps have been correctly set up, then the docking 

procedure could begin. The SD files of the optimised ligands are imported 

into the ICM programme as chemical spreadsheet. To dock directly from a 

chemical table, the chemicals in the table to be docked were selected. On 

the docking menu, dock chemical table was selected and after the docking 

process is finished, the hitlist were displayed. The docking results are then 

exported as a spreadsheet file saved in csv format. After docking the 

binding modes and interaction of the best ligand-receptor complexes are 

displayed by right clicking the ligand docked in the ICM window and saving 

the file output as a pdb file. The saved file was then imported into the 

discovery studio visualiser, where the 2D and 3D interactions could be 

properly seen.  

The receptors, after treatment, were docked with their respective ligands. 

Five types of interaction potentials that represent the receptor pocket 

includes van der Waals potential for a hydrogen atom probe, van der Waals 

potential for a heavy-atom probe (generic carbon of 1.7Å radius), optimised 

electrostatic term, hydrophobic terms and lone-pair-based potential which 

reflects directional preferences in hydrogen bonds calculated. These energy 

terms are based on the all-atom vacuum force field ECEPP/3 with added 

functions to account for solvation free energy and entropic contribution. 

The score was calculated from 

eq1 

In equation (1), Evw, Eel, Ehb, Ehp, and Esf are van der Waals, electrostatic, 
hydrogen bonding, and non-polar and polar atom solvation energy 
differences between bound and unbound states, respectively. Eint is the 
ligand internal strain, ΔSTor is its conformational entropy loss upon binding, 
T = 300 K, and αi are ligand and receptor independent constants. Each 
compound was docked to the protein binding pocket, and a score from the 
docking was assigned to each compound according to the weighed 
component of the ICM scoring function. Each compound was docked ten 
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times to ensure the convergence of the Monte Carlo optimisation, and the 
minimum score of each ligand from the ten independent docking 
experiments was retained and used for ranking (Neves, Totrov, & Abagyan, 
2012). 
The conformational sampling in the programme is based on the biased 
probability Monte Carlo (BPMC) procedure, which randomly selects a 
conformation in the internal coordinate space and then makes a step to a 
new random position independent of the previous one but according to a 
predefined continuous probability distribution. It has also been shown that 
after each random step, full local minimisation greatly improves the 
efficiency of the procedure. The ICM programme relies on global 
optimisation of the entire flexible ligand in the receptor field and combines 
large-scale random moves of several types with gradient local minimisation 
and a search history mechanism. 
 
Virtual screening  
The scoring function should give a good approximation of the binding free 
energy between a ligand and a receptor and is usually a function of different 
energy terms based on a force-field. The ICM scoring function is weighted 
according to the following parameters  
(i) internal force-field energy of the ligand,  
(ii) entropy loss of the ligand between bound and unbound states,  
(iii) ligand-receptor hydrogen bond interactions,  
(iv) polar and non-polar solvation energy differences between bound and 
unbound states,  
(v) electrostatic energy,  
(vi) hydrophobic energy, and  
(vii) hydrogen bond donor or acceptor desolvation.  
The lower the ICM score, the higher the chance the ligand is a binder 
 

Docking result 

The docking result of this study is presented in terms of binding affinity 

(kcal/mol) as reported in Table 1 along with their number of flexible bonds 

(Nflex), hydrogen bond energy (Hbond), hydrophobic bond energy 

(Hphob) values and the compound IDs as collected from BindingDB library. 

All the ligands were docked into the active site of the receptor, crystal 
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structure of WT protective antigen of anthracis in acidic medium in order to 

evaluate their abilities to inhibit the toxin released by Bacillus anthracis.  

 

Table 1: The names of the dataset along with its Binding affinity result 

S/N CHEM ID NAME Binding 

Energy 

(kcal/mol) 

Nflex Hbond Hphob Vwlnt SolE 

1.  BindingDB8443 BI-11B3 -18.412 3 -5.976 -4.671 -21.926 9.892 

2.  BindingDB8525 Guanidinylated 2,5-

dideoxystreptamine 

deriv. 14 

-32.712 12 -11.871 -5.122 -

43.956 

10.412 

3.  BindingDB8524 Guanidinylated 2,5-

dideoxystreptamine 

deriv. 12 

-15.903 11 -6.170 -5.861 -

38.651 

14.697 

4.  BindingDB19 Neomycin B -22.630 22 -

15.373 

-4.581 -

32.208 

12.217 

5.  BindingDB12008 Neamine guanidinylated 

deriv. 23 

-11.751 14 -8.664 -

3.259 

-

22.795 

5.470 

6.  BindingDB8517 Guanidinylated 2,5-

dideoxystreptamine 

deriv. 8c 

-9.907 10 -5.640 -3.153 -

28.500 

11.700 

7.  BindingDB11997 Neamine guanidinylated 

deriv. 4 

-14.875 15 -9.485 -2.413 -

29.033 

4.1440 

8.  BindingDB12005 Neamine guanidinylated 

deriv. 21 

-14.318 13 -

10.699 

-

2.888 

-19.343 5.659 

9.  BindingDB8435 BI-MFM3 -13.366 5 0 -4.897 -30.761 9.675 

10.  BindingDB11976 chemical diversity 

library compound 1 

-23.991 1 -3.535 -

6.093 

-34.130 11.027 

11.  BindingDB11983 chemical diversity 

library compound 8 

-30.959 7 -4.754 -

5.892 

-

33.278 

3.749 

12.  BindingDB11996 Interchim compound 58 -14.662 3 -2.723 -

3.469 

-18.486 5.874 

13.  BindingDB11989 chemical diversity 

library compound 14 

-17.859 2 -

3.066 

-

5.854 

-

28.984 

12.033 

14.  BindingDB11980 chemical diversity 

library compound 5 

-15.332 0 -3.795 -2.375 -21.439 7.244 

http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=TreeEntityQuery&t=1&n=1392
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15.  BindingDB11985 chemical diversity 

library compound 10 

-18.122 1 -

3.093 

-

3.066 

-18.708 4.239 

16.  BindingDB12012 Neamine guanidinylated 

deriv. 29 

-14.750 15 -7.414 -4.826 -

27.377 

10.360 

17.  BindingDB11977 chemical diversity 

library compound 2 

-27.361 3 -4.331 -

6.093 

-

36.528 

9.538 

18.  BindingDB11994 Interchim compound 56 -14.575 3 -2.705 -

3.926 

-

20.683 

2.398 

19.  BindingDB11991 chemical diversity 

library compound 16 

-17.222 4 -

3.983 

-4.545 -

28.436 

9.673 

20.  BindingDB11993 chemical diversity 

library compound 18 

-21.069 2 -2.277 -6.207 -

33.160 

10.044 

21.  BindingDB11979 chemical diversity 

library compound 4 

-24.858 4 -6.027 -3.231 -

25.330 

4.192 

22.  BindingDB11984 chemical diversity 

library compound 9 

-14.600 1 -1.276 -

4.804 

-

25.708 

7.570 

23.  BindingDB11981 chemical diversity 

library compound 6 

-20.428 4 -4.493 -6.167 -

33.338 

16.076 

24.  BindingDB11978 chemical diversity 

library compound 3 

-22.633 0 -2.045 -

6.240 

-30.107 6.783 

25.  BindingDB11982 chemical diversity 

library compound 7 

-12.198 9 -5.048 -3.816 -21.912 7.563 

26.  BindingDB11987 chemical diversity 

library compound 12 

-18.032 1 -

3.308 

-5.071 -

23.433 

6.408 

27.  BindingDB12010 Neamine guanidinylated 

deriv. 17 

-27.793 14 -

13.233 

-

3.053 

-

28.674 

5.261 

28.  BindingDB11986 chemical diversity 

library compound 11 

-20.867 4 -6.044 -3.779 -

22.622 

6.623 

29.  BindingDB8519 Guanidinylated 2,5-

dideoxystreptamine 

deriv. 8e 

-17.303 9 -4.661 -

3.605 

-28.117 4.357 

30.  BindingDB11988 chemical diversity 

library compound 13 

-18.282 4 -1.384 -4.182 -

30.401 

8.607 

31.  BindingDB11998 Neamine guanidinylated 

deriv. 9 

-7.595 12 -8.044 -2.967 -

20.332 

11.43 

32.  BindingDB11999 Neamine guanidinylated 

deriv. 11 

-13.937 12 -10.071 -

2.955 

-17.509 6.217 

33.  BindingDB12003 Neamine guanidinylated 

deriv. 20 

-15.850 13 -7.562 -2.486 -

23.742 

5.329 
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34.  BindingDB11990 chemical diversity 

library compound 15 

-20.150 3 -4.422 -

3.939 

-

27.244 

7.341 

35.  BindingDB11995 Interchim compound 57 -22.219 1 -3.221 -4.364 -20.38 1.059 

36.  BindingDB12002 Neamine guanidinylated 

deriv. 19 

-9.753 13 -8.579 -

2.699 

-13.753 0.772 

37.  BindingDB8518 Guanidinylated 2,5-

dideoxystreptamine 

deriv. 8d 

-29.541 9 -

12.485 

-

3.489 

-

27.760 

6.594 

38.  BindingDB11992 chemical diversity 

library compound 17 

-26.594 1 -4.346 -4.451 -

28.295 

6.048 

39.  BindingDB11992 chemical diversity 

library compound 17 

-23.049 1 -1.827 -

5.070 

-32.817 7.127 

40.  BindingDB12007 Neamine guanidinylated 

deriv. 22 

-11.665 13 -7.732 -

3.0192 

-20.941 5.532 

41.  BindingDB12009 Neamine guanidinylated 

deriv. 16 

-19.124 14 -

11.966 

-3.193 -

26.297 

10.41 

42.  BindingDB12006 Neamine guanidinylated 

deriv. 15 

-24.628 13 -

12.460 

-

2.366 

-

19.802 

0.818 

43.  BindingDB12011 Neamine guanidinylated 

deriv. 25 

-11.035 14 -10.170 -

2.665 

-

23.576 

13.513 

44.  BindingDB12004 Neamine guanidinylated 

deriv. 14 

-14.472 13 -

10.019 

-

2.963 

-20.53 10.898 

45.  BindingDB8521 Guanidinylated 2,5-

dideoxystreptamine 

deriv. 8g 

-22.969 10 -9.570 -3.484 -

26.097 

3.043 

46.  BindingDB12000 Neamine guanidinylated 

deriv. 13 

-4.871 12 -9.144 -

2.903 

-19.562 15.509 

47.  BindingDB8515 Guanidinylated 2,5-

dideoxystreptamine 

deriv. 8a 

-22.955 9 -9.768 -

3.804 

-

28.454 

9.784 

48.  BindingDB12001 Neamine guanidinylated 

deriv. 7 

-21.038 12 -9.751 -2.592 -

19.936 

2.786 

49.  BindingDB8523 Guanidinylated 2,5-

dideoxystreptamine 

deriv. 10 

-17.770 10 -

8.029 

-

3.905 

-28.117 5.287 

50.  BindingDB8516 Guanidinylated 2,5-

dideoxystreptamine 

deriv. 8b 

-26.935 9 -9.057 -

3.669 

-28.591 5.224 
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The binding affinity value of the receptor (PDB: 3Q8A) for all the studied 
compounds ranged from -9.752 kcal/mol to -32.712 kcal/mol and were 
reported in Table 1. Ligands 2 and 11 had the highest binding affinity <-
30.00kcal/mol with the receptor (PDB: 3Q8A). The Discovery Studio 
Visualizer was used to visualize and analyze the two ligands of highest 
binding affinity that were presented in table 1, and were shown in Figure 2-
5.  

 
Figure 2: The 3D binding pose of ligand BindingDB8525 in the active site of 

3Q8A showing a hydrophobic interaction surface 

51.  BindingDB8520 Guanidinylated 2,5-

dideoxystreptamine 

deriv. 8f 

-22.760 9 -

8.565 

-

4.290 

-

30.625 

13.202 

52.  BindingDB8580 Neamine -12.067 11 -9.537 -2.514 -

19.338 

10.873 

53.  BindingDB8522 Guanidinylated 2,5-

dideoxystreptamine 

deriv. 8h 

-27.086 8 -11.140 -

2.838 

-

27.352 

5.423 
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Figure 3: 2D intraction type of ligand BindingDB8525 with different amino 

acids in the active site of 3Q8A 

 

Table 2: Detailed description of Hydrogen bonds between BindingDB8525 

and 3Q8A receptor 

Chemical 
Interaction 

Bond 
Distance 

Donor 
Atom 

Acceptor 
atom 

Angle 
DHA 

Angle 
HAY 

:RES1:H17 - 
A:LYS528:O 

2.214 H17 O 160.44 159.977 

:RES1:H20 - 
A:ILE529:O 

2.100 H20 O 134.695 102.021 

:RES1:H27 - 
A:ARG252:O 

2.077 H27 O 136.532 107.988 
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:RES1:H32 - 
A:TYR219:OH 

2.265 H32 OH 155.165 52.0277 

:RES1:H39 - 
A:LYS218:O 

2.034 H39 O 113.544 165.177 

:RES1:H42 - 
A:GLU525:OE2 

2.330 H42 OE2 129.028 108.177 

 
Figure 4: The 3D binding pose of ligand BindingDB11983 in the active site of 

3Q8A showing a hydrophobic interaction surface 

 

 
Figure 5: 2D intraction type of ligand BindingDB11983 with different amino 

acids in the active site of 3Q8A 
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Table 3: Detailed description of Hydrogen bonds between BindingDB11983 

and 3Q8A receptor 

Chemical 

Interaction 

Bond 

Distance 

Donor 

Atom 

Acceptor 

atom 

Angle 

DHA 

Angle 

HAY 

:RES1:H11 - 

A:PRO249:O 

2.198 H11 O 146.772 120.611 

:RES1:H5 - 

A:ALA530:O 

1.907 H5 O 163.84 135.281 

 

 

                             
Figure 6: 2D chemical structures of ligand BindingDB8525 (a) and 

BindingDB11983 (b) 

 

The binding affinity, hydrogen bond, hydrophobic and electrostatic 

interactions of the two ligands having the highest binding affinity with the 

(a) 

(b) 
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receptor were reported in Table 2 and 3 respectively. Figure 2 represent the 

3dimensional view interactions of the Ligand (BindingDB8525) with the 

receptor’s binding site (PDB ID 3Q8A), while figure 3 shows the 

2dimensional interaction of the ligand (BindingDB8525) between the 

receptor (PDB ID 3Q8A) respectively. 

All the two ligands (compound 2 and 11) with highest binding affinity were 

observed to inhibit the targets by forming hydrogen bonds and 

hydrophobic interactions with amino acids of the two receptor as reported 

in Table 1. The two ligands BindingDB8525 (a) and BindingDB11983 (b) were 

found to be firmly held within the binding pocket by forming hydrogen 

bonds with the receptor’s neighboring amino acids (PRO249, ALA530) and 

(LYS528, ILE529, ARG252, TRY219, LYS218, GLU525) respectively. The highest 

number of Hydrogen bonds were observed in the two ligands (compound 2 

and 4) with target pocket of the receptor which may be linked to their 

higher hydrogen-bond energy values (compound 2, Hbond = -11.871 and 

compound 4, Hbond = -15.373) than when compared with the other ligand 

(compound 11, Hbond = -4.754) with the second best binding affinity with 

the receptor reported in table 1. The hydrogen bond, hydrophobic bond and 

Vander Waal energies for the two ligands BindingDB8525 (a) and 

BindingDB11983 (b) within the binding pocket of the receptor also explains 

their high binding affinities as reported in table 1 (-32.714 and -30.959) 

kcal/mol respectively. This implies that there is a direct correlation between 

the binding affinity and inhibitory activity of the studied compounds 

evidenced from number of hydrogen bonds formed between the ligands 

and the receptor. Though, high binding affinity is obvious in the ligand 11 and 

this may be due to its multitude hydrophobic interactions and electrostatic 

effect because of the presence of chlorine, oxygen and nitrogen atom, Pi- 

Cation, Pi- Sigma, Pi-Pi- stacked, Pi-Pi-T-shaped, Pi-Alkyl with amino acid 

residues. 

 

Conclusion  

The molecular docking study were carried out on all the compounds using 

crystal structure of WT protective antigen of anthracis in acidic medium 
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(receptor) with a PDB ID 3Q8A. Two ligands (compound 2 and 11) gave the 

highest binding affinity and so were found to best inhibit the receptor by 

forming strong hydrogen bonds and hydrophobic interactions with amino 

acids of the targets’ active site. However, higher number of hydrogen bonds 

were observed between the receptor and the ligand BindingDB8525 when 

compared with the other ligand BindingDB11983, although both ligands 

reported the binding affinity in kcal/mol as -32.712 and -30.959 respectively. 

Therefore, this suggests that both Ligands (Compound 2 and 11) 

computationally proved to be the most promising inhibitors of WT 

protective antigen of anthracis and could be used as a lead compound. 
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