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Identification of novel drug targets and 
lead compounds in Anthrax and Pneumonia 

causing pathogens using an In Silico approach

Introduction
The	 arrival	 of	 post-genomic	 era	 has	 ushered	 the	 possibility	 of	
high-throughput	screening	of	compound	libraries	against	all	the	
potential	targets	of	a	pathogen.	However,	a	persistent	bottleneck	
in	structure	based	drug	discovery	is	the	availability	of	druggable	
target	 which	 play	 a	 vital	 role	 in	 parasite	 and	 is	 sufficiently	
different	 from	 human	 counterpart.	 Experimental	 validation	 of	
identified	potential	drug	targets	is	an	additional	challenge,	as	it	
is	impractical	for	genome	wide	scales.	Therefore,	several	in silico 
approaches	such	as	discovering	key	steps	in	metabolic	pathways,	
chemogenomics,	 	 subtractive	 and	 comparative	 genomics	 have	
been	proposed	to	identify	and	prioritize	drug	and	vaccine	targets	
for	different	pathogens	[1-4].	

Following	is	a	brief	summary	of	studies	on	drug	target	identification	
and	 validation.	 In	 one	of	 the	 studies	 a	 combination	of	 in silico 

and	experimental	approaches	identified	52	proteins	as	probable	
vaccine	 candidates	 for	 highly	 invasive	 Indian	 Streptococous 
pyogenes	serotypes	[5].	This	study	also	revealed	that	the	highly	
invasive	 group	 A	 Streptococous	 M49	 had	 metabolically	 more	
active	membrane	associated	protein	machinery	than	less	invasive	
M1	 strain.	 Caffrey	 et al.	 [6]	 compared	 the	 putative	 proteome	
of Schistosoma mansoni with	 the	 two	 model	 organisms	
Caenorhabditis elegans and	 Drosophila melanogaster using	
Genlight	software.	The	authors	were	able	to	identify	35	druggable	
proteins	 in	 S. mansoni,	 18	 of	 which	 were	 homologous	 to	 the	
proteins	with	3D	structures	including	co-crystallized	ligands.	The

in silico	 and	 in vitro	 screening	 for	 potential	 vaccine	 candidates	
and	virulence	related	genes	in	the	B. anthracis	virulence	plasmid

pXO1	has	previously	been	investigated	in	[7].	The	known	143	open	
reading	 frames	 (ORFs)	 in	 pXO1	were	 subjected	 to	 comparative	
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genomic	analysis	with	related	genomes	of	Bacillus subtilis,	Bacillus 
halodurans,	 Bacillus	 cereus	and	 the	pBtoxis	plasmid	of	Bacillus 
thuringiensis	 var.	 Israeliensis.	 As	 a	 consequence,	 authors	 were	
able	to	annotate	more	than	60%	ORFs	compared	to	30%	known	
earlier.	Subsequently,	nine	ORFs	were	successfully	expressed	as	
full	 length	peptides	and	 three	were	 found	 to	be	antigenic	with	
immunogenic	potential	[7].	Crowther	et al.	[8]	reviewed	different	
strategies	to	prioritize	pathogen	proteins	based	on	the	properties	
which	are	considered	desirable	for	drug	targets.	The	authors	also	
suggested	novel	drug	targets	for	seven	tropical	disease	pathogens	
including	 Mycobacterium tuberculosis,	 Plasmodium falciparum 
and	others.

In	the	current	study,	in silico	approach	was	used	to	discover	novel	
drug	targets	in	anthrax	and	pneumonia	causing	strains	and	sub-
strains	of	Bacillus.	The	discovered	targets	were	further	subjected	
to	 virtual	 screening	 in	 order	 to	 identify	 novel	 lead	 compounds	
inhibiting	those	targets.	We	used	three	strains	of	Bacillus (viz. B. 
anthracis, B. cereus	and	B. toyonensis)	which	are	Gram-positive,	
endospore-forming,	 rod-shaped	 bacteria	 and	 have	 a	 similar	
genetic	background.	B. anthracis	(the	causative	agent	of	anthrax)	
exist	in	the	environment	as	a	spore	and	can	remain	viable	in	soil	for	
decades	[9].	Spores	ingested	by	grazing	herbivores	germinate	within	
the	animal	and	produce	the	virulent	vegetative	forms	that	replicate	
and	 eventually	 kill	 the	 host.	 Products	 (e.g.,	 meat	 or	 hides)	 from	
infected	animals	serve	as	a	reservoir	for	human	disease	[9].	Recently,	
there	 has	 been	 an	 increase	 in	 the	 number	 of	 cases	 of	 “injection	
anthrax"	 in	 European	 countries,	 including	 Denmark,	 France,	 and	
the	United	Kingdom	(a	form	of	disease	that	affects	heroin	users	and	
is	 caused	by	B. anthracis)	 [10]. B. cereus	on	 the	other	hand	 is	an	
opportunistic,	non-specific	human	pathogen	responsible	for	causing	
pneumonia	[11,12],	food	poisoning	[13]	nosocomial	infections	and	
contamination	in	hospitals	[14].	It	frequently	pollutes	dairies	due	to	
toxin	synthesis	and	formation	of	heat−resistant	spores,	which	survive	
pasteurization	[15].	It	is	also	considered	as	one	of	the	most	severe	
organism	that	affect	the	eye	(most	often	after	trauma)	resulting	in	
blindness	[16].	B. toyonensis	 is	a	non-pathogenic	strain	which	was	
first	isolated	in	Japan	in	1966.	It	is	being	used	as	a	probiotic	in	animal	
feed	since	1975	[17].	

The	existing	drugs	and	vaccines	currently	available	for	the	treatment	
of	 anthrax	 disease	 and	 pneumonia	 are	 effective	 only	 when	 the	
treatment	is	initiated	soon	after	early	diagnosis.	However,	delay	in	
treatment	 significantly	 reduces	 the	 chances	 of	 survival.	 Another	
problem	with	most	of	the	existing	antimicrobial	drugs	is	their	inability	
to	act	on	the	latent	forms	of	bacteria.	This	strongly	suggests	the	need	
for	new	therapeutic	 targets	and	novel	drug	or	vaccine	candidates	
that	offer	better	protection.	

Therefore,	 in	 the	present	study,	we	predicted	and	validated	novel	
drug	targets	using	in silico	approaches.	Additionally,	we	screened	a	
library	of	compounds	from	ZINC	database	to	predict	lead	molecules	
of	high	binding	affinity	and	selectivity	for	the	identified	targets.	The	
approach	used,	can	be	applied	for	the	identification	of	novel	drug	
targets	and	drug	leads	in	case	of	other	pathogenic	microorganisms.

Material and methods
Data assembly, clustering and identification of 
orthologous proteins
A	systematic	workflow	involving	various	bioinformatics	methods,	
tools	 and	 databases	 for	 identification	 of	 novel	 drug	 targets	 in	

pathogenic	 strains	 of	B. anthracis and B. cereus was	 designed	
(Figure 1).	 The	 complete	 proteomes	 for	 B. anthracis (strain	
A0248	 and	H9401), B. cereus (strain	 B4264	 and	 03BB102)	 and	
B. toyonensis were	 downloaded	 from	Uniprot	 database	 (www.
uniprot.org).	5291	and	5788	protein	sequences	from	strain	A0248	
and	 H9401	 respectively	 were	 combined	 in	 one	 file.	 Similarly,	
5598	and	5384	protein	sequences	from	B. cereus	strain	03BB102	
and	B4264	 respectively	were	merged	 in	other	file.	Using	 single	
linkage	 clustering	 algorithm	 implemented	 in	 BLASTClust	 tool	
available	from	NCBI-BLAST	package	[18],	datasets	were	clustered	
using	 90%	 sequence	 coverage	 and	 95%	 sequence	 identity.	 The	
program	begins	with	pairwise	matches	and	places	a	sequence	in	
a	 cluster	 if	 the	 sequence	matches	 at	 least	 one	member	 in	 the	
cluster.	Clustering	was	performed	in	order	to	remove	redundancy	
and	get	a	unique	set	of	sequences	from	B. anthracis	and	B. cereus 
strains.	For	identification	of	orthologs	clustered	sequences	were	
then	 subjected	 to	 BLASTP	 analysis	 with	 the	 e-value	 inclusion	
threshold	set	to	e-10.	A	subsequent	BLAST	search	against	the	non-
pathogenic	 strain	 (B. toyonensis)	 elicited	 the	 set	 of	 sequences	
that	were	present	in	pathogenic	strains	but	were	absent	in	non-
pathogenic	strain.

Identification of non-homologous and essential 
proteins
Protein	sequences	exclusive	to	pathogenic	strains	were	compared	
with	 the	 non-redundant	 database	 of	 human	 proteins	 using	
BLASTP	 to	 reveal	 non	 homologous	 set	 of	 proteins.	 Sequences	
with	 no	 significant	 sequence	 similarity	 to	 human	 proteins	
(non	 homologous	 set)	 were	 further	 filtered	 by	 searching	 for	
homologous	sequences	in	the	database	of	essential	genes	(DEG)	
[19].	 The	 DEG	 database	 search	 was	 performed	 to	 identify	 the	
critical	 genes	 necessary	 for	 the	 survival	 of	 pathogens.	 The	hits	
with	e-value	less	than	e-10	and	with	the	minimum	bitscore	of	100	
having	same	name	and	function	were	considered	as	homologous	
to	 essential	 proteins.	 The	 e-value	 used	 in	 this	 study	 was	 as	
described	by	Gosh	et al.	[20].

Identification of potential drug targets
In	 order	 to	 identify	 potential	 drug	 targets,	 identified	 essential	
proteins	were	aligned	to	the	targets	of	all	FDA-approved,	small	
molecule,	 nutraceutical	 and	 biotech	 drugs	 in	 DrugBank	 (DB)	
database	 [21].	 The	 alignments	 with	 e-value	 less	 than	 (1E-25)	
were	discarded	except	for	two	proteins	(UniProtID:	 I0D343	and	
I0D5Y2)	because	of	the	availability	of	their	counterparts	in	other	
pathogenic	organisms	present	in	DB	database.	To	further	narrow	
down	 our	 search	 for	 the	 potential	 drug	 targets	 we	 searched	
for	 the	 availability	 of	 X-ray	 structures	 of	 proteins	 bound	 with	
a	natural	 ligand	or	a	drug	 in	 the	Protein	Data	Bank	 (PDB)	 [22].	
Structural	 information	 about	 the	 protein	 target	 could	 enhance	
the	drug	discovery	by	facilitating	the	structure	based	drug	design	
including	docking	and	high	throughput	virtual	screening.	

Virtual screening
The	virtual	screening	workflow	has	been	described	 in	Figure 2. 
We	narrowed	down	to	a	single	target	called	thioredoxin	reductase	
(TrxR)	 for	 the	 reasons	 discussed	 under	 results	 and	 discussion	
section.	 Initially	 ten	 inhibitors	 of	 M. tuberculosis	 thioredoxin	
reductase	 (MtTrxR)	 with	 known	 IC50	 values	 were	 taken	 from	
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the	ChEMBL	database	[23].	Subsequently,	a	 library	was	created	
by	 exhaustively	 searching	 ~12	 million	 compounds	 of	 the	
purchasable	 clean	 subset	 from	 the	ZINC	database.	This	 yielded	
167	 compounds	 with	 the	 similarity	 score	 >	 0.6.	 Similarity	 was	
measured	 using	 Tanimoto	 coefficient	 on	 the	 basis	 of	 extended	
connectivity	fingerprints	 implemented	 in	SciTegic	Pipeline	Pilot.	
Finally,	 virtual	 screening	 campaign	 was	 launched	 to	 identify	
potential	 small	 molecule	 inhibitors	 of	 B. anthracis	 thioredoxin	
reductase	(BaTrxR)	that	target	the	protein-protein	interaction	site	
(PPI)	for	the	substrate	thioredoxin	(Trx).	

Structural comparison of Bacillus anthracis TrxR 
(BaTrxR)
The	bacterial	thioredoxin	reductase	is	made	up	of	two	domains:	
the	NADPH-binding	domain	and	FAD-binding	domain	(Figure 3).	
There	 is	 ample	 evidence	 that	 during	 the	 enzyme	 catalysis	 the	
oxidised	conformation	(FO)	converts	to	the	reduced	conformation	

(FR)	by	 the	 rotation	of	 the	NADPH	domain	about	 its	 axis	by	67	
degrees.	For	more	details	on	the	conformational	changes	during	
binding	 of	 Trx	 in	 bacterial	 thioredoxin	 reductase	 readers	 could	
refer	 [24].	 Most	 of	 the	 structures	 of	 TrxR	 in	 PDB	 disclose	 the	
FO	 conformation	 including	 the	 PDB	 structure	 of	 BaTrxR	 (4FK1)	
and	 MtTrxR	 (28A7).	 1F6M	 is	 the	 only	 X-ray	 structure	 from	 E. 
coli	 that	 shows	 reduced	 conformation	 therefore,	 the	 reduced	
conformation	of	BaTrxR	was	modelled	using	 the	coordinates	of	
1F6M.

Additionally,	 the	 most	 prominent	 interactions	 reported	 during	
binding	of	EcTrx	to	EcTrxR	are	observed	between	the	EcTrx	loop	
(Try	 70	 -	 Ile75)	 and	 complementary	 pocket	 on	 EcTrxR	 surface.	
Arg73	side	chain	of	the	EcTrx	penetrates	deep	inside	the	pocket	
and	 forms	 hydrogen	 bonds	 with	 the	 backbone	 carbonyl	 of	
Ala237	and	Arg	130	of	the	receptor	(Figure 4).	Other	important	
interactions	 are	 seen	 between	 Asp	 139	 side	 chain	 of	 EcTrxR	

 

Figure 1 Over	all	schematics	of	the	methodology	adopted	for	identification	of	novel	drug	targets	and	drug	leads.
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and	 the	 backbone	 amide	 of	 EcTrx	 Ile75.	 The	 importance	 of	
Arg73	has	been	demonstrated	 in	a	previous	study	where	the	
loss	 of	 activity	 was	 observed	when	 Arg	was	mutated	 to	 Gly	
and	Asp	[25].	Due	to	high	structural	similarity	between	EcTrxR	
and	BaTrxR	a	similar	binding	mode	can	be	expected	of	BaTrx	to	
BaTrxR	characterized	by	hydrogen	bonding	to	Ala	223	and	Asp	
137.	Therefore,	 the	backbone	carbonyl	group	of	Ala	223	and	
the	carboxylate	of	Asp	137	were	selected	as	the	primary	target	
points	for	potential	inhibitors.	

Preparation of the protein
The	 comparison	 of	 FO	 and	 FR	 conformations	 of	 BaTrxR	 and	
EcTrxR	 shows	 that	 FAD	 domain	 simply	 rotates	 away	 while	
binding	 Trx,	 without	 affecting	 Trx	 binding.	 This	 allowed	
creating	the	FR	model	of	BaTrxR	by	simply	 removing	the	FAD	
domain.	 Subsequently,	 Dock	 Prep	 tool	 in	UCSF	 Chimera	 [26]	
was	used	to	complete	the	receptor	preparation.	

Preparation of the ligands
Compounds	obtained	after	searching	the	ZINC	database	were	
prepared	 using	 Structure	 PrOtonation	 REcognition	 System	
(SPORES)	 [27].	 For	 this	 manually	 added	 hydrogen	 atoms	 in	
the	ligands	were	first	removed	and	then	automatically	added	
by	 the	 software.	 SPORES	 generates	 all	 possible	 protonation	
states	 using	 rule	 a	 rule	 based	 combinatorial	 method.	 Next,	
all	 combinatorial	 possible	 tautomers	 of	 the	 input	molecules	
were	 generated	 and	 stored	 in	 a	 multi-mol2	 file.	 Finally	 the	
compounds	were	energy	minimized	using	MMFF94	force	field	as	
implemented	in	openbabel	version	2.3.2	[28].	

Docking procedure 
Docking	was	carried	out	using	three	different	docking	programs	
viz.	UCSF	DOCK	version	6.7	 (DOCK)	 [29],	Autodock	Vina	 (VINA)	

[30]	 and	 Potein-Ligand	 ANT	 System	 (PLANTS)	 version	 1.2	 [31].	
The	 compounds	which	were	 found	 to	 be	 common	 in	 all	 three	
docking	results	were	considered	as	final	predication.

DOCK setup
After	 the	 initial	 preparation	 of	 the	 receptor,	 DOCK	 specific	 steps	
required	 for	 preparing	 the	 binding	 site	 prior	 to	 docking	 were	
implemented.	The	first	step	 in	 the	preparation	of	 the	binding	site	
is	calculation	of	the	solvent	accessible	surface	area	of	the	receptor,	
without	 hydrogen	 atoms,	 using	 the	 probe	 radius	 of	 1.4	 Å.	 The	
negative	image	of	the	surface	is	then	created	by	overlapping	spheres	
using	SPHGEN	program.	The	spheres	were	converted	to	PDB	files	for	
manual	selection.	The	final	cluster	used	for	docking	had	91	spheres.	
Subsequently,	 the	 grids	were	 calculated	 in	 a	 two	 step	procedure.	
Firstly,	 the	 box	 around	 the	 binding	 site	 was	 constructed	 with	 the	
SHOWBOX	 program.	 Secondly,	 the	 grids	 were	 calculated	 with	 the	
accessory	program	called	GRID	using	0.4	grid	spacing,	9999	A	distance	
cutoff	and	a	4r	distance	dependant	dielectric	constant.	Finally,	virtual	
screening	was	carried	by	loading	the	necessary	parameter	in	the	input	
file	with	“flexible_ligand”	and	“minimize_ligand”	parameters	turned	on.

PLANTS setup
The	docking	algorithm	in	PLANTS	is	based	on	a	class	of	stochastic	optimization	
algorithms	 called	 ant	 colony	 optimization.	 The	 docking	 in	 PLANTS	 was	
conducted	using	the	standard	settings	and	PLANTSchemplp	scoring	function.	
The	binding	site	was	calculated	by	running	the	PLANTS	in	bind	mode.	Finally,	
all	other	necessary	parameters	were	defined	in	the	configuration	file	
and	PLANTS	was	run	in	screen	mode.	

VINA setup 
For	VINA	the	receptor	file	and	ligands	were	converted	to	PDBQT	
formats	 using	 prepare_receptor4.py	 and	 prepare_ligand4.py	
AutoDock	 scripts.	 The	 binding	 site	 coordinates	 were	 accepted	

 

Figure 2 Schematic	representation	of	the	steps	involved	in	virtual	screening	for	identifying	potential	inhibitors	of	B. anthracis 
thioredoxin	reductase.
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as	calculated	by	PLANTS	and	the	configuration	file	was	prepared	
with	exhaustiveness	8	and	cpu	value	4.

Results and discussion
Identification of proteins responsible for 
pathogenicity 
The	 BLASTP	 analysis	 identified	 4459	 orthologous	 proteins	
from	 8504,	 6257	 and	 4937	 unique	 protein	 sequences	 in	 B. 
cereus,	 B. anthracis	 and	 B. toyonensis,	 respectively	 (Figure 5). 
Additionally,	in	a	pairwise	comparison,	it	was	observed	that	5783	
protein	 sequences	were	 common	 in	B. anthracis	 and	B. cereus 
(sequences present in pathogenic strains);	 4636	were	 common	
in B. cereus	and	B. toyonensis while	4497	in	B. anthracis	and	B. 
toyonensis.	 The	 subtraction	 of	 the	 total	 number	 of	 sequences	
present	in	the	non-pathogenic	strain,	B. toyonensis	(4937)	from	
the	number	 of	 sequences	 present	 in	 pathogenic	 strains	 (5783)	
resulted	in	846	protein	sequences	which	may	play	an	important	
role	in	pathogenicity.	The	next	step	in	our	approach	was	to	filter	
out	sequences	similar	to	human	proteins.	We	found	43	protein	
sequences	to	be	close	enough	to	human	proteins	and	hence	were	
discarded	resulting	in	803	proteins	from	pathogenic	strains	with	
no	significant	sequence	similarity	to	human	proteins.

 
Figure 3 Structural	comparision	of	E. coli	thioredoxin	reductase	(EcTrxR)	with	B. anthracis	thioredoxin	reductase	(BaTrxR).	(A	and	B)	

The	ribbon	and	surface	representation	of	the	FR form of EcTrxR,	respectively.	(C	and	D)	The	ribbon	and	surface	representation	
of FO form of BaTrxR,	respectively.	In	the	FR	conformation	the	Trx	binding	region	is	wide	open	while	in	the	FO	conformation	
Trx	binding	region	is	only	partially	open.	

Identification of essential proteins
The	 proteins	 involved	 in	 virulence	 and	 pathogenicity	 are	 very	
important	 for	 the	 existence	 of	 pathogens.	 From	 803	 non	
homologous	 proteins	 we	 identified	 10	 essential	 proteins	 from	
DEG	database	 (Table 1).	This	 information	was	further	exploited	
to	predict	novel	drug	targets.

Drug target identification and druggability 
assessment
Druggability	is	an	important	feature	that	describes	the	properties	
of	 proteins	 which	 enable	 interaction	 with	 high	 affinity	 and	
specificity	to	small	drug-like	molecules.	A	large	number	of	proteins	
have	 structural	 and	 physicochemical	 properties	 that	 hinder	
binding	 to	 drugs	 thus	 rendering	 them	 “undruggable”.	 Current	
approaches	for	identification	and	evaluation	of	novel	druggable	
targets	are	described	elsewhere	[32].	One	of	the	approaches	for	
evaluating	the	druggability	of	a	protein	is	to	analyze	the	sequence	
homology	 to	 known	 drugs	 targets.	 Therefore,	 10	 essential	
proteins	identified	above	were	aligned	to	the	drug	targets	in	the	
DB	database.	Only	four	proteins	were	found	similar	to	the	binding	
partners	of	FDA	approved	drugs,	experimental	small	molecules	or	
nutraceutical	compounds	present	in	DB	database.	The	percentage	
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similarity	of	the	four	essential	proteins	with	DB	targets,	organism	
name	 and	 availability	 of	 3D	 structural	 information	 is	 shown	 in	
Table 2.	However,	 it	 is	 important	 to	note	 that	 this	approach	of	
target	identification	depends	only	on	the	proteins	with	annotated	
functions.	As	such,	additional	families	of	druggable	proteins	might	

still	be	identified.	Among	the	four	essential	proteins	thioredoxin	
reductase	 was	 shortlisted	 as	 the	 target	 of	 choice	 for	 docking	
analysis	due	to	several	reasons	mentioned	below:	

The	 thioredoxin	 system	 including	 thioredoxin	 reductase,	
thioredoxin	 and	 NADPH	 are	 critical	 for	 DNA	 synthesis	 and	
defence	against	oxidative	 stress.	Deoxyribonucleotides	 that	are	
building	blocks	of	DNA	and	are	synthesized	by	an	enzyme	called	
ribonucleotide	 reductase	 (RNR),	which	 requires	 electrons	 from	
either	 thioredoxin	 or	 glutaredoxin	 (Grx)	 system	 [glutathione	
reductase	 (GR),	 glutathione	 (GSH),	 and	 Grx].	 Interestingly,	 the	
Grx	 system	 is	missing	 in	many	 pathogenic	 bacteria	 such	 as	M. 
tuberculosis,	 H. pylori,	 S. aureus, B. anthracis and B. cereus. 
This	makes	Grx-negative	pathogens	 highly	 susceptible	 to	 drugs	
targeting	bacterial	TxrR	system.	Moreover,	in	other	bacteria	such	
as	M. tuberculosis [33],	S. aureus [34]	and	N. gonorrhoeae [35],	
TrxR	has	been		shown	to	be	essential	for	survival.	Furthermore,	
in	contrast	to	mammalian	TrxR,	the	substrate	Trx	has	to	interact	
directly	 with	 the	 dithiol-disulphide	 redox	 centre	 in	 the	 low	
molecular	 weight	 bacterial	 TrxR,	 which	 in	 inaccessible	 to	 the	
substrate	 in	 mammalian	 TrxR.	 Therefore,	 the	 protein-protein	
interaction	site	in	B. anthracis	TrxR	differs	from	the	mammalian	
counterpart	and	can	be	considered	for	selective	targeting.	Finally,	
the	availability	of	 the	B. anthracis	TrxR	crystal	 structure	 in	PDB	
also	impacted	our	decision	to	shortlist	it	for	further	analysis.	

Docking of ligands with Thioredoxin reductase
We	used	three	different	open	source	docking	programs	to	predict	
compounds	with	high	binding	affinity	to	BaTrxR.	The	importance	
of	 Ala	 223	 and	 Asp	 137	 in	 binding	 thioredoxin	 to	 thioredoxin	
reductase	has	been	discussed	earlier.	The	formation	of	hydrogen	
bonds	with	the	atoms	of	these	two	residues	by	an	appropriately	
placed	 ligand	 could	 lead	 to	 ligand	 occupying	 the	 binding	 cleft	

 
Figure 4 Binding	site	interaction	of	E. coli	Thioredoxin	(EcTrx)	with	E. coli	Thioredoxin	reductase	(EcTrxR).	The	binding	is	characterized	

by	hydrogen	bonds	between	Arg	73	and	Ile75	of	EcTrx	with	Ala	237	and	Asp	139	of	EcTrxR.

 Figure 5 Venn	diagram	to	 illustrate	the	intersection	among	
the	proteomes	of	the	pathogenic	Bacillus 	species	
under	 study. Comparison	 of	 protein	 sequences	
reveals	 that	 there	 are	 4459	 (33%)	 orthologous	
protein	sequences	common	to	all	the	three	species. 
In	 a	 pairwise	 comparison	 B. anthracis	 and	 B. 
toyonenisis	share	67%,	B. cereus	and	B. toyonensis 
share	64%	while	B. anthracis	 and	B. cereus	 share	
50%	of	the	proteins.
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UniProt ID Name of the query 
protein

Name of the DEG 
homolog Homologs in DEG e-value Score

I0D5Y6 DNA	replication	protein DNA	biosynthesis	
protein 6 5.1e-12 160

I0D343 Thioredoxin	reductase Thioredoxin	reductase 5 7.5e-14 177

I0DAS0 Ribosomal	protein	L31	
type	B Ribosomal	protein	L31 4 1.9e-33 199

I0D429 Membrane	protein
Probable	conserved	
integral	membrane	

protein
3 8.2e-12 159

I0D0H6 Carbon	starvation	
protein

Carbon	starvation	
protein 2 2.9e-16 200

I0D2E2 5-dehydro-2-
deoxygluconokinase

Ribokinase-like	
domain-containing	

protein
2 2.2e-14 182

I0D5Y2 C-5	cytosine	specific	
DNA	methylase

DNA-methyltransferase	
(cytosine-specific) 2 1.6e-14 182

I0CXM4 Beta-
fructofuranosidase

Sucrose-6-phosphate	
hydrolase/	Beta-
fructofuranosidase

1 2.6e-73 692

I0D2C8 Aminoacyl-histidine	
dipeptidase

Aminoacyl-histidine	
dipeptidase 1 4.3e-84 785

I0D2B8 Transcriptional	
regulator,	MarR	family

MarR	family	
transcriptional	

regulator
1 3.4e-20 228

Table 1: Essential	proteins	of	B. anthracis		with	their	corresponding	Database	of	Essential	Genes	(DEG)	homolog,	e-value	and	score.	The	proteins	are	
arranged	in	the	decreasing	order	of	number	of	homologs	in	the	DEG	database.

S.no UniProt 
ID Protein name DB target DB organism % similarity to DB 

target Related PDB id % similarity to 
PDB 

1. I0CXM4 Beta-fructofuranosidase Beta-fructosidase Thermotoga 
maritima 35	(2E-67) 1UYP 35	(2E-65)

2. I0D5Y2
C-5	cytosine-specific	
DNA	methylase	family	

protein

Modification	
methylase	HhaI

Haemophilus 
parahaemolyticus 27	(1E-16) 3G7U 31	(3E-13)

3. I0D2E2 2-keto-3-deoxy-
gluconate	kinase

2-keto-3-deoxy-
gluconate	kinase

Thermus 
thermophilus 26	(1E-29) 2QCV 60	(6E-141)

4. I0D343 Thioredoxin	reductase Thioredoxin	
reductase

Staphylococcus 
aureus 21	(3E-11) 4FK1 100	(0.0)

The	related	PDB	identifiers	and	the	percentage	identity	to	the	shortlisted	essential	proteins	of	B. anthracis is	also	reported.	BLASTP	analysis	was	
carried	out	to	infer	the	corresponding	DB	targets	of	the	query	proteins.

Table 2:	Non	homologous	essential	proteins	of	Bacillus anthracis	similar	to	binding	partners	of	FDA	approved	drugs	or	experimental	compounds.

thereby	 blocking	 the	 attachment	 of	 the	 native	 substrate	 (Trx)	
to	enzyme	BaTrxR.	Therefore,	the	compounds	that	did	not	form	
hydrogen	bonds	with	either	Ala	223	or	Asp	137	residues	 in	the	
PPI	site	of	the	receptor	were	not	considered	further	for	analysis.	
We	 determined	 the	 hydrogen	 bond	 interaction	 pattern	 of	 the	
docked	 ligands	 from	 FindHbond	 tool	 in	 UCSF	 Chimera.	 There	
were	 37	 compounds	 in	 DOCK,	 57	 in	 VINA	 and	 215	 in	 PLANTS	
that	satisfied	the	hydrogen	bond	criterion.	Before	analyzing	the	
common	 ligands	 in	 the	 three	datasets,	 first	we	 set	 a	 threshold	
docking	 score	 as	 a	 filter	 to	 remove	 compounds	 predicted	 to	
have	low	binding	affinity.	For	calculating	the	threshold	score,	10	
starting	 compounds	were	 docked	 to	BaTrxR	 receptor	 in	 all	 the	
docking	 software	 individually.	 The	 threshold	 score	 was	 then	
set	within	 10%	 limit	 of	 the	 average	 dock	 score	 of	 the	 starting	
compounds.	Out	of	the	37	compounds	only	20	compounds	were	
above	the	threshold	score	of	-36	in	DOCK	dataset.	In	case	of	VINA	

and	PLANTS	datasets	we	found	that	28	and	65	compounds	above	
the	threshold	score	of	-5.1	kcal/mol	and	-63	respectively.	Finally,	
we	found	four	compounds	common	in	the	three	docking	results.	
The	structure	of	all	the	four	compounds	in	2D	format	is	displayed	
in (Figure 6)	 and	 their	 Chemical	 formula,	 IUPAC	 names	 and	
corresponding	PubChem	 identifiers	are	 in	Table 3.	 The	docking	
scores	 for	 each	 ligand	 from	 three	 different	 docking	 programs	
are	 shown	 in	 (Table 4)	while	 the	 respective	 docking	 poses	 are	
displayed	in	Figure 7.	We	note	that	all	the	four	compounds	share	
a	 similar	 scaffold	 which	 show	 a	 hydrogen	 bond	 interaction	 to	
either	Ala	223	or	Asp	137	and	are	a	reasonable	fit	to	the	pocket	
in	between.	The	ligands	were	also	stabilized	inside	the	active	site	
through	favourable	van	der	Waals	and	hydrophobic	interactions	
with	 amino	 acid	 residues.	 Further	 optimization	 and	 testing	 of	
the	scaffold	and	 its	derivatives	may	provide	a	more	potent	and	
selective	BaTrxR	inhibitors	with	better	druggability.
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 Figure 6 Structures	of	ligands	that	satisfied	the	threshold	limits	and	were	common	in	all	three	docking	results.

S.No. ZINC ID PubChem CID Chemical Formula IUPAC Name

1 ZINC00155351 736051 C18H19ClN2O
2-chloro-N-(4-piperidin-1-

ylphenyl)benzamide

2 ZINC01393213 1480285 C17H16F2N2O
2,6-difluoro-N-(4-pyrrolidin-

1-ylphenyl)benzamide
3 ZINC20271252 28809802 C16H25N3 2,5-di(piperidin-1-yl)aniline

4 ZINC00360711 834706 C17H19FN2O
N-[(2-fluorophenyl)methyl]-
4-morpholin-4-ylaniline

Table 3: PubChem	Ids,	Chemical	formulas	and	IUPAC	names	of	the	selected	four	compounds	found	common	in	all	three	docking	programs.

S.No ZINC ID DOCK Scores PLANTS  Scores VINA binding energies 
(kcal/mol)

1 ZINC00155351 -40.91 -63.67 -6.2
2 ZINC01393213 -39.04 -63.54 -6.0
3 ZINC20271252 -37.73 -65.14 -5.4
4 ZINC00360711 -41.12 -71.82 -5.9

Table 4: Docking	results	of	the	compounds	satisfying	the	threshold	scores	in	the	three	docking	programs.

to	 validate	 the	 results	 of	 computational	 analysis	 in vitro.	 This	
study	 may	 serve	 as	 a	 template	 for	 designing	 novel	 inhibitors	
for	pathogens	where	thioredoxin	reductase	plays	a	key	in	redox	
homeostasis.	
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Conclusions
To	conclude,	in	the	present	study,	proteomes	of	various	pathogenic	
and	non	pathogenic	 strains	 of	B. anthracis	 and	B. cereus were 
comparatively	 analysed	 which	 resulted	 in	 stepwise	 selection	
of	 ten	 proteins	 that	 can	 be	 targeted	 for	 effective	 drug	 design	
and	 development.	 Thioredoxin	 reductase	 was	 finally	 selected	
as	 the	 most	 promising	 target	 candidate	 due	 to	 essentiality,	
druggability	and	availability	of	X-ray	crystallographic	structure	in	
PDB.	The	molecular	docking	studies	with	ZINC	compounds	 into	
the	 protein-protein	 interaction	 site	 of	 thioredoxin	 reductase	
lead	to	 the	 identification	of	novel	potential	 inhibitors	sharing	a	
similar	 scaffold.	 Future	work	will	 focus	 on	 further	 optimization	
of	 the	scaffold	and	synthesis	of	derivatives.	We	would	also	 like	
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Figure 7 Selected	ligands	docked	to	the	NADPH	domain	of	the	target	(4FK1). The	docked	poses	in	brown	colour	are	from	UCSF	

DOCK	while	poses	in	pink	colour	are	from	PLANTS	whereas	poses	in	sky	blue	colour	poses	are	from	VINA.	
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