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Abstract
Motivation: In early stage of therapeutics, several structure and ligand-based in-silico approaches have aided the
modern drug discovery and design. However, such techniques are limited by availability of resolved 3D structures of
targets and ligands. At the same time the growing concern of drug resistivity not only demands for new drugs but also the
judicious use of presently available drugs. In such a scenario, the utilization of the already available drugs of a target
molecule over the different homologous target of wider range of organisms is the better perspective for treatment. This
requires confirmation of structural similarity of the targets (enzyme and protein targets) in those organisms.
Results: In the present study, based on the structural similarity of the target enzymes shared by different pathogenic
micro-organisms, we have reviewed to gain an in-silico perspective of their efficacy in targeting a wider subset of
organisms with few available drugs marketed for those. The results suggest efficient binding affinity of such drugs for the
enzymes of organisms belonging to the cluster formed on the basis of structurally similarity.
Implementation: Such an approach can be adopted to utilize the presently available drugs for a wider range of
pathogenic micro-organisms.
Supplementary Information: http://journal-biogen.org/article/view/58/25
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1. Introduction amongst the pathogens have rendered many antibiotics and

With the changing ways of human life, new diseases have
emerged as a malady over the past few centuries. Some of the
widespread epidemics, having a significant contemporary
disease burden and huge impact on the global socio-economic
structure, are tuberculosis, typhoid, cholera, diphtheria,
whooping cough, pneumonia, etc. (Corbett et al., 2003;
Crump et al., 2004; Lonnroth et al., 2009; Crump and Mintz,
2010; Ryan, 2011, Jakinovich and Sood, 2014; Campbell and
Nair, 2015). Estimated 13 million death cases are reported
annually due to such infectious diseases (Cohen, 2000). On
one hand, the use of modern antibiotics and drugs have been
helpful, but on the other hand, increasing drug resistance

drugs ineffective in treating and controlling the disease
progression. Epidemic antibiotic resistance has been reported
in case of Mycobacterium tuberculosis (Strambu, 1999;
Nachega and Chaisson, 2003; Nettleman, 2005; Zignol et al.,
2006), methicillin-resistant Staphylococcus aureus (MRSA)
(Sattler et al., 2002; Eady and Cove, 2003; Fridkin et al.,
2005; Miller et al., 2005; Moran et al., 2005), Streptococcus
pneumoniae (Kays et al., 2002; File, 2004; File, 2006), etc.
Despite intensive efforts taken by the various global health
organizations, multi-drug and antibiotic resistance has
continued to be a global threat. The major concern although is
that a majority of the common population remains unaware of
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this crisis (Jha et al., 2006). Efficacy of available drugs,
associated side effects and the ability of selective targeting are
few other factors, which limit effective treatment strategies.
For example, 2.3 million adverse cases against about 6000
marketed drugs have been reported between 1969 till 2003.
However, the trends state a slower rate of withdrawal of ~10
drugs per year, which instills the continued usage of harmful
and ineffective drugs (Wysowski and Swartz, 2005).

Extensive research on pathways and mechanisms unique to
the pathogens, have been carried out to develop drugs against
such targets. In recent years, the study of pathways involved
in folate synthesis in lower organism, specifically the
Shikimic acid pathway, has gained attention as these
pathways are exclusive to plants and lower organisms and are
absent in the hosts. With the growing use of this and other
metabolic pathways as a therapeutic target, increasing cases
of drug resistance have also been reported. Insufficient
research developments made in the field of drug and
antibiotic development to combat the increasing strains of
resistant species along with the enormous time taken for the
lead molecules to clear different levels of clinical trials limit
the ability to combat these resistant species. The statistics
presented by DrugBank currently shows 8261 drugs available
through various studies of which 2254 drugs are FDA
approved (Law et al., 2014). Conventional in-silico structure
based drug discovery techniques can possibly reduce the time
and effort required to screen down possible lead molecules
from the huge pool of available drug and drug-like molecules.
Present situation demands the most skillful utilization of the
available knowledge about drugs to ensure effective targeting
and to discover new therapeutics against the ever-increasing
number of resistant species. A very appropriate statement in
this context is by the Nobel laureate James Black who stated,
“The most fruitful basis for the discovery of a new drug is to
start with an old drug” (Chong and Sullivan, 2007).
2. Scope of the Review

In the present review, we have briefly discussed about the
presently available and emerging computational approaches
used in drug discovery. While briefly discussing about the
benefits and drawbacks of these computational approaches,
we have looked into the unique targets for the lower
organisms, which have been exploited as therapeutic targets
particularly focusing on the Shikimic acid pathway. We have
corroborated a few analyses to the review, in order to check
the structural relatedness of the enzymes of this pathway
across different lower organisms. The choice of organisms
has been made with Mycobacterium tuberculosis (MYCTU)
as the reference organism and 23 orthologs of MYCTU have
been selected, which have disease relevance (see
Supplementary Table S1). The choice of M. tuberculosis as
reference organisms is of particular importance to the analysis
pertaining to its highly evolving multi-drug resistant nature,
still claiming for an estimated 10.4 million new TB cases
worldwide, as reported by WHO in 2015. An additional
benefit is the availability of sequence and structural
information at genomic and proteomic levels, as the organism
remains thoroughly studied. Using different alignment tools,
sequence and structural analysis of the seven core enzyme
targets of Shikimic acid pathway, namely, 3-deoxy-d-arabino-
heptulosonate 7-phosphate synthase (DAHTPS),
Dehydroquinate  synthase (DHQS), 3-Dedydroquinate
Dehydratase-Shikimate Dehydrogenase (DHQD), Shikimate

dehydrogenase (SDH), Shikimate Kinase (SK), 5-
enolpyruvate shikimate-3-phosphate synthase (EPSPS) and
Chorismate Synthase (CS) have been performed for all the
selected organisms (see Materials and Methods section,
Supplementary file). The analysis has been further
corroborated with in-silico drug binding efficiency of these
targets with available drugs, to gain a perspective towards
their usability for a wider range of organisms. Such an
approach could be helpful in widening the therapeutic usage
of already available drugs and also in understanding the
mechanism of ligand binding of the targets helping in the
development of new therapeutics.
3. Computational approaches available for preliminary
drug discovery

In recent drug designing and discovery, computer-aided
drug discovery/designing (CADD) methods have not only
improved our understanding of drug-receptor interaction but
have also assisted in identification of new therapeutic agents.
The currently employed techniques are broadly classified as
either structure-based or ligand-based techniques (Sliwoski et
al., 2014). The structure-based algorithms rely on the ability
to determine and analyze the available 3D structure of the
target biomolecules. The in-silico structure based approach
comprises of various stages including structure identification
or modeling of the target biomolecule, drug binding site
identification/prediction, screening of suitable molecule
(inhibitor/activator) for the receptor molecules, detailed study
of the ligand-receptor binding using docking analysis and the
final analyses of the dynamics behavior of the ligand-receptor
interaction is observed by the Molecular dynamics study
(Sinha et al., 2016). Various popular tools and algorithms are
available for the fulfillment of the desire objective of in-silico
structure based method for example, comparative model
building by satisfaction of spatial restraints obtained from the
alignment of the target sequence with the template structures
using Modeller software (Sali and Blundell, 1993), in-silico
screening of inhibitor molecule from a large library of
database followed by docking studies based on search based
algorithms of Autodock (Morris et al., 1998; Trott and Olson,
2010). A few more popular techniques are, Monte Carlo
Metropolis minimization (Misura and Baker, 2005),
ROSETTA (DiMaio et al., 2009), LIGSITE (Hendlich et al.,
1997), I-TASSER (Zhang, 2008), Q-SITEFINDER (Laurie
and Jackson, 2005), etc. Detailed atomic level dynamic
behavior of the receptor-ligand interaction can be analyzed by
force-field based methods of molecular dynamics (Raval et
al.,, 2012) using GROMACS (Hess et al., 2008), NAMD
(Phillips et al., 2005), etc. Ligand-based algorithms, on the
other hand, make wuse the knowledge of known
agonist/antagonist molecules through chemical similarity
searches or construction of predictive, Quantitative Structure-
Activity Relation (QSAR). Ligand-based techniques are often
used for identifying membrane protein targets, where little or
no prior information of the target structures are available.
Some of the popular ligand-based algorithms are AMANDA
(Duran et al., 2008), SVM-based QSAR models (Zhao et al.,
2006), CoMFA and CoMSIA 3D-QSAR methods (Bordas et
al., 2003). On the other hand, several other in-silico drug
discovery and designing algorithms/approaches are also
employed in pharmaceutical research. Multi-scale agent-based
model (ABM) using Markov Chain Monte Carlo approaches
is one of the model based drug discovery and development
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approaches (Su et al., 2014) where, drugs, metabolites,
proteins and cells are considered as ‘agents’. These agents are
allowed to interact with each other according to the
predefined set of rules. Another approach is proposed, which
consider the undesired off-target effects of the drug in
combinatorial therapies. In this approach the optimal
combinatorial therapy problem is formulated into two
complementary mathematical algorithms i.e. Balanced Target
Set Cover (BTSC) and Minimum Off-Target Set Cover
(MOTSC) and is solved by mixed integer linear programming
(MILP) (Pang et al., 2014). Moreover, the utility of structure
and ligand based approaches are limited by the availability of
the structural details of the targets and the ligands.
Developing resolved 3D structures is a challenge for many
proteins and is often difficult to obtain. In such scenarios,
utilizing sequence information to obtain structural information
can be helpful, as sequence information is easily attainable. In
the next few sections, we will demonstrate the use of
sequence information to obtain structural information with the
help of a few analyses conducted on the seven core enzymes
of the Shikimic Acid Pathway.
4.  Shikimic Acid Pathway

Selective targeting of drugs is necessary to minimize the
consequences of side effects on the host organism. As such,
the use of targets those are exclusively available in the
pathogen and are missing or non-functional in the host, have
been emphasized. Presently available antibiotics act either on
processes that are unique to bacteria, like the synthesis of cell

walls or folic acid (Debono and Gordee, 1994; Kohanski et
al., 2007), or on bacterium-specific targets within processes
that are common to both bacterium and human cells,
including protein or DNA replication (Dahl and Rosenthal,
2008). Extensive research in this field has led to the
identification of the enzymes of Shikimic acid pathway as
potential drug targets. Shikimic acid pathway is a common
route leading to production of the aromatic amino acids
phenylalanine, tyrosine, and tryptophan (Figure 1) and links
metabolism of carbohydrates to the biosynthesis of these
aromatic compounds (Herrmann, 1995). A series of seven
metabolic reactions convert phosphoenol pyruvate and
erythrose-4-phosphate in chorismate, the precursor of the
aromatic amino acids and many aromatic secondary
metabolites. All the pathway intermediates can be considered
as branch points to many other metabolic pathways, to which
these intermediates act as a substrate (Bentley and Haslam,
1990). However, the pathway is found only in
microorganisms and plants, and not in animals (Coggins et
al., 2003). Plants and bacteria exclusively depend on the
Shikimic acid pathway for the synthesis of chorismate, which
acts as a substrate for the production of p-amino benzoate and
folates in plants and aromatic amino acids in bacteria.
Mammals and many protists, on the other hand, rely
exclusively on exogenous supply of folates and do not have a
Shikimic acid pathway, which designates this as an important
target for therapeutic interventions.

Phosphoenolpyruvate + D-erythrose-4-Phosphate

DAHP Synthase
3-Deoxy-D-arabino-heptulosonic-acid-7-phosphate (DAHP)
3-Dehydroquinate Synthase
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3-Dehydroshikimic acid (DHS)
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Fig 1 — Schematic diagram of Shikimic Acid Pathway
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5. Structural and sequence analysis of Shikimic acid
pathway enzymes

Structural similarity analysis was performed on different
enzymes of the pathway amongst the selected set of organisms.
For details of the technique see the subsection Selection of
Organisms under Materials and Methods section in the
Supplementary File. A hierarchical clustering has been shown on
the basis of NiRMSD scores (Figure 2). The results have been
discussed in next few sections and the description of the
abbreviated form of the organisms has been provided in Table S1
of Supplementary file. For a particular enzyme, the set of
organisms that tend to cluster together, are considered to have
more structural similarity as compared to the other organisms.

5.1. NiRMSD Alignment Analysis

Table 1 shows the mean, median and standard deviation of the
NiRMSD scores obtained for each pair of organism for each
enzyme. With the least of mean, median and standard deviation
for NiRMSD scores, the analysis predicts CS to be the most
structurally conserved enzyme amongst all the seven enzymes
across different species, followed by SDH and DHQS. Boxplots
of the median values with the standard error bar has been given in
Supplementary Figure S1. DHQD shows a maximum divergence
in structure across different species.

The frequency distribution of the NiRMSD scores is shown in
Supplementary Figure S2. As the data appears to be skewed,
median value of each data set is chosen as the maximum (cut-off)
NiRMSD score within which the clusters formed are considered
to be highly structurally similar.

Table 1 — Mean, Median and Standard Deviation of the NIRMSD scores obtained for each enzyme.

Enzyme Name Mean Median Standard
Deviation
3-deoxy-D-arabino-heptulosonate 7-phosphate synthase (DAHPS) 3.1336 2.9 2.4701
*Dehydroquinate synthase (DHQS) 1.7747 1.55 1.0963
3-Dedydroquinate Dehydratase-Shikimate Dehydrogenase (DHQD) 7.9256 6.05 8.3769
*Shikimate dehydrogenase (SDH) 1.7869 1.69 0.9448
Shikimate Kinase (SK) 2.6222 1.97 2.1208
5-enolpyruvate shikimate-3-phosphate synthase (EPSPS) 2.5904 2.34 1.6431
*Chorismate Synthase (CS) 1.2163 1.17 0.9042

*These enzymes have relatively lower mean, median and standard deviation for NiRMSD score, and hence considered to have
higher structural similarity across different organisms, than the rest of the enzymes.

5.1.1. 3-deoxy-d-arabino-heptulosonate 7-phosphate
synthase (DAH7PS)

Total three clusters are formed within the cut-off NIRMSD
score of 2.9. DAHPS from M. tuberculosis strains: MYCTO
and MYCTU and CORDI cluster together at a NiRMSD score
of 2.42, showing close structural resemblance. Another cluster
is formed by the two species of Helicobacter: HELPH and
HELHP at a NiRMSD score of 2.206. The third cluster with a
very low NiRMSD difference of 1.635 is formed by BORPE
and HAEIN suggesting a very high structural similarity of the
enzyme in these two organisms (Figure 2A).

5.1.2. Dehydroquinate synthase (DHQS)

Hierarchical clustering for the enzyme DHQS shows that
all the organisms tend to cluster within a very low NiRMSD
score of about 8. This suggests that the enzyme remains
highly conserved across the species. Within a cut-off of 1.55,
three clusters are formed. The two strains of Listeria
monocytogenes: LISMO and LISMF group together at
NiRMSD score of 1.478. ECOLI, SHIDS, SALTI, HAEIN
and VIBCH are clustered together at NiRMSD score of 1.184.
The third set is formed by the two strains of Helicobacter
pylori: HELPH and strain HELPY, which cluster together at a
NiRMSD score of 0, suggesting the enzyme present in both
the strains is structurally the same. However, another species
of Helicobacter genus: H. hepaticus (HELHP) considered in
the analysis, showed a significant difference in the NiRMSD
score from the rest of the two strains of the same genus. It can
be observed from the analysis that enzymes from the
organisms belonging to same genus might have structural
differences. At the same time, enzymes from distant genus
and species might have a greater structural similarity than

enzyme from organisms belonging to the same genus (Figure

2B).
5.1.3. 3-Dedydroquinate Dehydratase-Shikimate
Dehydrogenase (DHQD)

Pairwise NiRMSD score shows a huge variation for the
enzyme DHQD implying that the enzyme structure varies a
lot across different species. The median for NiRMSD score
for the enzyme lies at 6.05. Three clusters are formed within
this NiRMSD score, although this cut-off is much higher than
that formed for any other enzyme. ACIBA, HELPY, HELPH,
MYCTU, HAEIN, CORDI and VIBCH are clustered together
at NiRMSD score of 4.513. Two strains of H. pylori: HELPY,
HELPH and along with H. hepaticus strain HELHP were
considered for this analysis. However, the clustering pattern
shown by these three strains differs significantly. HELPH and
HELPY fall into the same cluster, but HELHP shows a
significant difference in structure which branches out of the
other two strains at a NiRMSD score of 10.38. ECOLI and
SHIDY group together at NiRMSD score of 4.352. Another
cluster is formed by the two strains of L. monocytogenes:
LISMO and LISMF, at NiRMSD score of 0.1034 (Figure 2C).
5.1.4. Shikimate dehydrogenase (SDH)

With a very low mean, median and standard deviation for
the NiRMSD scores generated, SDH is predicted to be one of
the most structurally conserved enzymes among the seven
enzymes of Shikimic acid pathway, across different species.
Within the median cut-off NiRMSD score of 1.69, three
clusters are formed. The first cluster is formed at NIRMSD
score of 1.657, which includes ECOLI, SALTI, HAEIN and
VIBCH. BORPE and NEIGO form the second cluster at a
score of 0.6719, implying a high structural similarity of the
enzyme in the two organisms. The two strains of H. pylori:
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HELPY and HELPH form the third cluster at 0.04. The H.
hepaticus strain, HELHP separates out from the other two
strains of the same genus, as is the case for DHQD enzyme,
suggesting structural differences in the enzyme SDH of this
strain with that of the other two strains of H. pylori even
though belonging to the same genus (Figure 2D).

5.1.5. Shikimate Kinase (SK)

Two clusters are formed within the cut-off NIRMSD score
of 1.97. The first one is formed by the two strains of H.
pylori: HELPY and HELPH at a score of 0.4796. H. hepaticus
strain, HELHP is only distantly related to these two strains at
NiRMSD score of 6.928. The second cluster is formed by
ECOLI and SHIDS. These two are predicted show a very high
structural similarity as they group together at a NiRMSD
score of 0.00 (Figure 2E).

5.1.6. 5-enolpyruvate shikimate-3-phosphate synthase
(EPSPS)

Four clusters are formed for EPSPS within the cut-off
score of 2.335. ACIBA and STRR6 form the first cluster at
NiRMSD score of 2.107. SALTI, SHIDY, ECOLI, SHIDS,
VIBCH, HAEIN and BORPE form the second cluster at
1.732. The two strains of H. pylori: HELPY, HELPH group
together at a score of 1.147. HELHP shows a similar trend of
clustering as is for DHQD, SDH and SK and is distantly
related to the other two strains at NiRMSD score of 3.136.
Fourth cluster is formed by the two strains of L.
monocytogenes: LISMO and LISMF which group together at
NiRMSD score of 0.0245 signifying close structural
relatedness amongst the two strains of the species (Figure 2F).

5.1.7. Chorismate Synthase (CS)

With the least of mean, median and standard deviation, CS
shows the maximum structural conservedness across the
different species considered amongst all the seven enzymes of
the Shikimic acid pathway. The median cut-off NiRMSD
score for CS is 1.17. The clusters that are grouped within this
score are predicted to have a significantly high structural
relatedness. Four clusters are formed within the cut-off.
ACIBA, ECOLI, SALTI, SHIDS, HAEIN, VIBCH and
BORPE form the first cluster at 1.017 followed by CORDI
and MYCTU clustering at a score of 0.8453. Two separate
clusters are formed by L. monocytogenes: LISMO and LISMF
and STRR6 at score 0.00 and the two strains of H. pylori:
HELPY and HELPH again at score 0.00. This pattern might
appear trivial except for the observation that the strains of the
same species do not always tend to group together. HELHP,
which is considered in the clustering analysis of CS, also
shows a similar trend to separate out from the two other
strains as is observed for DHQD, SDH, SK and EPSPS. With
a very small NiRMSD score for clustering, the organisms
belonging to each of the clusters are predicted to have high
structural similarity (Fig. 2G).

Interestingly, through these clustering analyses, it could be
observed that even though yeast (YEAST) is distantly related
to bacteria in the phylogeny, the structural relatedness of the
enzymes of Shikimate pathway is considerably high among
them. On the other hand, the structures are so different in case
of Plasmodium falciparum (PLAFA/PLAF7), that it is
completely eliminated out of the structural hierarchy with the
bacteria. The different strains of same species of bacteria tend
to cluster together due to their close structural resemblance.
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Fig 2 — NiRMSD distance based hierarchical clustering of organism for the seven enzymes of Shimikate pathway. Clusters
formed for: (A) 3-deoxy-d-arabino-heptulosonate 7-phosphate synthase (DAH7PS), (B) Dehydroquinate synthase (DHQS), (C)
3-Dedydroquinate Dehydratase-Shikimate Dehydrogenase (DHQD), (D) Shikimate dehydrogenase (SDH), (E) Shikimate Kinase
(SK), (F) 5-enolpyruvate shikimate-3-phosphate synthase (EPSPS) and (G) Chorismate Synthase (CS).

5.2. Structural relatedness

To demonstrate the structural similarity amongst the
clustered organism based on their NiRMSD scores, we have
further illustrated our work by comparing the available PDB
structure of enzymes for the clustered organisms. For this we
have chosen the organism clustered within the median cut-off
NiRMSD score 1.017 for the enzyme CS. This cluster shows
the maximum number of diverse organism and is further
analyzed to evaluate the structure relatedness with each other.
The UniProt sequences of the clustered organism are used for
the homologous 3D structure search against PDB using
protein BLAST and are summarized in the Supplementary
Table S2. The obtained result illustrates that 3D structure is
resolved and deposited only for the CS of ACIBA with PDB
ID 4LJ2 (DOI: 10.2210/pdb4lj2/pdb) among the entire cluster
of organisms. For the remaining organisms of the cluster, i.e.
ECOLI, SALTI, SHIDS, HAEIN, VIBCH and BORPE, the
structures are not resolved and are not available in the PDB
entries. Meanwhile, for all these remaining organisms,
ACIBA (PDB ID: 4LJ2) is showing maximum sequence
similarity with identity greater than 60%.

Additionally, the study has also included the analysis of
the availability of drugs/inhibitors targeting CS enzyme of
different organisms of the cluster. Supplementary Table S2
explains the related diseases of the clustered organism along
with the available drugs for CS of each organism. It is found
that among all seven clustered organism, drugs are only

available for ECOLI and SALTI (Pitchandi et al., 2013) that
targets CS. Hence, based on the structural relatedness analysis
one can consider to study the effect of already available
effective drug/inhibitor of CS of one organism to other related
organism.
5.3. Analysis of Binding Site

In order to evaluate the response of an inhibitor or a drug
of one organism over the same enzyme of other organisms,
identification of functionally important inhibitor binding site
is very important. The site is evaluated with the help of prior
knowledge of conserved binding site of the homologous
protein/enzyme. The experimentally solved 3D structure of
CS from STRR6 with 2.0 A° of resolution (PDB ID “1QX0),
with a known EPSP binding site, has been considered for
binding site identification (Barcellos et al., 2009). The
sequence of ACIBA, ECOLI and SALTI are aligned with the
sequence of STRR6 and are showed in Supplementary Figure
S3. The Percent Identity Matrix obtained shows that STRR6
aligned with ACIBA, ECOLI and SALTI with 35.98%,
37.89% and 37.04% identity, respectively. Meanwhile, most
of the conserved EPSP binding sites residues of STRR6 are
common for CS from other aligned organism (see
Supplementary Figure S3). The highlighted residues are the
EPSP binding site residues of STRR6. From the obtained
alignment result it has been observed that EPSP binding site is
almost conserved in all the four organisms, except for two
residue mismatches for ACIBA and one mismatch for ECOLI
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and SALTI with respect to the known STRR6 EPSP binding
site. The highlighted residues are considered as the binding
site for EPSP in ACIBA to check the effectiveness of the
already available drugs of ECOLI and SALTI.
5.4. Investigation of Drug Binding

Review of available drugs revealed that, among the
clustered organism, drugs are only available for ECOLI and
SALTI. Meanwhile, the 3D structure is only available for
ACIBA. Hence, to analyze the effect of available drugs of CS
from one organism to other organism the PDB structure of
ACIBA (PDB ID: 4LJ2) is considered as a receptor to
perform the docking study. Three reported drugs are tested for

binding with the ACIBA i.e. the only drug of CS from ECOLI
((6R)-6-Fluoro-EPSP) and two different drugs used for the
treatment of Typhoid Fever caused by SALTI (2-(3-(-(S)-5-
((S)-1-Amino-3-(3-chlorophenyl)-1-oxopropan-2-ylamino)-4-
(3-hydroxy-4-methyl-2-nitrobenzamido)-5-
oxopentylcarbamoyl)-phenoxy)acetic acid and N-((S)-1-((S)-
1-Amino-3-(3-chlorophenyl)-1-oxopropan-2-ylamino)-1-
oxopropan-2-yl)-3-hydroxy-4-methyl-2 nitrobenzamide).
Detailed descriptions of the techniques are explained in the
Supplementary Materials and Methods subsection “Molecular
Docking of Available Inhibitors”.
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Fig 3 — Docking analysis of Chorismate Synthase of A. baumannii with (A) E. coli inhibitor Pubchem CID: 46926329, (B)
Inhibitor of S. typhi, Pubchem CID: 46221610 and, (C) Inhibitor of S. typhi, Pubchem CID: 46221613. Dotted lines
represent the hydrogen bonding between the residues of the inhibitors and the enzyme along with their bond length.

The result illustrates efficient binding of all the three
inhibitors considered with ACIBA, with respect to the binding
energy and interacting residues. The detailed results are
explained in Figure 3 and Supplementary Table S3. Figure 3
shows the interacting residues (hydrogen bonds and
hydrophobic interactions) of the enzyme and the inhibitors.
Supplementary Table S3 includes the name of the inhibitors,
Binding Energy, Hydrogen bonding residues along with the
bond length and the hydrophobic interaction observed
between inhibitor and the protein.

6.  Discussion

In the present work, with the help of modern in-silico
techniques, we have tried to explore an approach towards
extending the utilization of the already available drugs into a
wider range of organisms. The use of such techniques is
helpful in preliminary drug discovery, as they narrow down
the range of search from a huge pool of lead molecules.

However, limitation of such approaches is the availability of
structural details for the targets. Hence, we have tried to
demonstrate the usage of available structural and sequence
information to predict structural similarities of targets in
different organisms, using the core Shikimic acid pathway
enzymes as targets. 23 orthologs of M. tuberculosis, all
having disease relevance, have been chosen. The selected
organisms have been hierarchically clustered on the basis of
their NiRMSD scores for all the seven enzymes of Shikimic
acid pathway. The organisms, which cluster together within
the decided cut-off, have been considered to be structurally
similar. As a demonstration of feasibility of the present
objective, we have chosen a subset of organisms, which
clustered together within a cut-off of 1.17 for chorismate
synthase, and have tried to check the drug binding efficiency
of the enzyme within this subset. The subset includes
Acinetobacter  baumannii  ATCC 19606 (ACIBA),
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Escherichia coli (strain K12) (ECOLI), Salmonella typhi
(SALTI), Shigella dysenteriae (strain Sd197) (SHIDS),
Haemophilus influenzae (strain ATCC 51907) (HAEIN),
Vibrio cholerae (strain ATCC 39315) (VIBCH) and
Bordetella pertussis (strain ATCC BAA-589) (BORPE)
clustering at NiRMSD score of 1.017. To verify of the
structural similarity exhibited by this subset of organisms, an
alignment of the Uniprot sequences of these organisms was
performed by a BLAST analysis against PDB. Results
revealed the availability of only one resolved structure for
chorismate synthase of A. baumannii (PDB ID 4LJ2). BLAST
results also revealed that A. baumannii has maximum
sequence similarity with all other organisms of the cluster
with identity greater than 60%. A thorough review of the
available drugs against chorismate synthase in these
organisms has been done (see Supplementary Table S2),
which showed the availability of drugs only against E. coli
and S. typhi. With the identification of probable binding site
in the structure of chorismate synthase for A. baumannii (with
identification of conserved residues as available for EPSP-
binding site in the chorismate synthase of S. pneumoniae)
efficiency of binding of the drugs available for E. coli and S.
typhi have been checked using molecular docking. The results
showed efficient drug binding to the available structure with a
minimum binding energy of -9.5 Kcal/mol for the inhibitor
(6R)-6-Fluoro-EPSP against chorismate synthase of E. coli
and -9.12 Kcal/mol and -8.51 Kcal/mol for the inhibitors 2-(3-
(-(S)-5-((S)-1-Amino-3-(3-chlorophenyl)-1-oxopropan-2-
ylamino)-4-(3-hydroxy-4-methyl-2-nitrobenzamido)-5-
oxopentylcarbamoyl)-phenoxy)acetic acid and N-((S)-1-((S)-
1-Amino-3-(3-chlorophenyl)-1-oxopropan-2-ylamino)-1-
oxopropan-2-yl)-3-hydroxy-4-methyl-2 nitrobenzamide
against chorismate synthase of S. typhi (see Figure 3 and
Supplementary Table S3).

Broadening the range of use of the presently available
therapeutics will largely reduce the time and effort of de novo
drug designing and discovery. The present requirement is to
make the maximum use of the available knowledge and
information of the presently available therapeutic agents. The
use of in-silico techniques, such as the one proposed through
the present review and analyses will be helpful. The benefit of
such an approach is not limited by the availability of resolved
3D structural details of the targets. Addressing the drug
resistant species requires designing and development of new
drugs and antibiotics. However, the utility of the presently
available drugs cannot be overlooked. The possible use of
these drugs can be widened, by testing their efficacy over
other related organisms. Hence, in the present work, we have
tried to demonstrate a possible utilization of the available
information to make use of the presently available drugs to a
wider range of organisms so as to provide a new direction to
this research area.
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MEPCIIEKTUBA SJIEKTPOHHOM I[P C TOYKHU 3PEHUSA IEJEBOT'O BO3JIENCTBUS
CYHECTBYIOUUX NTPEITAPATOB ITPU JIEUEHUY MTH®EKIIMOHHBIX 3ABOJIEBAHUM:
BO3MOXHAS CTPATEI'AA

bnazooapuocmu
Oma paboma 6wina ocywecmenena npu nodoepoicke Cogema no HayuHbIM U NPOMBIULIEHHBIM UCCILe008AHUIM
(CSIR), XII nasmunemnuii nnan npoexma «I' EHE3UCy ("GENESIS") [epanm Ne BSC0121].

Kongnuxkm unmepecog
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!CSIR-Hauuonansuas xumuueckas nadoparopus (NCL), ITyna, Maxapamrtpa, Maaus-411008
2AkaeMusi HAYYHBIX M HHHOBAIIMOHHBIX uccnenoBanuii (AcSIR), Kamnyc CSIR-NCL, ITyna, Unaus-411008

*KoppecnoHAupYIOMHIA aBTOP.
Penakrop: [Ixankapno KacrenbsHo
[Monyyena 01 Urons 2017, mopadorana 26 Urons 2017, npunsita 13 Wroms 2017.

Annomauusn
Momueayuna: Ha pannem smane pazeumusi KIUHUYECKOU MeOUYUHbl HECKOIbKO N00X0008 snekmponno I[P na
0CHOBe CIMPYKMYpbl U AU2AHO08 CHOCOOCME08ANU OMKPLIMUI0 U paspabomxe cospemennvix nexapcms. Tem e
MeHee, makKue Memoobl 02PAHUYEHbl HATUYUEM GblOENAEMbIX MPEXMEPHBIX CMPYKMYP yeneu u 1ueanoos. B mo oice
spema pacmywas npobrema pe3ucmeHmHOCMY K JIeKapCMEeHHbIM npenapamam mpebyem He mobKo CO30aHUA
HOBbIX, HO U PAYUOHATIbHO20 UCNONb306AHUSA YIIce CYUeCmEyIouux npenapamos. B makoii cumyayuu ucnonvzosanue
yoice  cyuecmeyiowux npenapamos, HAyeleHHvlX HA onpedeneHHvle MOAEKYbl, 011 6030elcmeus Ha opyeue
20MONI02UUHbIE MONEKYNIbl DOoNee WUPOKO20 CHEKMpPA OpP2aHU3MO8 npeocmaesiniemcs 0Oonee NepCchneKueHviM Ol
aeyenus. [[na amozo mpebyemcs noomeepicoeHue CMpPYKMypHO20 CX00CMead muuieHell (hepmenmos u 0Oeikos-
Muuienell) 8 GMux opeaHuMax.
Pesynemamui: B nacmoswem ucciedogaHuu HA OCHOGe CMPYKMYPHO20 CXO0CMSEA (hepMeHmos-muuenell y
PA3IULHBIX NAMOSEHHBIX MUKPOOPLAHUZMOS, Mbl PACCMOMPENY NOAYHEeHUe dIeKMPOHHOU MOOeau I dekmusHocmu
HECKOIbKUX UMEIOWUXCSL  IeKAPCMBEHHbIX NPEenapamos 6 OmHuleHuu Oonee WUPOKOU 2pYynnbl Op2aHu3MOo8.
Pezynomamur  npeononacarom 3p@ekmusnyio a@purHocms céa3b16aHUA MAKUX NPEenapamos ¢ epmenmamu
OP2aAHUZMOB, NPUHAOACHCAUUX K KIACMEDY, CHOPMUPOBAHHOMY HA OCHOBE CIPYKIMYPHO20 CXO0O0CMEA.
Peanuzayusa: Taxoii nooxo0 modcem Ovimb Npuuam Ojsl UCNOIL30GAHUS UMEIOWUXCS 6 HAcmosujee 6pems
npenapamog 0711 6o.1ee WUPoKo20 Kpyea NAmo2eHHbIX MUKPOOP2AHUSMOE.
Jononnumensuan ungpopmayus: http://journal-biogen.org/article/view/58/25

Kniouegvie cnosa: Hnghexyuonnvix 6onesuei, nymo wuKuMo8oU KUCIOMbL, MUUEHb JeKAPCMBEHHO20 npenapamd,
cmpykmyproe cxoocmeo, NiRMSD.
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