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Abstract 

Peptidoglycan is the essential cell wall of Bacillus cereus. Peptidoglycan GlcNAc deacetylases 

(PGNG-dacs) belong to the Carbohydrate Esterase Family 4 (CE4) and are necessary for 

bacterial evasion to lysozyme and immune responses. BC1974 is a PGNG-dac of B. cereus and 

exhibits 97% identity with BA1977, a bona fide peptidoglycan deacetylase involved in resistance 

to host lysozyme and required for full virulence from Bacillus anthracis, the etiological agent of 

anthrax. In order to identify potential inhibitors for BC1974, a structure-based virtual screening 

approach has been applied. We have searched in ZINC database for molecules that contain a 

hydroxamic moiety or the N-hydroxybenzamide as a substructure. Three compounds; 1-[(3,5-

dimethyl-1,2-oxazol-4-yl)sulfonyl]-N-hydroxypiperidine-4-carboxamide (ZINC12560961), 1-

(2,3-dihydro-1H-inden-5-ylsulfonyl)-N-hydroxypiperidine-4-carboxamide (ZINC12560959), 2-

(1-adamantyl)-N-hydroxyacetamide (ZINC03866444), were selected for in vitro experiments. 

Fluorescent and radiometric assays were employed for the examination of the inhibitory effect of 

the selected compounds. Analysis of the results did not show any significant inhibition of 

BC1974 using two of the three compounds. The third one (ZINC03866444) showed an inhibitory 

effect but only using the radiolabeled glycol chitin substrate. A reason could be the affinity 

difference between the inhibitor and the substrates (GlcNAc5 and radiolabeled glycol chitin) for 

the binding site of BC1974. Furτher experiments need to be performed in order to clarify the 

inhibitory effect of the third inhibitor.  

 

Keywords: structure-based virtual screening, peptidoglycan deacetylase, BC1974, B. cereus, B. 

anthracis, BΑ1977  
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Περίληψη 

Η πεπτιδογλυκάνη είναι το βασικό κυτταρικό τοίχωμα του Bacillus cereus. Οι απακετυλάσες N-

ακετυλο-γλυκοζαμίνης της πεπτιδογλυκάνης (Peptidoglycan GlcNAc deacetylases, PGNG-

DACS) ανήκουν στην οικογένεια των εστερασών υδατανθράκων 4 (Carbohydrate Esterase 

Family 4, CE4) και είναι απαραίτητες για τη βακτηριακή διαφυγή από την λυσοζύμη και τις 

ανοσολογικές αποκρίσεις. Η BC1974 είναι μια PGNG-dac του Β. cereus που έχει 97% 

ταυτότητα με την BA1977, μια απεκατελάση πεπτιδογλυκάνης που εμπλέκεται στην αντίσταση 

της λυσοζύμης του ξενιστή και θεωρείται υπεύθυνη για την πλήρη μολυσματικότητα από τον 

Bacillus anthracis, τον αιτιολογικό παράγοντα του άνθρακα. Για τον εντοπισμό πιθανών 

αναστολέων για την BC1974, έχει εφαρμοστεί η προσέγγιση εικονικής διαλογής που βασίζεται 

στη δομή. Ψάξαμε για πιθανά μόρια στη βάση δεδομένων ZINC που να περιέχουν ένα 

υδροξαμικό τμήμα ή Ν-υδροξυβενζαμίδιο ως υποδομή. Τρεις ενώσεις: 1-[(3,5-διμεθυλο-1,2-

οξαζολ-4-υλ)σουλφονυλο]-N-υδροξυπιπεριδίνη-4-καρβοξαμίδιο (ZINC12560961), 1-(2,3-

διυδρο-1H-ινδεν-5-υλσουλφονυλο)-N-υδροξυπιπεριδίνη-4-καρβοξαμίδιο (ZINC12560959), 2-

(1-αδαμαντυλο)-N-υδροξυακεταμίδιο (ZINC03866444), επελέγησαν τελικά για πειράματα in 

vitro. Ενζυμικές δοκιμές που βασίζονται είτε στο φθορισμό είτε στη ραδιενέργεια 

χρησιμοποιώντας σαν υπόστρωμα GlcNAc5 και γλυκόλ-χιτίνη αντίστοιχα χρησιμοποιήθηκαν για 

την εξέταση της πιθανής ανασταλτικής δράσης των επιλεγμένων ενώσεων. Η ανάλυση των 

αποτελεσμάτων δεν έδειξε σημαντική αναστολή της  ενεργότητας της BC1974 χρησιμοποιώντας 

δύο από τις τρεις ενώσεις. Η τρίτη (ZINC03866444) έδειξε μια μικρή αναστολή αλλά μόνο 

χρησιμοποιώντας τη ραδιενεργό δοκιμή. Ένας λόγος μπορεί να είναι η διαφορά μεταξύ της 

συγγένειας του αναστολέα και των υποστρωμάτων (GlcNAc5 και ραδιοσημασμένη γλυκολ 

χιτίνη) για τη θέση σύνδεσης της BC1974. Είναι απαραίτητη η διεξαγωγή περισσότερων 

πειραμάτων ώστε να αποσαφηνιστεί η ανασταλτική δράση του τρίτου αναστολέα. 

 

Λέξεις κλειδιά: εικονική διαλογή βασισμένη στη δομή, απακετυλάση πεπτιδογλυκάνης, 

BC1974, B. cereus, B. anthracis, BΑ1977 
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Abbreviations 

 

ADME: absorption, distribution, metabolism and excretion  

DBVS: docking-based virtual screening 

DMSO: dimethyl sulfoxide 

FBDD: fragment-based drug design 

GlcNAc: N-acetylglucosamine 

HTS: high-throughput screening 

IPTG: IsoPropyl-beta-D-ThioGalactopyranoside 

LBVS: ligand-based virtual screening 

LE: ligand efficiency 

NMR: nuclear magnetic resonance 

PG: peptidoglycan 

PGNG-dacs: peptidoglycan GlcNAc deacetylases 

PMSF: phenylmethylsulfonyl fluoride 

SBDD: structure-based drug design 

SBVS: structure-based virtual screening 

ΔG: binding free energy 
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1. Introduction 

1.1. Drug design 

Drugs are chemicals that prevent disease or assist in restoring health to diseased individuals and 

their role in modern medicine is indispensable. The branch of science that is involved with drugs 

either through discovery or through design is called medicinal chemistry. In the last two decades, 

the developed knowledge of cellular biology and the understanding of how a drug can influence 

a disease process have led to the increase of design, synthesis and evaluation of possible drug 

molecules (Krogsgaard-Larsen et al. 2002). 

 

Nowadays, infections with multi drug-resistant bacteria has significantly increased seriously 

threatening human health, despite the huge number of antibiotic/antibacterial drugs that have 

been used as a treatment of bacterial diseases for more than 50 years during the antibiotic golden 

age. However, the new approved drugs are reduced over the years (Figure 1.1). There are two 

ways of antibiotics function. They either inhibit the growth of bacteria (bacteriostatic) or kill the 

bacteria (bactericidal). The most common targets for antibiotics are: the cell wall biosynthesis by 

blocking either the transport of peptidoglycan monomers or the transglycosidase and 

transpeptidase enzymes, the cell membrane permeability by causing its disruption, protein 

biosynthesis by blocking the bacterial ribosome and nucleic acid biosynthesis by inhibiting DNA 

topoisomerases or RNA polymerases (Drlica et al. 2008;Floss and Yu 2005;Guilhelmelli et al. 

2013;Katz and Ashley 2005;Vakulenko and Mobashery 2003). 

 

Figure 1.1.Number of approved antibiotics since 1980 (Bassetti et al. 2013). 
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So what kind of molecules are likely to become successful drugs? Most effective oral drugs 

usually obey the Lipinski rule of five. The so-called “rule-of-five” states that a compound should 

follow four criteria: (a) molecular weight < 500; (b) the number of hydrogen bond donors < 5 

(O–H or N–H groups); (c) the number of hydrogen bond acceptors < 10 (any N or O atom, 

including donors); (d) calculated logP < 5.0. Common filtering protocols are variations of 

Lipinski’s rule-of-five and they can include a limit on the number of rotatable bonds, on the 

polar surface area or on calculated logP among others. For instance, the lipophilicity (expressed 

as logP) of a drug is the most frequently used single physicochemical property to predict its 

permeation in biological systems. There are many biologically active compounds that satisfy 

these criteria  but fail to become drugs  and on the other hand there are comparatively few 

successful orally active drugs that fail to  satisfy these rules (Lipinski et al. 2001a). Thus, it is 

obvious that these rules can be used as a helpful guide but they are definitely not a law of nature 

(Villoutreix et al. 2007). 

 

In addition to all the above, when a drug enters the organism, it should reach its target in a timely 

manner and in sufficient concentration to be effective. Before reaching its target, a drug has to be 

absorbed rapidly enough through a series of lipid bilayers for its absorption and tissue 

distribution. Moreover, water and lipid solubility are two crucial characteristics of a drug in order 

to dissolve, transport, enter and pass out of a lipid environment. Another important parameter of 

a drug is its pKa, which reflects the polarity of a substance as a function of the pH of its 

environment. So, the more polar a molecule, the more absorbable it is through lipid bilayers. On 

the other hand, the non-polar ones are dissolved in the lipid bilayers and remain there 

(Krogsgaard-Larsen et al. 2002). However, lipophilic molecules bind to any given drug-sized 

pocket having as a result these compounds to be more promiscuous than polar ones for binding at 

a target. A drawback of lipophilic compounds is the increased chances of nonspecific toxicity 

(Congreve et al. 2008). 

 

In physiological environment molecular targets are dynamic, something crucial for various 

biological functions. Different conformational changes of the target binding pocket, ranging 

from small side-chain flip to large loop shift, can be adapted upon ligand binding in order a 

ligand to fit in this (Cheng et al. 2012). Three different models have been described as 

mechanism of ligand binding to a receptor. In the lock-and-key model proposed by Fischer 

(Figure 1.2a), the ligand fits into the receptor like the key into a lock (Watnick and Kolter 2000). 

Several years later, the “induced-fit” picture has been introduced (Figure 1.2b), whereby the 

structures of the ligand and receptor adapt to one another upon binding (Koshland 1958). Later in 

1959, Linderstrøm-Lang and Schellman reported that biomolecules can exist in many different 

conformations (Xu and Liu 2011). At last but not least, enzymes should be described as a 

statistical ensemble in thermal equilibrium (McLean et al. 2012) and according to the laws of 

statistical thermodynamics different conformations are adapted (Cavasotto and Orry 2007). 
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Interactions between biomolecules play an essential role to all biological processes. Through 

these interactions, organisms can maintain complex regulatory and metabolic interaction 

networks which are combined together to constitute the processes of life (Lengauer and Rarey 

1996). The structural/shape complementarities and the chemical properties of the protein 

determine ligand binding, including the amino acids and their capability to polarize bonds and 

make covalent adducts etc. The binding affinity of a protein depends on the conformational 

changes at the enzyme active site. Hence, it is possible orthologous proteins in two different 

organisms to act differently toward the binding of ligands. In addition structural information of 

ligand-protein interaction obtained from molecular docking can be used to develop further 

derivatives and selective inhibitors (Dkhar et al. 2015). 

 

It is generally accepted that a noncovalent binding event, like any other spontaneous process, is 

related to a negative free energy of binding (ΔG). ΔG is the sum of an enthalpic term (ΔH) and 

an entropic term (-TΔS) (Olsson et al. 2008). An interaction is entropically unfavorable when it 

is tight and directed. So, briefly, bonding opposes motion, and motion opposes bonding 

(Williams et al. 2004). Also, it has been suggested that best-in-class drugs bind to their targets in 

an enthalpy-driven way and taking into consideration ΔG in designing new molecules is certainly 

one of the safest bets, as small changes in ΔG often compensate changes in ΔH and TΔS 

(Bissantz et al. 2010).  
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Figure 1.2. Representation of protein-ligand binding models; lock-and-key (a) and induced fit (b) (Cavasotto and 

Orry 2007). 

One of the most important interactions in biological recognition are hydrogen bonds, especially 

between NH and carbonyl groups (Taylor et al. 1983). For instance, active-site water molecules, 

which can significantly contribute both enthalpically and entropically in ligand-target binding, 

form hydrogen bonds at the interface between the ligand and the target. Apart from hydrogen 

bonds, at the binding site of metalloproteins targets there are transition metal ions, which help 

ligand polar atoms to be coordinated placing them correctly to the binding site (Cheng et al. 

2012). 

 

In drug design, the term ‘hits’ is referred to molecules that attach themselves significantly to 

selected enzymes or receptor preparations. On the other hand, ‘leads’ are those surviving 

molecules that have pharmacological or biological activity likely to be therapeutically useful for 

analog preparation but require further enhancement of their desirable properties. Also, a potential 

drug should have a single digit micromolar potency or stronger and after showing satisfactory 

potency, selectivity, non-toxicity, chemical novelty, suitable pharmacokinetic and 

pharmacodynamic properties, etc. are presented in animal models of disease. Those with a 

positive outcome become ‘candidate drugs’ suitable for extensive biological evaluation up to and 

including clinical trials in humans (Krogsgaard-Larsen et al. 2002). Unfortunately, due to the 

current economic situation drug discovery is facing many challenges, which is further 

exacerbated by multi-drug resistance (Danishuddin and Khan 2015). So, the pharmaceutical 
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industry is under ever-increasing pressure to increase its success rate in bringing drugs to the 

market. It is estimated that development of a new drug from hit identification to an approved 

drug with traditional approaches generally takes 12–15 years and may cost over $800 million 

(Lyne 2002). Therefore, new inexpensive approaches are required for new drug discovery, such 

as in silico approaches, which have shown promising outcomes for the development of new 

potential leads (Danishuddin and Khan 2015). But finally, in actual drug discovery projects, the 

ultimate goal is the development of a new chemotype or a druglike lead structure (Heinke et al. 

2011). 

 

Figure 1.3 presents a typical drug discovery paradigm of a broadly based pharmaceutical 

program. Since a target has been chosen based on clinical interest, efforts are made in order to 

find active compounds, even weak ones at the beginning. A typical method used mostly at early 

stages of drug discovery is high-throughput screening (HTS), an expensive process involving 

combinatorial chemistry coupled with experimental screening of large chemical, in order to test a 

possible compound collection, or a subset of it, for potential activity against the chosen target. 

These first ‘hits’ need to be experimentally confirmed (Kontoyianni et al. 2008). After ‘hits’ 

confirmation, the discovery of innovative leads is significant to the early-stage drug discovery, 

notably when having potential interaction to specific targets (Cheng et al. 2012).  

 

 

 
Figure 1.3. A typical drug discovery flow-chart. Crucial points for the main decision points are also shown. 

Chemistry, computational chemistry (CC) and in vitro screening are used to reach the lead optimization stage. Then, 

In vivo pharmacokinetics (PK) and toxicology are undertaken to advance the leads into new chemical entities 

(NCEs) (Kontoyianni et al. 2008). 

 

Drug discovery requires the use of various techniques such as experimental high throughput 

screening (HTS), nuclear magnetic resonance (NMR), X-ray crystallography, experimental 

ADME (absorption, distribution, metabolism and excretion)/toxicity assays and combinatorial 

chemistry among many others. Many promising drug candidates, however, do not have 

satisfactory ADME /tox properties (Figure 1.4), as about 40% of them fail in clinical phase of 
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drug development. Solubility and metabolism assays are usually used for experimental 

ADME/tox evaluation (Villoutreix et al. 2007). 

 

Recently, computational methods are used both for predicting and detecting the formation of 

ligand-receptor interactions and for the in silico screen of chemical libraries (Villoutreix et al. 

2007). There are two main virtual screening methods: ligand-based screening and structure-based 

screening (Cavasotto and Orry 2007).  Databases of small molecules are essential for all virtual 

screening projects. In addition, co-crystallization of small molecules with their targets can be 

very helpful to explore new docking-scoring methods. However, sometimes there are some 

errors in a structural region that are critical for someone who uses the model (Cole et al. 2011). 

Apart from human error, there are two reasons of poor ligand geometries. Firstly, the resolution 

of diffraction patterns obtained from protein structures is such that it is usually impossible to 

refine to individual atom positions, unlike the case for small-molecule structures. As a 

consequence, poor ligand geometry can result from a poor set of restraints. The second source of 

error arises from insufficient exploration of other viable ligand conformations in the model 

building phase. These errors usually happen as the interest of a structure is different between a 

biologist and a medicinal chemist; the first one is concerned about the overall fold and the latter 

about a very specific binding site (Cole et al. 2011).  

 

 
Fig. 1.4. ADME/tox properties for a potential “druglike” compound. A successful drug should not only  perform the 

right molecular interactions with its target, but also be processed correctly by the body and exist long enough in it 

(Villoutreix et al. 2007). 
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Another way to discover new candidate drugs is through de novo generation of a ligand to the 

targeted receptor. The benefit of taking a ligand from a database is that it can be selected in 

accordance to its desirable properties, but designing a ligand de novo has the advantage of 

creating unknown and possibly interesting compounds (Goldberg and Turk 2016). 

 

Chemical screening against biological targets is based on libraries containing either drugs that 

are already in use today or natural products (Cole et al. 2011). A free knowledge based chemistry 

resources for efficient virtual screening and a huge amount of small molecules are offered by 

online databases, the main objective of which is to enhance the identification of possible leads 

for a biological target. There are many different databases, some of which are listed in the Table 

1.1 (Danishuddin and Khan 2015). ZINC, for instance, is a free database of commercially-

available compounds for virtual screening. In this database, compounds exist in multiple 

protonation states and different tautomeric forms along with their availability. Also, they are 

accessible in four different file formats (SDF, Mol2, 3D, SMILE) (Irwin et al. 2012). In 

conclusion, it is now known that discovery of new drug targets is important for both the 

pharmaceutical industry and academic research (Danishuddin and Khan 2015). 
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Table 1.1. Some of the available chemical databases for virtual screening. 

Database Records Web address 

ZINC Over 100 million compounds, 

1196 FDA approved drugs 

zinc.docking.org 

PubChem >72 million substances and >30 

million unique structures 

pubchem.ncbi.nlm.nih.gov 

DrugBank 7678 drug entries including 1555 

FDA-approved drugs 

www.drugbank.ca 

Maybridge 58,742 compounds www.maybridge.com 

NCI >265,000 compounds http://cactus.nci.nih.gov/ 

ChEMBL 1,520,172 compounds www.ebi.ac.uk/chembl 

Binding Database 1,252,088 binding data, for 

6,468 protein targets and 

552,906 small molecules 

http://www.bindingdb.org/ 

 

1.1.1. Structure-based drug design 

Structure-based drug design (SBDD) seeks to identify and optimize such interactions between 

ligands and their host molecules, typically proteins, given their three-dimensional structures. 

This optimization process requires knowledge about interaction geometries and approximate 

affinity contributions of attractive interactions that can be gleaned from crystal structure and 

associated affinity data (Bissantz et al. 2010). Structure-based drug design (SBDD) methods (i.e., 

the use of three-dimensional structural information gathered from biological targets) are a 

prominent component of modern medicinal chemistry (Salum et al. 2008).  The purpose is to 

conceive ligands with specific electrostatic and stereochemical attributes to achieve high receptor 

binding affinity. The availability of three-dimensional macromolecular structures enables a 

diligent inspection of the binding site topology, including the presence of clefts, cavities and sub-

pockets (Blaney 2012;Mandal et al. 2009). Molecular docking, structure-based virtual screening 

(SBVS) and molecular dynamics (MD) are among the most frequently used SBDD strategies due 

to their wide range of applications in the analysis of molecular recognition events such as 

binding energetics, molecular interactions and induced conformational changes 

(Kalyaanamoorthy and Chen 2011). Current SBDD methods allow the design of ligands 

containing the necessary features for efficient modulation of the target receptor (Blaney 

2012;Mandal et al. 2009).  

 

http://www.drugbank.ca/
http://www.maybridge.com/
http://www.ebi.ac.uk/chembl
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SBDD is a cyclic process consisting of stepwise knowledge acquisition. Starting from a known 

target structure, in silico studies are conducted to identify potential ligands. These molecular 

modeling procedures are followed by the synthesis of the most promising compounds (Wilson 

and Lill 2011). Next, evaluations of biological properties, such as potency, affinity and efficacy, 

are carried out using diverse experimental platforms (Fang 2012). Once a ligand-receptor 

complex has been determined, biological activity data are correlated to the structural information 

(Shoichet and Kobilka). In this way, the SBDD process starts over with new steps to incorporate 

molecular modifications with the potential to increase the affinity of new ligands for the binding 

site (Chandrika et al. 2009;Durrant and McCammon 2010).  

1.1.2. Fragment-based drug design 

Screening low molecular weight compounds (fragments) by biophysical methods (NMR, X-ray, 

and surface plasmon resonance (SPR)) has gained considerable importance in the last decade, as 

it is much more feasible compared with assembling and screening a large library in a bioassay 

(Lepre et al. 2004). In industry over the past 3-4 years, a great deal of effort has been given to 

establishing fragment-based screening, and it is now generally being implemented as a 

complementary strategy to HTS (Congreve et al. 2008). Docking a fragment in a binding site is 

however considered difficult since it has to reflect a few weak interactions resulting in different 

binding poses that are equally considered by standard scoring functions (Chen and Shoichet 

2009;Teotico et al. 2009).  Generally, fragment molecules are small in size, typically about 100-

250 Da and although their affinity for the target protein is lower than druglike molecules, the 

binding efficiency per atom is equal to larger hit molecules (Congreve et al. 2008). These small 

fragments have the best chance of finding productive interactions with a given target protein, 

without containing a mismatch or steric clash that would compromise binding (Hann et al. 2001). 

In addition, fragment space is several orders of magnitude smaller than druglike or leadlike 

chemical space (Chen and Shoichet 2009;Teotico et al. 2009). Hence, a fragment library 

statistically covers more chemical space in comparison to a hit and/or lead library and, as a 

consequence, fewer compounds are required to be screened (Chen et al. 2015). However, the low 

molecular weight and low complexity of fragments have highlighted some limitations in docking 

methodology. Often, scoring functions are not able to energetically distinguish native from 

irrelevant poses (Marcou and Rognan 2007) and pharmacophoric constraints need to be applied 

to improve results (Verdonk et al. 2004). Moreover, most of the scoring functions used in 

molecular docking contain a number of crude approximations of the factors involved in binding 

and have been optimized for druglike ligands. Not surprisingly then, they do not perform well 

with fragment-like molecules. Finally, scoring functions are often dependent on ligand size; 

therefore, virtual fragment libraries should preferably contain molecules of similar size and 

numbers of functional groups in order to demonstrate good enrichment in a virtual screening 

experiment (Verdonk et al. 2004). 
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There are two main issues to be addressed. First, as the size of a fragment increases, the number 

of possible molecules will grow dramatically, making it much harder to design a diverse library 

(Fink et al. 2005). Additionally, it is now generally accepted that as molecular size and 

complexity grows, the chances of an H-bonding mismatch or steric clash between the fragment 

and the target protein rapidly increase, reducing the chance of finding hits. Both of these factors 

suggest that a much larger library of leadlike compounds will be required to achieve a hit rate 

comparable to that generally observed for small fragments screened using very sensitive 

biophysical techniques at a higher concentration (Hann et al. 2001). Second, individual 

interactions of small fragments have to be strong enough in order to be detected. Otherwise the 

binding information could be assumed as noise of the assay (Congreve et al. 2008).  

 

The general methodology behind fragment based docking experiments is the division of the 

ligand into separate portions or fragments, then docking the fragments and finally linkage of 

fragments. Two main obstacles exist for their practical application: (i) the identification of 

suitable fragments that bind to the neighboring binding sites and (ii) the optimization of these 

fragments by merging, linking, or growing to develop drug-like molecules without distortions of 

their individual binding modes (Taylor et al. 2002). Together with the traditional high-

throughput screening (HTS) approach and combinatorial chemistry (Shuker et al. 1996), 

fragment-based drug design (FBDD) has progressed rapidly and has emerged as one of the most 

important drug discovery technologies, because it is able to identify many active fragments, 

which can bind into the subpockets within the active site (Chen et al. 2015). FBDD has the 

advantages of comprehensive random screening and structure-based drug design (Erlanson et al. 

2004). Construction of fragment libraries is the first step for FBDD. To construct a suitable 

fragment library, several factors should be considered. First of all, fragments and hits and/or 

leads should be distinguished. Congreve et al. proposed a rule-of-three (RO3) (Congreve et al. 

2003) representing a set of guidelines for the construction of a fragment library (molecular 

weight is <300, cLogP is ≤3, the number of hydrogen bond donors is ≤3, and the number of 

hydrogen bond acceptors is ≤3). Secondly, the size of the fragment library differs from that in 

HTS and there is structural diversity in it. The fragment library should cover more chemical 

space to produce a highly diversified library. Another important aspect to be considered is the 

solubility of fragments and finally the drug-likeness of fragments (Ansgar et al. 2005;Leach et al. 

2006). 

 

The computational deconstruction of drugs into their constituent fragments is one of the most 

commonly used methods to build fragment libraries (Vieth et al. 2004).  The deconstruction–

reconstruction approach has gained traction in recent years (Glennon 2005). Many conserved and 

non-conserved binding pockets appear through the deconstruction approach. The initial step is 

the deconstruction of known ligands into several fragments possibly acting as pharmacophores 

for fragment-based drug design. A pharmacophore is defined according to IUPAC as an 

ensemble of steric and electronic features that is necessary to ensure the optimal supramolecular 

interactions with a specific biological target and to trigger (or block) its biological response  
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(Wermuth et al. 1998). After the construction of a fragment library derived from known ligands, 

it is expected that structural analysis will be beneficial for assessing the suitability of fragments 

for rational decoration. The next step involves reconstruction of these fragments (Chen et al. 

2015). A typical work flow in FBDD consists of docking a fragment into the binding site of 

interest, choosing the best orientation and then using this as a starting point for the attachment of 

substituents with the aim of targeting a new area within the binding site where supplementary 

interactions might be made (Eric Vangrevelinghe and Simon Rudisser 2007). Thrombin, factor 

Xa, cathepsin D, TGT and CDK4 are some examples in which fragment-based docking 

approaches have revealed hits leading to the development of inhibitors (Congreve et al. 2008). 

 

In summary, good quality interactions, good shape matching and good ligand efficiency are often 

the characteristics of fragments when they bind to a receptor. Moreover, single fragments are 

improved for better binding leading to potent inhibitors and this is the reason why sometimes 

fragments are more promising binders than larger molecules (Jacobsen et al. 2011;Johnson et al. 

2011). 

1.1.3. Mechanism-based drug design 

Mechanism-based drug discovery is a complete multidisciplinary system-based approach to drug 

discovery focusing on getting new knowledge and using it to achieve most direct pharmaceutical 

approaches to manage the disease. It is based on the clarification and use of biological, chemical, 

pharmacological, and biochemical mechanisms, which can probably promote the treatment of 

serious diseases, such as cancer, by pharmaceutical intervention. Combination of physics-based 

computer simulations and laboratory experimentation are applied (Hausheer et al. 2003) and its 

approaches have been explored for several decades (Gibbs 2000). However, successful 

treatments emerge from an iterative process that depends not only on the scientific learning curve 

but also on feedback from clinical trials where we learn whether our mechanistic ideas are 

having a therapeutic benefit and what the drawbacks are in terms of side effects. The 

development of initial drugs and subsequent pharmacological improvements also benefits from 

knowledge of the specific molecular target of the drug, such as a receptor or enzyme (Gibbs 

2000).   

 

Mechanism-based drug discovery involves the simultaneous investigation of five major areas 

essential for drug discovery: (1) characterization of the biological target and best drug–target 

interactions; (2) adverse metabolic chemical characteristics and torque have as a result the drug 

safety-toxicity; (3) drug delivery can be improved through prevention of inactivation by 

metabolism and pharmacological properties; (4) physicochemical properties and excipient safety 

are the basics of creating a stable and safe drug formulation of multivariate optimization 

excipient ; and (5) through synthetic chemistry operations a molecule can be optimized chemical, 

electronic, and structural / conformational fulfilling all required objectives of areas 1-4 

(Hausheer et al. 2003).  
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Concisely, both kinetic modeling and docking calculations are involved in mechanism based 

drug design strategy to identify suitable target and understand the disease mechanisms. 

Additionally, agreement between simulations based on the laws of physics and experimental 

observations results in a higher probability that such observations are more accurate and better 

understood as compared with either approach used alone (Subha et al. 2010). 

1.2. Virtual screening 

Understanding how macromolecules and ligands interact in normal and pathological states is the 

base of the structural biology and one of the most fundamental goals in medicine today. More 

and more structures have been revealed through X-ray and Nuclear Magnetic Resonance (NMR) 

providing researchers the structural information needed for the analysis of recognition events 

(Kontoyianni et al. 2008). The term ‘virtual screening’ was first mentioned in the late 1990s and 

is a computational approach used to identify chemical structures that are predicted to have 

particular bioactive properties (Schneider 2010). Virtual screening became even more popular 

over the past several years (Kontoyianni et al. 2008). Virtual screening of chemical databases is a 

powerful method for finding in silico new hits and prioritizing ligand synthesis and experimental 

testing (Waszkowycz 2008), although there have been few reports where virtual screening had a 

key role in a particular drug discovery project. It is analogous to HTS, where a large number of 

compounds are screened in vitro. However, in vitro screening of large chemical libraries is 

expensive (Jorgensen 2004), and virtual screening achieves to reduce the number of inactive 

compounds (negative design), rather than to select bioactive molecules (positive design) that will 

be further experimentally tested (Schneider 2010). 

Any virtual screening method of chemical libraries has to face two different stages: docking and 

scoring (Bissantz et al. 2000). The docking process tries to find the exact prediction in silico of a 

compound's pose within the binding site, on the other side the scoring stage attempts to predict 

the likelihood of the compound to actually bind to the target (Cavasotto and Orry 2007). The 

preparation of the compounds' database is a key step at the beginning of a virtual screening 

project (Danishuddin and Khan 2015). Virtual screening is divided usually into two broad 

categories: (1) structure based and (2) ligand based virtual screening (Figure 1.5) (Lyne 2002) 

and the fusion of these two has as a result a higher hit rate and a wider structural coverage of 

chemical space (Dkhar et al. 2015). 
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Figure 1.5. The SBVS and LBVS approaches. Virtual compound databases can undergo  different filtering 

procedures. In SBVS approaches, the three-dimensional structure of the molecular target is employed to identify 

compounds compatible with the properties of the target binding site. In pharmacophore modeling, compound 

collections are employed to generate structural patterns that should be present in active compounds. In  LBVS 

studies, molecular descriptors known to be relevant for biological activity are used as selection  criteria to identify 

suitable compounds for experimental evaluation. (Ferreira et al. 2015) 

1.2.1. Structure-based virtual screening 

The existence of specific interactions determines the molecular recognition between a ligand and 

its receptor in biological systems. Structure-based virtual screening (SBVS) is the process of 

identifying such interactions of a ligand and a given receptor by computationally screening a 

selected 3D receptor-binding pocket against a compound library by automated docking. For a 

successful structure-based design, the knowledge of the typical interaction geometries, in 

particular of the typical distances involved, is necessary. So, this is the reason why three-

dimensional structures of the proteins are mostly used (Bissantz et al. 2010). Until today, there 

are two experimental techniques such as X-ray crystallography and NMR (Nuclear Magnetic 

Resonance) that can determine the 3D structure of target. X-ray crystallography is the one that is 

mostly preferred. However, when structural information of a receptor is absent from a solved 

protein-ligand complex, they can be theoretically predicted or come from homology models 

(Danishuddin and Khan 2015). Now there are different tools able to create 3D structures from 

SMILES or SDF input. As the receptor 3D structure is available, the prediction of ligand 

orientation and the binding affinity is the primary challenge in SBVS (Villoutreix et al. 2007). 

  

Structure-based virtual screening is now an established technology for supporting hit finding and 

lead optimization in drug discovery. The popularity of the technique is because of its potential 

for identifying novel compounds besides of known ligands, as well as the mechanistic insight 

that it affords into the likely binding modes of active compounds. There are two possible 
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approaches inside structure-based methods. One of them is the fragment-based de novo methods, 

where the fragments are docked in the binding site, scored and finally either linked or developed 

toward the available space around them. The other is the ligand-docking structure based virtual 

screening, where ligands from an existing library are docked into the target binding site and 

scored in order to create another library with the potential binders (Cavasotto and Orry 2007). In 

structures of small molecules, ligands are modeled as physical entities, docked into a target 

region and validated according to their affinity for the binding site of interest (Grinter and Zou 

2014). 

 

Having the structure of the target protein, structure-based computational methods can be applied, 

involving molecular docking of each ligand into the binding site of the target, production of a 

predicted binding mode and binding affinity for each ligand in the target binding site. Then 

compounds are ordered according to above information with a view to selecting and 

experimentally testing a small subset for further biological experiments. Structure-based virtual 

screening includes a variety of sequential computational phases. Target and database preparation, 

docking and post-docking analysis, and prioritization of compounds for testing are the basic step 

of such a procedure (Figure 1.6) (Lyne 2002). 
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Figure 1.6. A diagram representing the preparation of the target structure and compounds library, the docking of the 

selected compounds on the target binding site and the selection of the top hits for further experimental analysis 

which are the three basics steps that characterize the structure based virtual screening (Danishuddin and Khan 2015). 

Apart from target and ligand preparation, target flexibility, incorporating water molecules or 

metals ions and selection of appropriate scoring function play important role in structure-based 

virtual screening. Although in nature proteins change their conformation as a ligand binds and 

their flexibility increase the affinity between the target and the drug, in structure-based virtual 

screening and generally in molecular docking experiments protein has in most cases a rigid 

structure. In addition, water molecules are present at the binding site of the target and play an 

important role in the interaction between a target and a ligand by forming hydrogen bonds. These 

molecules should not be removed from the structure and taken into consideration in 

computational approaches. Metals ions are present in active site of many proteins, playing an 

important role in structure stabilization, respiration, signal transduction and orientation of the 

ligand in the binding site (Danishuddin and Khan 2015). 

1.2.2. Ligand-based virtual screening 

However, experimental 3-D structures of the receptor-ligand complex are not always available. 

Ligand docking can then be used as an alternative method of prediction the ligand-receptor 
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complex structure. Ligand-based virtual screening (LBVS) is based on the similarity between a 

query and the compounds in the database (Todeschini and Consonni 2008). LBVS extrapolates 

from known active compounds utilized as input information and aims at identifying structurally 

diverse compounds having similar bioactivity, regardless of the methods that are applied. The 

identification of different chemotypes having comparable activity continues to be the major task 

in LBVS (Geppert et al. 2010). There are a plethora of 2D- and 3D-based molecular descriptors 

available (Todeschini and Consonni 2008). Similarity, QSAR (Quantitative Structure Activity 

Relationships) and pharmacophore modeling are some approached that are used in ligand 

docking. Through these methods structure-based target-specific compound libraries are 

developed (Cavasotto and Orry 2007). Another LBVS approach is the use of structural features 

collected from known ligands to generate pharmacophore models (Spitzer et al. 2010). An 

important drawback of LBVS is that existing ligands are taken into account to discover new 

molecules, having as a result a more limited diversity than SBVS (Danishuddin and Khan 2015). 

1.2.3. Molecular docking  

Molecular docking is a computational method which predicts the preferred orientation of one 

macromolecule to a second smaller molecule when bound non-covalently and efficiently to each 

other to form a stable complex (Trott and Olson 2010). Nowadays, among the virtually screening 

approaches the one that is most frequently used in drug design is docking. It is well accepted that 

the content and quality of a compound library have pivotal effects on the success of a docking-

based virtual screening (DBVS) project (Cummings et al. 2007). There are three basic principles 

that determine the strength of any docking algorithm. Firstly, it should be able to reproduce the 

X-ray pose. Secondly, the binding poses are ranked according to the scoring functions and finally 

binders are discriminated from randomly chosen molecules in virtual screening experiments 

(Danishuddin and Khan 2015). The docking process can be divided into two major parts: (1) the 

placement of a molecule in a protein binding pocket and (2) the prediction of ligand affinities by 

a so-called scoring function (Evers et al. 2005). In spite of the necessity of a correct docking in 

SBVS experiments, it does not always means a correct prediction of either binding affinity or 

ligand ranking or even a correct generation of the protein-ligand complex (Danishuddin and 

Khan 2015). The majority of the molecular studies contain a protein as one of the docking 

partners, probably due to the large number of known protein structures. Apart from protein-

protein or protein-ligand  interactions, there are some studies on molecular docking involving 

protein-DNA and protein-RNA docking (Lengauer and Rarey 1996). 

 

A modeller should visually inspect the compounds to ensure that the interactions between the 

ligand and the protein  make sense, and that the bound conformation of the ligand is reasonable, 

before making a selection for experimental testing by applying appropriate filters and removing 

compounds that are highly alike (Waszkowycz 2008).  Both structural and computational 

biology and chemistry are necessary for docking. A typical flowchart of the docking procedure is 

represented in Figure 1.7. There are four basic steps in order to accomplish such an experiment, 
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all of which have the same influence on the quality of the results. Initially, atomic coordinates 

and atom types/bond orders need to be determined for ligands to dock (Rognan 2011). 

Considering that atom types are correct, docking is still extremely sensitive to any parameter that 

may influence molecular interactions: protonation state, tautomeric state, and stereoisomeric 

state (ten Brink and Exner 2009). In addition, protein setup is technically easier since one has 

generally to care only about one macromolecule. It is advisable to start from a high resolution X-

ray structure (McGovern and Shoichet 2003), although homology models with a strong 

experimental support may also be used (Ferrara and Jacoby 2007). The last step is post-docking 

processing techniques improving the final outcome through automated selection of the 

appropriate poses/ compounds (Cheng et al. 2012). 

 

 
Figure 1.7. The typical workflow consists of a preparation phase for the database and the target, followed by a  

molecular docking phase, and concludes with the post-docking analysis (Rognan 2011). 

 

The preparation of the active site is dependent on the docking tools being used. Some methods 

require the addition of hydrogens and care should be taken to ensure that this is done sensibly, 

avoiding atomic clashes. Usually, hydrogen atoms are added in serine, threonine, tyrosine and 

histidine residues according to their interactions with the target residues at the binding site 

(Rognan 2011). Furthermore, it is crucial to consider the conformational flexibility of the 

compounds during the docking process. The majority of docking tools currently make the 

assumption that the protein target is held fixed in its crystal structure conformation (Lengauer 

and Rarey 1996) and the ligand is considered as a flexible molecule (Bissantz et al. 2000). This 

is usually an inaccurate approximation but is generally a necessary one because of the increased 

complexity and consequently the computational cost that is required to accurately sample the 

flexibility of the binding site (Lengauer and Rarey 1996). 
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Once the ligand has been docked, it should be scored according to the tightness of target-ligand 

interactions. A mathematical algorithm , known as “scoring function”, is used to rank the ligands 

according to their fitness with the target (Cheng et al. 2012). Larger molecules result in increased 

interactions in binding site. Consequently, larger molecules generate better scores than smaller 

ones. Usually the entropy penalty for immobilization of rotatable bonds is not taken into 

consideration but if it is, then flexible molecules tend to score lower than more rigid ones (Cole 

et al. 2011). However, a good docking does not always have as a consequence an accurate 

scoring (Bissantz et al. 2000).  

 

Therefore, selection of an appropriate and reliable scoring function is still an open question. 

Generally, three types of scoring functions are currently applied; force-field, empirical and 

knowledge-based. Force field based scoring functions have been used to compute the binding 

affinity based on intermolecular interactions i.e. van der Waals and electrostatic interactions 

between all molecular complexes. The simplest method uses a distance-dependent dielectric 

constant. The major limitation of this scoring function is their accountability of solvent effect. 

The second one is based on several empirical derived terms (van der Waals energy, electrostatic 

energy, hydrogen bonding energy, desolvation, entropy, hydrophobicity) known to be important 

in binding affinity. The major disadvantage of this scoring function is that it was derived from 

regression analyses, which characterized from common interactions depend on the training data 

set. The last one is knowledge-based scoring function which is derived from the statistical 

analysis of structural information embedded in experimentally determined atomic structures 

(Kitchen et al. 2004). Since any docking tool needs to combine a docking engine with a fast 

scoring function, the recent literature is full of benchmarks addressing three possible issues: (i) 

the capability of a docking algorithm to reproduce the X-ray pose of selected small molecular 

weight ligands (Warren et al. 2006), (ii) the tendency of fast scoring functions to recognize near-

native poses among a set of decoys and to predict absolute binding free energies (Wang et al. 

2003), and (iii) the differentiation of known binders from randomly chosen molecules in virtual 

screening experiments (Cummings et al. 2005). A major problem facing the scoring function is 

that it does not always predict the correct solution as the most probable one, which considerably 

complicates the analysis of docking results (Waszkowycz 2008). 

 

1.2.3.1. AutoDock Vina 

As mentioned above, molecular docking is a computational method trying to predict mostly 

noncovalent binding of a macromolecule, such as a receptor, and a small molecule, a ligand. The 

theory behind computational approaches is that molecular dynamics with both explicit solvent 

and molecular mechanics with implicit solvent, and molecular docking can increase the trade-off 

of the representational information for computational speed. Through docking the preferred 

bound conformation and the free binding energy are determined. AutoDock Vina is a program 

for molecular docking and virtual screening. It is an improved software version of the of 
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AutoDock 4 program. AutoDock Vina ranks the ligand location and conformations according to 

the sum of intermolecular and intramolecular contributions.  Moreover, the complexity of the 

problem determines the number of steps in a run and different runs starting from random 

conformations are performed. So, AutoDock Vina can be used with the existing auxiliary 

software, such as AutoDock Tools, for preparing the files, choosing the search space and 

viewing the results. AutoDock Vina is capable of calculating quickly and automatically its own 

grid maps without storing them on the disk. In addition, the user does not get involved with 

clustering and ranking the results, because the program deals with it. In conclusion, AutoDock 

Vina uses a sophisticated gradient optimization method in its local optimization procedure and 

can utilize multiple CPU cores in order to achieve near-ideal speed-up (Trott and Olson 2010). 

1.3. Ligand efficiency 

The correlation between the potency within a compound and the molecular weight (MW) had as 

a consequence the search of a term that would provide a useful comparison between compounds 

with a range of MW and activities. Thus, ligand efficiency (LE) is a way of normalizing the 

potency and MW of a compound (Garcia-Sosa et al. 2010).The term LE can be defined as the 

free energy of binding of a ligand for a specific protein averaged for each “heavy atom” (or non-

hydrogen atom) 

 

LE=ΔG⁄Nnon-hydrogen atoms, 

 

where ΔG is the free energy of ligand binding and is calculated by converting the Kd into the 

free energy of binding at 300K  (ΔG = RT.lnKd), N is the number of non-hydrogen atoms 

(Hopkins et al. 2004). Andrews et al. was the first who suggested the concept of ligand binding 

analysis in terms of free energy per atom  (Andrews et al. 1984), but this binding energy 

represents a theoretical binding potential based on the particular functional groups present. So, 

ligand efficiency might be a more useful concept than ‘Andrews’ binding energy in assessing the 

ability of leads and targets are able to become drugs (Hopkins et al. 2004). A minimum LE of 0.3 

is considered to be useful for a hit or lead, given the fact that a candidate drug should have MW 

<500 Da, according to Lipinski’s rule, and half maximal inhibitory concentration (IC50) <10 nM 

(Congreve et al. 2008). The use of ligand efficiency is proposed as a hit selection method instead 

of relying only on scores (Villoutreix et al. 2007). 

1.4. Bacillus anthracis and Bacillus cereus  

Bacillus anthracis and Bacillus cereus are Gram-positive bacteria and their cell wall consists of a 

membrane surrounded by multiple layers of peptidoglycan and other secondary cell wall 

polysaccharides (Murson and Glaser 1981). Bacterial cell wall is an extracellular, sophisticated 

and highly dynamic structure. It protects them from both mechanical damage and osmotic 

rupture or lysis. Threats for a bacterium can include chemicals (such as antibiotics) and host 
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defense agents (such as lysozyme) amongst other (Moynihan et al. 2014).  However, Bacillus 

anthracis differs from other Gram-positive bacteria in that it does not contain teichoic acids 

(Molnár and Prágai 1971) and the S-layer proteins are not glycosylated (Mesnage et al. 

2000;Mock and Fouet 2001). Finally, B. anthracis cells are surrounded by a poly-γ-D-glutamate 

capsule and not by a polysaccharide capsule (Molnár and Prágai 1971). 

 

Bacillus anthracis, a spore forming, rod-shaped, encapsulated  bacterium is the etiological agent 

responsible for the acute infectious anthrax disease (Nammalwar et al. 2015). The disease 

manifests itself in distinct ways depending on the route of entry of infective bacterial spores: 

cutaneous, inhalational, and gastrointestinal, leading to anthrax disease in mammalian hosts 

(Mock and Fouet 2001). Initially, when inhaled bacterial spores enter into the host, they are 

engulfed by macrophages, which migrate to local mediastinal lymph nodes. The spores are able 

to survive phagocytosis and germinate within the macrophages to produce vegetative bacteria 

that divide extracellularly. This has as a result the high levels of circulating bacteria causing a 

systemic infection. First indications of inhalational anthrax are generic including cough, fever, 

headache, fatigue and chills, making early diagnosis a challenge. It is a rapidly progressing 

disease in the fulminant phase with an average of four days after the onset of symptoms and 

death typically occurs in less than two days later. An early treatment with antibiotics could be 

successful, however greater than 90% of patients who reach the fulminant phase die, regardless 

of intensive care or antibiotic treatment. As a consequence , the overall mortality rate of 

inhalational anthrax since 1950 has been over 70% despite antibiotic use (Turk 2008). Two 

secreted bipartite protein toxins are partly responsible for the B. anthracis virulence. These 

toxins act inside host cells by disrupting signaling pathways that are important for host defense 

against infection. In addition they may also directly contribute to mortality in late stage infection 

(Goldberg and Turk 2016). 

 

Although known for years to cause sporadic life-threatening disease, B. anthracis, has recently 

attracted attention as a relevant pathogen in regard to homeland security, while it can cause 

massive mortality through the intentional release of aerosolized spores (Bourne et al. 2009). So, 

the Center for Disease Control and Prevention (CDC) has classified B. anthracis as a Category A 

potential high-priority bioterror threat agent, as modification of certain strains of these bacteria 

have been used to produce weapons of mass destruction to humans and animals (Nammalwar et 

al. 2015). The highly virulent nature of anthrax necessitates that prophylactic treatment with 

antibiotics be started prior to the presentation of symptoms to have the greatest efficacy (Joska 

and Anderson 2006). Notably, there are engineered strains that have innate resistance to 

commercially available drugs.  Until recently, antibiotics, such as doxycycline, ciprofloxacin, 

penicillin, levofloxacin, and vancomycin, were basically used for the treatment of B. anthracis 

infection (John et al. 2001). Unfortunately, these antibiotics show low effectiveness against B. 

anthracis strains that have antimicrobial resistance and are unable to protect the organism during 

the advanced phase of anthrax infection, when bacterial toxins are intensively produced 
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(Zakowska et al. 2015). It is therefore compelling and imminent need to investigate 

complementary therapeutic strategies against bacteria’s secreted toxin and developing new 

antimicrobial agents (Nammalwar et al. 2015). 

 

Similarly, Bacillus cereus is a rod-shaped, aerobic, spore-forming bacterium (Ryan and Ray 

2004). Infection with B. cereus, usually as a food contaminant, causes vomiting and diarrhea. In 

addition to gastrointestinal infections, non-gastrointestinal infections, such as endophthalmitis, 

bacteremia, septicemia, endocarditis, pneumonia, and meningitis can also be caused. Various 

factors, for instance enterotoxins, cereulide, phoshpolipase C, beta-lactamases, proteases and 

collagenases are responsible for its virulence (Kotiranta et al. 2000). B. anthracis and B. cereus 

are closely related genetically (Radnedge et al. 2003) but their phenotypes differ after infection 

(Hoffmaster et al. 2004). Β. cereus and related Β. anthracis genomes contain 11 polysaccharide 

deacetylases separately, six of which encode putative peptidoglycan N-acetylglucosamine 

deacetylases and have almost identical amino acid sequence, suggesting similar functional roles 

in both bacteria. They are two of the main species of the Bacillus cereus sensu lato and are 

characterized as pathogens (Fukushima et al. 2004). Given the necessary precautions for dealing 

with highly infectious agents in the laboratory and the interest on B. anthracis as a bioweapon, 

the relationship between these organisms enables the use of B. cereus enzymes as models for the 

study of those of B. anthracis (Psylinakis et al. 2005). 

1.5. Peptidoglycan 

Peptidoglycan is the stress bearing structure, as it has a dual role both to protect the cell against 

lysis and to maintain the cell shape. The biosynthesis of peptidoglycan is complex and completed 

after reactions that take place in three different compartments of the cell; the cytoplasm, where 

nucleotide precursors are synthesized, at the inner side of the cytoplasmic membrane, where 

lipid-linked intermediates are synthesized and finally at the outer side of the cytoplasmic 

membrane, where polymerization reactions take place (Barreteau et al. 2008;Mohammadi et al. 

2011;van Heijenoort 2007). New peptidoglycan is synthesized during the cell growth procedure 

before the cell division (Matsuhashi 1994). Peptidoglycan consists of glycan chains of 

alternating β-1,4-linked of 2-acetamido-2-deoxy-D-glucopyranose (N-acetylglucosamine; 

GlcNAc) and 2-acetamido-3-O-[(1R)-1-carboxyethyl]-2-deoxy-D-glucopyranose (N-

acetylmuramic acid; MurNAc) residues that are cross-linked by oligopeptides (Figure 1.8) 

(Moynihan and Clarke 2010;Vollmer et al. 2008).  
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Figure 1.8. Structure of peptidoglycan of Gram-possitive bacteria. The repeated unit of GlcNAc and MurNAc 

linked with β-1,4 glycosidic bond, which is hydrolyzed by lysozyme, and the cross-linked oligopeptide.  

 

The first two and last two amino acids are mainly identical (the first two positions are occupied 

by L-Ala and DGlu respectively while the last two positions are represented by two D-Ala 

residues) among bacteria. However, the amino acid at the third position of the peptidoglycan 

stem peptide often differs in composition among bacterial species. The Gram-positive bacteria 

utilize L-Lys at the third position of the stem peptide whereas Gram-negative and some Gram-

positive genera e.g., Bacillus or Listeria, recruit meso-diaminopimelic acid (meso-DAP) at this 

position (Fouet 2009;Vollmer and Hoeltje 2004).  

 

Peptidoglycan, the fundamental component of the cell wall in Gram-positive and Gram-negative 

bacteria is a typical example of a molecular pattern recognized by the immune system. Its 

disruption has as a result the lysis of invading bacteria (Ginsburg and Sela 1976). The 

muropeptides, small fragments of peptidoglycan hydrolysis, are responsible for the activation of 

the host’s immune system (Boneca 2005). In humans the secreted peptidoglycan recognition 

proteins (PGRPs) sense the peptidoglycan (Sorbara and Philpott 2011). Lysozyme is part of the 

innate immune system and degrades enzymatically the cell wall by hydrolyzing the β-1,4 

glycosidic bond between N-acetyl-muramic acid and N-acetyl-D-glucosamine residues in a 

peptidoglycan. It is the basic bacteriolytic component of human innate immune system (Wiesner 

and Vilcinskas 2010) and is abundant in a number of secretions, such as tears, saliva, human 
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milk and in macrophages and neutrophils (Peters et al. 1989). Apart from humans, lysozyme is 

also present in animals, plants, fungi and bacteria (Jolles and Jolles 1984). 

 

So, Gram-positive pathogens, due to the thick peptidoglycan layer, have a strong need of 

protection against lysozyme. In contrast, Gram-negative bacteria possess an outer membrane 

which covers peptidoglycan and provides protection against peptidoglycan hydrolysis 

(Callewaert et al. 2008). In order to protect themselves, Gram-positive bacteria modify their cell 

wall in order to prevent lysozyme action. These modifications occur at the peptidoglycan 

backbone (Amano et al. 1977) and include the N-glycolylation of N-acetyl-muramic acid through 

the UDP-NAM hydroxylase NamH (Raymond et al. 2005), the O-acetylation of N-acetyl-

muramic acid by the peptidoglycan O-acetyl transferase-A (OatA) (Bera et al. 2005), and the N-

deacetylation of N-acetyl-glucosamine residues of peptidoglycan by peptidoglycan GlcNac 

deacetylases (Vollmer and Tomasz 2000). Despite the fact that Bacillus anthracis is a Gram-

positive bacterium, it can O-acetylate its peptidoglycan through both Oat and Pat pathway, the 

latter being a pathway used by Gram-negative bacteria for the O-acetylation of N-acetyl-

muramic acid (Laaberki et al. 2011;Weadge et al. 2005). 

1.6. Carbohydrate esterase family 4 (CE4)  

Carbohydrate Esterase family 4 (CE4) enzymes are metal dependent hydrolases having a His-

His-Asp metal coordinating triad as well as conserved catalytic residues (Little et al. 2012). Most 

of CE4 family members have been characterized as metalloproteins and particularly zinc-

dependent enzymes. One of the types of reactions catalyzed by zinc hydrolases is deacetylation 

(Hernick and Fierke 2005). CE4 family includes chitin deacetylases, acetylxylan esterases, 

xylanases, chitooligosaccharide deacetylases and peptidoglycan deacetylases. A common 

characteristic between all these enzymes is a universal conserved region called polysaccharide 

deacetylase domain. Their role is to catalyze the hydrolysis of either N-linked acetyl group from 

N-acetylglucosamine residues or O-linked acetyl groups from O-acetylxylose residues (Caufrier 

et al. 2003;Tsigos et al. 2000). 

1.6.1. Polysaccharide deacetylases 

Polysaccharide deacetylases belong to CE4 family. Although polysaccharide deacetylases are 

characterized as Zn2+ metalloenzymes, their activity is usually increased ~1.3-fold and ~2.3-fold 

in the presence of Co2+ and Ni2+, respectively, but Co2+and Ni2+ bioavailability is limited in 

nature (Blair et al. 2005;Little et al. 2014). Apart from these three metals, Mn2+ and Fe3+ have 

been also found at the active site (Little et al. 2014). Polysaccharide deacetylases are active on a 

broad range of substrates, including peptidoglycan, poly-β-1,6-N-acetyl-glucosamine and neutral 

polysaccharide (Balomenou et al. 2013;Little et al. 2014). Some of the main roles of 

polysaccharide deacetylases in bacteria are lysozyme resistance, evasion of host innate immune 

system, cell physiology, spore germination and biofilm formation (Balomenou et al. 2015). N-
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deacetylation of peptidoglycan is observed in many species of bacteria, particularly amongst 

Gram-positive species. It can occur at either MurNAc or GlcNAc and individual bacteria have 

been identified with both modifications (Araki et al. 1971). The percentage of N-deacetylation of 

GlcNAc varies between <20% and 80% and of MurNAc between <20% and 50%, in different 

species of Bacillus (Moynihan et al. 2014). It has been demonstrated that polysaccharide de-N-

acetylases produce free amines at polysaccharides by removing acetyl groups from their 

polysaccharide substrates. Due to the polymeric nature of their substrates, suitable assays have 

been designed employing either oligomers or synthetic substrates in order to estimate their 

kinetic parameters (Fukushima et al. 2005). For testing in vitro the activity of the polysaccharide 

deacetylases, two assays are mostly used, where one of them uses as substrates the N-acetyl-D-

glucosamine chitooligomers (β-1,4-GlcNAc2-6) (Blair et al. 2005) or β-1,6-GlcNAc oligomers 

(Little et al. 2012) and the other the synthetic substrates radiolabeled O-hydroxyethylated chitin 

(glycol chitin) (Araki et al. 1980). 

The fact that many polysaccharide deacetylases contain desirable features of promising antibiotic 

drug target and that there are no similar metalloenzymes in humans make these enzymes 

promising antibacterial drug targets (Balomenou et al. 2015). 

1.6.2. Peptidoglycan deacetylases 

Peptidoglycan GlcNAc deacetylases (PGNG-dacs) belong to the Carbohydrate Esterase Family 4 

(Balomenou et al. 2013). Nowadays, several PGNG-dacs have been identified and characterized 

in bacteria, such as Streptococcus pneumoniae (Vollmer and Tomasz 2000), Listeria 

monocytogenes (Boneca et al. 2007), Bacillus anthracis (Balomenou et al. 2013), Streptococcus 

suis (Fittipaldi et al. 2008), Streptococcus iniae (Milani et al. 2010), Bacillus subtilis (Blair and 

van Aalten 2004), Bacillus cereus (Psylinakis et al. 2005) and Helicobacter pylori (Suarez et al. 

2015). Furthermore, sometimes signal can be transmitted through the peptidoglycan 

deacetylation at specific residues, since this modification changes the ionic microenvironment 

influencing indirectly the activity of specific proteins (Ou and Marquis 1970). 30–80% of the 

GlcNAc residues are affected by the peptidoglycan deacetylation, which is catalyzed by the 

peptidoglycan N-acetylglucosamine deacetylase A (PgdA). PgdA was first identified at St. 

pneumoniae (Vollmer and Tomasz 2000) and afterwards pgdA functional homologues were 

identified in Bacillus anthracis (ba1977) (Balomenou et al. 2013), Bacillus cereus (bc1974) 

(Psylinakis et al. 2005), Listeria monocytogenes (pgdA) (Boneca et al. 2007), Lactococcus lactis 

(pgdA) (Meyrand et al. 2007), Streptococcus suis (pgdA) (Fittipaldi et al. 2008), Shigella flexneri 

(sfpgdA) (Kaoukab-Raji et al. 2012) and Enterococcus faecalis (pgdA) (Benachour et al. 2012). 

PgdA exhibits as a typical carbohydrate esterase 4 fold, with metal bound in a His-His-Asp triad. 

After analyzing the protein surface, an extended groove lined with aromatic residues orientated 

toward the active-site residues has been shown. The protein exhibited metal dependent de-N-

acetylase activity towards a N-acetylglucosamine hexamer (Deng et al. 2009). Peptidoglycan 

deacetylases N-deacetylate the N-acetyl-muramic acid and N-acetyl-glucosamine residues of the 
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di-sugar repeats in bacterial peptidoglycan (Fukushima et al. 2005;Vollmer and Tomasz 2000). 

Until recently it was believed that N-deacetylated PG is involved only in lysozyme resistance. 

However, recent studies showed that PGNG-dacs have also physiological functions (Balomenou 

et al. 2013). 

1.6.2.1. Peptidoglycan deacetylase BC1974 of B. cereus 

BC1974 is a peptidoglycan GlcNAc deacetylase of B. cereus. After incubation with GlcNAc6, 

BC1974 was the only PGNG-dac that deacetylates most of the central GlcNAc6 residues, without 

deacetylating the reducing and non-reducing terminal GlcNAc residues of GlcNAc6. It is also 

found that BC1974 has a signal peptide and is possibly anchored at the membrane with the N-

terminal part. Moreover, its activity is increased by the addition of 0.5M CoCl2 in the assay 

buffer. It is homologues to BA1977 from B. anthracis with 97% identity. BA1977 contributes to 

the in vivo virulence of B. anthracis and mutants of ba1977 were sensitive to lysozyme while 

retaining the normal wild-type morphology. So, the study of BC1974 is of high importance 

(Balomenou et al. 2013). 

1.7. Inhibitors of bacterial metalloenzymes 

Nowadays, resistant pathogens are on the rise due to the overuse of antibiotics, poor hygiene, the 

increase of immunocompromised populations, and the ease of global travel (Makowska-Grzyska 

et al. 2015). Antimicrobials are widely used in the community without medical consultation and 

without restriction for their use by governments. Additionally, the current risk in antimicrobial 

resistance (AMR) infections in lower-income countries are complex (Baker 2015). The potential 

use of resistant pathogens in an act of bioterrorism creates another credible concern (Makowska-

Grzyska et al. 2015). Due to the resistance of bacterial pathogens to major classes of antibiotics 

there is an urgent need for new antibacterial agents. 

 

Metalloenzymes are proteins involved in various cellular and biosynthetic processes. Prokaryotic 

metalloenzymes could be new promising antibacterial targets, as 3-5% approximately of the 

bacterial genome encodes metalloenzymes (Jean-Yves et al. 2008). Inhibitors of metalloenzymes 

are drug-like small molecules coordinating the active site metal ion by incorporating a metal 

binding group (MBG). The MBG is connected to the drug-like portion of the inhibitor via a 

linker. In addition it is believed that inhibitors, which contain MBGs, are more promiscuous than 

other small molecule compounds, which may lead to off-target effects. These effects include 

possible metal ion removal from non-target metalloproteins or indiscriminate metalloenzyme 

inhibition. Thus there is a reduction on clinically successful therapeutics (Day and Cohen 2013).  

 

Zinc (II) is one of the most frequent metal ions that is used as a cofactor in enzymes and its role 

varies. For example, zinc ions have structural roles in some proteins, such as stabilization of the 

protein structure, while in others have catalytic roles. Zinc (II) has many advantages as a potent 
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cofactor in catalysis, as it is a strong Lewis acid that is not redox reactive since it has a d10 

configuration and can catalyze hydrolytic reactions. Mostly, His residues are those which 

coordinate with the zinc ions through their side chain. There are three categories of zinc-binding 

sites of enzymes: structural, catalytic, and co-catalytic binding sites (Hernick and Fierke 2005). 

A known Zn2+ metalloenzyme is carbonic anhydrase (CA). The structure of the protein has an 

open, cone-shaped pocket at the bottom of which is the active site. At the active site, Zn2+ ion is 

coordinated with a His3 binding motif (Meldrum and Roughton 1933). The development of zinc 

metalloenzyme inhibitors is based on the knowledge of groups which can be incorporated into 

the inhibitors to coordinate zinc. These groups include thiols, carboxylates, hydroxamates, 

phosphonates, and sulfonamides (Hernick and Fierke 2005). In Figure 1.9, possible modes of 

different zinc-binding groups are shown (Jacobsen et al. 2010). However, other metal isoforms, 

such as Cd2+, Co2+, Fe2+, Mn2+ and Ni2+, have been revealed that exist at the active site of 

metalloenzymes (Baier et al. 2015).  

 

 

 
Figure 1.9. Different binding modes of zinc-binding groups to the Zn ion. 

 

The most commonly employed MBG inhibitor is hydroxamic acid followed by carboxylic acids, 

thiols, and phosphonates (Day and Cohen 2013). However, many hydroxamate-based inhibitors 

have side effects in clinical trials and poor oral bioavailability (Jacobsen et al. 2010). 

Modifications on either the hydroxamic acid moiety, such as modification to a carboxylic acid or 

amide oxime group or introduction of a methyl group on an adjacent carbon or N-methylation 

did not reveal any active compound. Generally, it is believed that the larger the substituents are, 

the less inhibitory effect they have (Marks et al. 2000).  
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So, targeting bacterial metalloenzymes is an established and promising approach for the 

development of new anti-infective drugs (Supuran et al. 2013). Sometimes metalloenzyme 

inhibitors are quite selective for their targets, although they are able to bind metal ions. Alone or 

in association with known antibiotics they can reduce drug resistance mechanisms (Day and 

Cohen 2013). In order to succeed this, a selection of essential metalloenzymes of the bacterial 

lifecycle and an absence of mammalian or human counterparts are necessary (Supuran et al. 

2013). 

1.7.1.Inhibitors of Bacillus anthracis and Bacillus cereus enzymes 

Due to the fact that B. anthracis and B. cereus are closely related genetically, most of the 

researches for identification possible inhibitors for B. anthracis are made using B. cereus as a 

model organism. B. anthracis pathogenesis is mainly attributed to two large plasmids, pXO1 and 

pXO2, that are essential for full virulence (Bourgogne et al. 2003). From the first plasmid are 

encoded three toxin proteins; the protective antigen (PA), lethal factor (LF), and edema factor 

(EF), and there are toxin inhibitors that can act at several steps during the entrance of a toxin. 

Some fluoroquinolones, such as ofloxacin, levofloxacin, ciprofloxacin and moxifloxacin, have 

been approved by the USA Food and Drug Administration (FDA) to treat people who have been 

exposed to anthrax. Fluoroquinolone antibiotics, however, can cause serious or disabling side 

effects. New antibiotics targeting DNA helicases or primases, RNA synthesis and cell division 

could lead to new therapeutics, but still further analysis need to be done (Head et al. 2016). 

Another study identified two potent inhibitors against dihydrofolate reductase (DHFR) not only 

of B. cereus but also of B. anthracis, an enzyme responsible for the generation of the DNA base 

dTMP (Joska and Anderson 2006). On the other hand, Kervick et al. showed that B. cereus was 

sensitive to gentamicin sulfate, inhibiting protein synthesis by binding to bacterial ribosome, 

vancomycin hydrochloride, by inhibiting cell wall biosynthesis and alternating RNA synthesis, 

and clindamycin, by inhibiting ribosomal translocation (Kervick et al. 1990).   

1.7.2. Inhibitors of polysaccharide deacetylases 

Even though, enzymes responsible for the N-deacetylation of GlcNAc and O-acetylation of 

MurNAc and GlcNAc of the glycan strands of PG have been identified (Vollmer 2008), very few 

studies are related to identification of polysaccharide deacetylases inhibitors. Bui et al. described 

a structure-based virtual screening approach of identification of compounds that inhibit 

Streptococcus pneumoniae peptidoglycan deacetylase PgdA, which provides lysozyme resistance 

affecting human’s antimicrobial defense system. Two compounds showed to be promising initial 

leads for the development of new PgdA inhibitors (Bui et al. 2011). In another study on 

Escherichia coli PgdB, a polysaccharide deacetylase involved in biofilm formation, inhibitors 

were synthesized based on a glucosamine scaffold to target the active site. Three compounds 

were determined to have optimal inhibitory effect (Chibba et al. 2012). A more recent study on 

E. coli PgdB and St. pneumoniae PgdA revealed benzyl 4-O-benzyl-glycoside as a possible 
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inhibitor, synthesized by methylphosphonamidates through direct coupling of diethyl 

methylphosphonite and 2-deoxy-2-azido monosaccharides (Ariyakumaran et al. 2015). The only 

study referred to B. anthracis polysaccharide deacetylase was made by Zaveri et al., where two 

potential lead molecules against the delta-lactam-biosynthetic de-N-acetylase protein were 

computationally found (Zaveri et al. 2015).  

1.8. Aim of this study 

The objective of this study is to identify potential inhibitors through structure-based virtual 

screening against peptidoglycan GlcNAc deacetylase, BC1974, of B. cereus. The ultimate goal is 

to find novel inhibitors not only against B. cereus, but also against B. anthracis, a very close 

related organism, which could be used as a bioweapon.   
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2. Experimental procedure 

2.1. Computational analysis to identify possible inhibitors of BC1974 

For initial virtual screening the ZINC database (http://zinc.docking.org) (Irwin et al. 2012) 

containing over 100 million compounds was used. Due to the vast amount of compounds, a 

filtering procedure was setup according to our previous research results (Andreou et al. JBC 

submitted). We searched for molecules containing a hydroxamic acid moiety and are 

commercially available, which revealed 298 compounds. These compounds were filtered 

according to the rule of five. Lipinski’s empirical rule of five predicts if a chemical compound 

with chemical or biological activity is suitable to be a drug for humans. It predicts that a possible 

drug should have molecular weight (MW) less than 500, no more than 5 hydrogen-bond donors 

and 10 hydrogen-bond acceptors and the logP is lower than 5 (Lipinski et al. 2001b). In Table 

2.1 the selected compounds’ properties or docking are represented. 

 

Furthermore, crystallographic studies of BC1974-ligand complexes at the Laboratory of Prof. 

Eliopoulos have revealed ligands that bind to BC1974 (in PDB: 5N1J (apo), 5Ν1Ρ (complex)), 

some of which have as a common substructure the N-hydroxybenzamide. These inhibitors were 

first used by KrennHrubec et al. agaist human histone deacetylase 8 (HDAC8) and showed an 

inhibitory effect  (KrennHrubec et al. 2007). These four low micromolar inhibitors of BC1974 

are based on the N-hydroxybenzamide scaffold (Koutsoulis unpublished data). Crystallographic 

studies performed by Dr. P. Giastas and Ms. A. Andreou yielded the X-ray crystal structure of 

ligand free BC1974 and in complex with N-hydroxybenzamides (Scheme 2.1) which was used as 

an initial docking step and validation target in this study. 

 

 

 

 

 

 

 

 

 

Scheme 2.1. Structure of the N-hydroxy-1-naphtamide and the N-hydroxybenzamide scaffold. 

 

 

So, another search on the ZINC database was performed pointing at  molecules that contain N-

hydroxybenzamide and are commercially available.. This search revealed 269 compounds. 

Additional filter was used in both cases to eliminate compounds with molecular weight less than 

175. After filtering, a new subset of compounds contained 501 structures. 

http://zinc.docking.org/
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For docking experiment, the program Autodock Vina (Trott and Olson 2010) was used on the 

crystal structure of BC1974 (Andreou  et al. unpublished data). As a metalloenzyme, zinc ion is 

an important part of the active site and the in silico docking experiment was set up in such 

manner that it considers only the solutions that predict the binding of compounds interacting with 

the zinc ion. Hydrogen atoms, except from His59, His63 and His163, and Gasteiger-Marsili 

atomic charges were then added. To define the search space, a three-dimensional grid of 0.375 Ǻ 

resolution was centered on protein active site. Final grids containing 226981 (dimension: 22.5 x 

22.5 x 22.5 Ǻ) points were obtained for BC1974. 

 

All 501 selected compounds and the crystallographically observed for validation of the method 

were then individually docked in the active site and ranked according to their ΔGest of their best 

bound conformation. 21 compounds were finally selected, according to their ΔGest, LE and best 

bound conformation (Table 3.1) and 3 of them were tested in vitro for their inhibitory effect. 

 

Calculations were performed on Intel Xeon servers running Linux x64 kernel. 
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Table 2.1. Compounds’ characteristics (ZINC ID, MW: molecular weight, xlogP: partition coefficient, H-bond 

donors: hydrogen bond donors, H-bond acceptors: hydrogen bond acceptors) 

ZINC ID MW xlogP 
H-bond 

donors 

H-bond 

acceptors 

ZINC 51951670 336.415 2.71 3 5 

ZINC 43178454 296.326 2.73 2 5 

ZINC 00208286 344.455 3.59 2 5 

ZINC 75273473 272.260 2.32 4 6 

ZINC 05249570 254.245 2.45 3 5 

ZINC 01395706 333.184 3.25 2 5 

ZINC 22781664 301.298 2.31 2 6 

ZINC 13671721 312.369 3.18 3 5 

ZINC 00463783 243.262 2.64 2 4 

ZINC 13671719 312.369 3.18 3 5 

ZINC 14980432 266.094 2.78 2 3 

ZINC 28099433 203.197 2.46 3 4 

ZINC 19436641 203.197 2.25 3 4 

ZINC 22033046 261.365 4.19 2 3 

ZINC 01428769 206.245 1.30 2 4 

ZINC 20665240 479.385 4.66 2 6 

ZINC 12560959 324.402 1.23 2 6 

ZINC 12560961 303.340 -0.33 2 8 

ZINC 03866444 209.289 2.31 2 3 

ZINC 00085554 195.262 2.04 2 3 

ZINC 05579377 302.374 2.68 2 5 
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2.2. Overexpression and isolation of BC1974 

Star pLysS BL21 (DE3) E.coli cells were transformed with pRSETa-bc1974 construct. The 

saturated cultures of the transformed deacetylase expression strain were inoculated into LB 

medium containing ampicillin (100μgr/ml) and chloramphenicol (34μgr/ml) as antibiotics and 

were incubated at 30°C in a shaker incubator to an OD600 of 0.6. IPTG at 0.5mM f.c. and CoCl2 

at 0.2mM f.c. were added and the cultures were incubated at 30°C for 4 hours. Cells were 

harvested by centrifugation and were resuspended in 25mM MES pH=6.5, 200mM NaCl, 1mM 

PMSF, 0.1mgr/ml DNase I and 10mM MgCl2. The suspensions were lysed using lysozyme 

(0.3mgr/ml) and centrifuged at 14.000rpm for 15 min at 4°C. The soluble fractions were loaded 

onto SP Sepharose Fast Flow equilibrated with the same buffer. Protein was eluted using a linear 

gradient of NaCl (0-1M). Fractions containing BC1974 enzyme were collected, concentrated and 

loaded onto Sephacryl S-200 equilibrated with the same buffer. Fractions containing BC1974 

enzyme were collected, concentrated and stored at 4°C (Balomenou et al. 2013).   

2.3. Fluorescent assay to identify the inhibitory effect on BC1974 

An assay based on fluorogenic labeling with fluorescamine, which labels the free amines 

generated by the enzymatic deacetylation of N-acetylchitooligosaccharides, was used to examine 

the inhibitory effect of the three selected molecules. The inhibitor screen was performed in  

25mM MES (pH=6.8) and 0.2mM CoCl2 reaction buffer, 20 μΜ GlcNAc5 substrate and 0.2 μM 

BC1974 and the reaction was incubated at 25 oC for 15 min. The enzyme was deactivates at 99 
oC for 15 min and used as a negative control. As a positive control the reaction buffer with 

substrate and enzyme as mentioned above without the inhibitor was used. Then, 50 μl of Sodium 

Borate 0.4M (pH 9) was added in each reaction. 20 μl of 2 mg/ml fluorescamine in 

dimethylformamide (DMF) was used to quantify free amines. After incubation for 10 min in 

room temperature, the reaction was terminated by the addition of 150 μl of DMF:H2O 1:1 (Blair 

et al. 2005). Compounds were dissolved in DMSO. The final concentrations of the ligands were 

62.5–1000 μΜ and the total volume was 50 μl with a final concentration of 10% DMSO. The 

assay was performed in a 96-well plate. Reactions were monitored using a BMG Labtech 

FluoStar Optima microtiter plate reader, at excitation and emission wavelengths of 390 and 460 

nm, respectively. 

2.4.  Radiometric assay to examine the inhibition of BC1974 

The inhibitory effect was also checked by a radiometric assay, in which deacetylase activity was 

estimated using partially O-hydroxyethylated chitin (glycol chitin) as a substrate. O-

hydroxyethylated chitin contain 3,6-di-O-hydroxyethylglucosamine, 3- O-hydroxy-

ethylglucosamine, 6-O-hydroxyethylglucos amine and O-unsubstituted glucosamine residues and 

is labeled in N-acetyl groups (Araki and Ito 1975). BC1974 deacetylates the acetyl groups of 

glycol chitin. The reaction mixture for the assay of BC1974 contained 5 μl of glycol chitin (1 

mg/ml), 0.2 mM CoCl2, 25 mM MES (pH 6.8), 0.2 μM BC1974 enzyme and 62.5 μM of ligands. 
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The total volume was 50 μL with a final concentration of 10% DMSO. After incubation for 2 

hours in 25oC, the reaction was terminated by the addition of 0.5 ml ethyl acetate. 0.2 ml of the 

ethyl acetate phase was added in 5 ml of CytoScint scintillation cocktail and was measured for 

radioactivity (Araki et al. 1980). Positive and negative controls were the same as in fluorescent 

assay. In addition, deactivation of the enzyme was made as above. 
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3. Results 

3.1.  Computational analysis to identify possible inhibitors for BC1974 

One of the most common metalloenzyme inhibitors is hydroxamic acid, as a Protein Data Bank 

(PDB) revealed (Day and Cohen 2013). Since BC1974 is a metalloenzyme, we first decided to 

search at the ZINC database (Irwin et al. 2012) for commercially available molecules containing 

hydroxamic acid. This yielded 298 molecules.  

Examination of the X-ray crystal structure revealed that selected ligands favour in silico binding 

at the active site of BC1974 with the hydroxamic acid moiety coordinated to the catalytic zinc in 

a bidentate mode, as in the observed crystal structure (Andreou et al. JBC submitted). And the 

naphthalene group makes aromatic and hydrophobic interactions with active site residues (Figure 

3.1)  

 
Figure 3.1. Cartoon representation of BC1974 complex with N-hydroxy-1-naphtamide from a monomer of the X-

ray structure (upper panel) (From Giastas et al. JBC). and the in silico docked conformation (lower panel). The 

catalytic zinc is shown as sphere; the N-hydroxy-1-naphthamide ligand is shown with blue sticks for carbons and the 

interacting residues with green carbon sticks (red for oxygen and blue for nitrogen atoms)  
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Having identified the N-hydroxybenzamide as a potent scaffold for BC1974 inhibitors, we have 

also searched for commercially available molecules that contain N-hydroxybenzamide at the 

ZINC database (Irwin et al. 2012). The substructure search yielded 269 molecules. After 

analyzing the search results of both datasets, we excluded molecules with MW < 175, because 

they were smaller than N-hydroxy-1-naphtamide and they were not expected to inhibit the 

enzyme. In addition, we excluded results with negatively charged ionization state of the hydroxyl 

group of hydroxamic acid, so as to have a consistent set of small-molecules for the docking 

calculations.  

The filtered set of 501 molecules was then docked against BC1974 using AutoDock Vina with 

default parameters (Trott and Olson 2010). The programs VMD and PyMOL were used to 

visualize the docked conformations, which are ranked according to the estimated free energy of 

binding (ΔGest). More specifically, the predicted docked conformations of each molecule were 

visualized together with the crystallographic pose of inhibitor N-hydroxy-1-naphtamide, so as to 

examine: 

i) the proper coordination of their hydroxamate to zinc, and  

ii) additional interactions with active site residues that could enhance their potency with 

respect to N-hydroxy-1-naphtamide.  

 

Proper coordination of the hydroxamate to the zinc refers to appropriate distance of the 

hydroxamate from the metal in order to interact with it. Structure-based drug design seeks to find 

and optimize specific attractive interactions between ligands and proteins. Through these 

interactions a ligand can theoretically bind better at the active site (Bissantz et al. 2010). After 

analyzing the results in terms of the predicted interactions and the estimated ΔGest, we have 

selected 21 molecules for further in vitro evaluation (Table 3.1). Autodock Vina reveals 10 

different conformations of each molecule inside the selected area with different ΔGest, but not all 

of them bind correctly at the active site of BC1974. It is expected that the more conformations of 

a compound are correctly coordinated to the binding site, the more possible it is to bind in vitro 

at the binding site. So, the selected molecules are represented with the best bound conformation 

that has the proper coordination of the hydroxamate to the zinc and the most additional 

interactions with the active site residues. 
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Table 3.1. Final set of the 21 selected molecules based on the N-hydroxybenzamide scaffold, ranked according to 

the ΔG
est

 of their best bound conformation is shown. 

ZINC ID,  

IUPAC name 

(availability) 

Structure  

ΔGest (Kcal/mol) 
Best bound conformation 

ZINC20665240, 

4-[[(3,5-dichlorophenyl)sulfonyl- 

[(4-methylphenyl) 

methyl]amino]methyl]- 

N-oxidobenzamide 

 (Ambinter: Amb20455816) 

 
ΔGest = -8.3 (Kcal/mol)  

 

ZINC12560959, 

1-(2,3-dihydro-1H-inden-5-ylsulfonyl)-N-

hydroxypiperidine-4-carboxamide 

(Ambinter: Amb8372268) 

ΔGest = -8.1 (Kcal/mol) 
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ZINC ID,  

IUPAC name 

(availability) 

Structure  

ΔGest (Kcal/mol) 
Best bound conformation 

ZINC51951670, 

N-hydroxy-4-[(2-methyl- 

3,4-dihydro-1H-pyrido[4,3-b] 

indol-5-yl)methyl]benzamide 

(SIGMA: SML0044) 

 

 

 

 

 

 

 

 

ΔGest = -7.8 (Kcal/mol) 

 

ZINC12560961, 

1-[(3,5-dimethyl-1,2-oxazol-4-yl) 

sulfonyl]-N-hydroxypiperidine- 

4-carboxamide 

 (Ambinter: Amb8372270)  
ΔGest = -7.3 (Kcal/mol) 

 

ZINC00208286, 

4-N,4-N-dicyclohexyl-1-N- 

hydroxybenzene-1,4- 

dicarboxamide 

 (Ambinter: Amb10813514)  
ΔGest = -7.0 (Kcal/mol) 
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ZINC ID,  

IUPAC name 

(availability) 

Structure  

ΔGest (Kcal/mol) 
Best bound conformation 

ZINC03866444, 

2-(1-adamantyl)- 

N-hydroxyacetamide 

(Ambinter: Amb1152206) 
 

ΔGest = -7.0 (Kcal/mol) 

 

ZINC75273473, 

N-hydroxy-2-[(2-hydroxybenzoyl) 

amino]benzamide 

(not directly commercially available) 

 

 

 

ΔGest = -6.8 (Kcal/mol)  

ZINC05249570, 

(9Z)-N-hydroxy-9-hydroxyimino 

fluorene-4-carboxamide 

 (not directly commercially available) 

ΔGest = -6.8 (Kcal/mol) 
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ZINC ID,  

IUPAC name 

(availability) 

Structure  

ΔGest (Kcal/mol) 
Best bound conformation 

ZINC22781664, 

4-(2,5-dimethoxybenzoyl)- 

N-hydroxybenzamide 

(Ambinter: Amb10813596) 

ΔGest = -6.7 (Kcal/mol) 

 

ZINC43178454, 

N-hydroxy-1-[(4-methoxyphenyl) 

methyl]indole-6-carboxamide 

(Ambinter: Amb22056013) 

ΔGest = -6.6 (Kcal/mol) 

 

ZINC00085554, 

N-hydroxyadamantane-1- 

carboxamide 

 (Ambinter: Amb1149861) 
 

ΔGest = -6.6 (Kcal/mol) 

 

http://www.ambinter.com/reference/Amb22056013
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ZINC ID,  

IUPAC name 

(availability) 

Structure  

ΔGest (Kcal/mol) 
Best bound conformation 

ZINC05579377,  

(2E,4E,6R)-7-[4-(dimethylamino) 

phenyl]-N-hydroxy-4,6-dimethyl- 

7-oxohepta-2,4-dienamide 

(Ambinter: Amb16182871)  
ΔGest = -6.6 (Kcal/mol) 

 

ZINC13671721, 

N-hydroxy-4-[(3-methyl-2-

phenylbutanoyl)amino]benzamide 

(Ambinter: Amb22274628) 
 

ΔGest = -6.6 (Kcal/mol) 
 

ZINC00463783, 

N-hydroxy-3-(4-methoxyphenyl) 

benzamide 

(Ambinter: Amb2823528) 

ΔGest = -6.5 (Kcal/mol) 

 

http://www.ambinter.com/reference/Amb22274628
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ZINC ID,  

IUPAC name 

(availability) 

Structure  

ΔGest (Kcal/mol) 
Best bound conformation 

ZINC13671719, 

N-hydroxy-4-[[(2R)-3-methyl-2-

phenylbutanoyl]amino]benzamide 

(Ambinter: Amb22823153) 
 

ΔGest = -6.3 (Kcal/mol) 

 

ZINC01395706, 

N-hydroxy-2,5-bis(2,2,2-

trifluoroethoxy)benzamide 

(Ambinter: Amb2411812) 

ΔGest = -6.2 (Kcal/mol)  

ZINC14980432, 

6-bromo-N-hydroxynaphthalene-2- 

carboxamide 

(not directly commercially available) 

 

 

 

 

 

ΔGest = -6.2 (Kcal/mol) 

 

http://www.ambinter.com/reference/Amb22823153
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ZINC ID,  

IUPAC name 

(availability) 

Structure  

ΔGest (Kcal/mol) 
Best bound conformation 

ZINC19436641, 

N,1-dihydroxynaphthalene-2- 

carboxamide 

(Ambinter: Amb6261987)  

ΔGest = -6.1 (Kcal/mol) 

 

ZINC28099433, 

N,3-dihydroxynaphthalene-2- 

carboxamide 

(not directly commercially available)  

ΔGest = -6.0 (Kcal/mol) 

 

ZINC01428769, 

N-hydroxy-3-pyrrolidin-1-ylbenzamide 

(Ambinter: Amb1074845) 

ΔGest = -6.0 (Kcal/mol) 
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ZINC ID,  

IUPAC name 

(availability) 

Structure  

ΔGest (Kcal/mol) 
Best bound conformation 

ZINC22033046, 

N-hydroxy-4-(4-propylcyclohexyl) 

benzamide 

(Ambinter: Amb10818855) 

ΔGest = -5.8 (Kcal/mol) 
 

 

 

 

Moreover, for each compound ligand efficiency was also calculated (Table 3.2). Ligand 

efficiency measures are used as a method of normalization of computational binding free 

energies of ligands. By these measures, smaller size ligands can be compared positively with the 

larger ones (Garcia-Sosa et al. 2010). Ligand efficiency can be calculated by dividing the free 

energy of binding by the number of ‘heavy’ atoms (i.e. non-hydrogen atoms) (Hopkins et al. 

2004).  
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Table 3.2. Ligand efficiency of the 21 selected molecules, ranked according to the  ΔG
est

 of their best bound 

conformation. With bold are the three selected inhibitors for further in vitro experiments. 

ZINC ID 
Best bound conformation 

ΔGest (Kcal/mol) 

LE (ligand 

efficiency) 

ZINC20665240 -8.3 0.274 

ZINC12560959 -8.1 0.370 

ZINC51951670 -7.8 0.316 

ZINC12560961 -7.3 0.370 

ZINC00208286 -7.0 0.288 

ZINC03866444 -7.0 0.466 

ZINC75273473 -6.8 0.351 

ZINC05249570 -6.8 0.368 

ZINC22781664 -6.7 0.309 

ZINC43178454 -6.6 0.336 

ZINC00085554 -6.6 0.471 

ZINC05579377 -6.6 0.300 

ZINC13671721 -6.5 0.361 

ZINC00463783 -6.5 0.360 

ZINC13671719 -6.3 0.286 

ZINC01395706 -6.2 0.309 

ZINC14980432 -6.2 0.433 

ZINC19436641 -6.1 0.440 

ZINC28099433 -6.0 0.461 

ZINC01428769 -6.0 0.420 

ZINC22033046 -5.8 0.342 
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Finally, three of these compounds were ordered for in vitro testing. The selection was based on 

availability, the ΔGest of their best bound conformation, the ligand efficiency and the cost. The 

compounds that were selected are ZINC12560959 (ΔGest = -8.1 kcal/mol, LE = 0.370), 

ZINC12560961 (ΔGest = -7.3 kcal/mol, LE = 0.370) and ZINC03866444 (ΔGest = -7.0 kcal/mol, 

LE = 0.466). The following figures show a close-up view of these compounds in silico docked at 

the active site and the possible interactions with other aminoacid residues of the enzyme. In all 

figures, distances of the zinc-binding residues; Asp-10, His-59 and His-63, from zinc are 2.2 Ǻ 

for each interaction. 

 
Figure 3.2. Representation of a close-up view at the active site of inhibitor 1 (ZINC12560961) tested in vitro for 

inhibitory activity on BC1974. The catalytic zinc is shown as sphere; ligand is  shown with pink sticks for carbons 

and yellow for sulfate atoms, and the enzyme’s residues with green carbon sticks  (red for oxygen, blue for nitrogen 

atoms). Also, both distances of ligand and catalytic residues (Asp-10, His-59 and His-63) from zinc and a possible 

interaction between the ligand and an enzyme residue (Trp-131) are shown. Each of the catalytic residues is equally 

spaced 2.2 Ǻ from the zinc.  
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Figure 3.3. Representation of a close-up view at the active site of inhibitor 2 (ZINC12560959) tested in vitro for 

inhibitory activity on BC1974. The catalytic zinc is shown as sphere; ligand is  shown with pink sticks for carbons 

and yellow for sulfate atoms, and the enzyme’s residues with green carbon sticks  (red for oxygen, blue for nitrogen 

atoms). Moreover, distances of ligand and catalytic res idues (Asp-10, His-59 and His-63) from zinc and a possible 

interaction between the ligand and an enzyme residue (Trp-131) are shown. Each of the catalytic residues is equally 

spaced 2.2 Ǻ from the zinc.  
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Figure 3.4. A close-up representation of the active site of inhibitor 3 (ZINC03866444) tested in vitro for inhibitory 

activity on BC1974. The catalytic zinc is shown as sphere; ligand is  shown with pink sticks for carbons and the 

enzyme’s residues with green carbon sticks  (red for oxygen, blue for nitrogen atoms). Moreover, distances of ligand 

and catalytic residues (Asp-10, His-59 and His-63) from zinc are shown. Each of the catalytic residues is equally 

spaced 2.2 Ǻ from the zinc. 

 

3.2. Purification of BC1974 

Star pLysS BL21 (DE3) E.coli cells were transformed with a pRSETa vector carrying bc1974. 

100 μl of an O/N bacterial culture was used to inoculate 4L LB, containing ampicillin 

(100μgr/ml) and chloramphenicol (34μgr/ml) as antibiotics. Bacterial cells were left to grow at 

300C on a shaker incubator and when A600=0.6, IPTG at 0.5mM f.c. and CoCl2 at 0.2mM f.c. 
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were then added and cells were harvested after 4h (Balomenou et al. 2013). Cells were lysed by 

sonication and after centrifugation the soluble fractions were loaded onto an SP Sepharose Fast 

Flow chromatography column. BC1974 was eluted in 26-120mM NaCl (Figure 3.5). 

 

 
 

 
Figure 3.5. SDS-PAGE of the fractions after SP Sepharose Fast Flow chromatography column. Fractions 2-9 

contain BC1974 which is eluted in 26-120mM NaCl, with higher concentration and purity at fractions 4-7 (53-

93mM NaCl). L; load, M; marker (BenchMark Pre-stained protein standard, NOVEX), V; void, W; wash and F; 

fraction. 

 

So, the fractions that contained BC1974 in high concentration and purity were further 

concentrated at a final volume of 3 ml and further applied onto a Sephacryl S200 HR column. 

SDS-PAGE revealed the fractions that contained the BC1974 which was eluted at 266-310mM 

NaCl (Figure 3.6). These fractions were then concentrated and stored at 4 °C for additional 

experiments. 
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Figure 3.6. SDS-PAGE of the fractions eluting from Sephacryl S200 HR column. BC1974 was eluted mostly at 

244-333mM NaCl. BC1974 that was eluted in 266-310mM NaCl was used for further experiments. M; marker 

(BenchMark Pre-stained protein standard, NOVEX), C; protein sample loaded to Sephacryl S200HR and F; fraction 

number 

3.3. Enzymatic assays 

3.3.1. Fluorimetric assay 

Fluorescamine labels free amines, which are generated by the enzymatic deacetylation of N-

acetylglucosamine (GlcNAc) (Blair et al. 2005). It was used to examine the inhibitory effect of 

the three selected molecules above on GlcNAc5. Theoretically, residual activity should become 

higher as the concentration becomes lower, in order for a ligand to be assumed as a good 

inhibitor. The fluorescamine assay showed that there is not a significant inhibitory effect of all 

ligands on BC1974 activity. As shown in the Table 3.3 below, the residual activity of the enzyme 

is higher at lower inhibitor concentrations. The percentage residual activity values are calculated 

by using a no inhibitor and deactivated enzyme sample as positive and negative controls, 

respectively. 

 

%𝑅𝑒𝑠𝑖𝑑𝑢𝑎𝑙  𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 =  
𝑛𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑  𝑚𝑒𝑎𝑛  𝑜𝑓 𝑖𝑛ℎ𝑖𝑏𝑖𝑡𝑜𝑟 

𝑛𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑  𝑚𝑒𝑎𝑛  𝑜𝑓 𝑎𝑐𝑡𝑖𝑣𝑒  𝑒𝑛𝑧𝑦𝑚𝑒
 𝑥 100%  

 

Normalized mean values are the mean values of inhibitor or active enzyme minus the mean value 

of deactivated enzyme. 
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Table 3.3. Results from fluorescamine assay. ZINC12560961 is referred to inhibitor 1, ZINC12560959 to inhibitor 

2 and ZINC03866444 to inhibitor 3. Residual activity is calculated by following the formula; [(normalized mean 

value of inhibitor) / normalized mean value of active enzyme] x 100.  

 

Inhibitor (concentration) % residual activity 

ZINC12560961   (1mM) 12.1 

ZINC12560961   (0.5mM) 42.3 

ZINC12560961   (62.5μM) 83.6 

ZINC12560959   (1mM) 12.1 

ZINC12560959   (0.5mM) 37.2 

ZINC12560959   (62.5μM) 88.5 

ZINC03866444   (1mM) 23.3 

ZINC03866444   (0.5mM) 42.9 

ZINC03866444   (62.5μM) 81.4 

 

3.3.2. Radiometric assay 

Deacetylase activity was estimated employing O-hydroxyethylated chitin (glycol chitin) as 

substrate, which is a radioactive substrate labeled in N-acetyl groups. 3,6-di-O-

hydroxyethylglucosamine, 3- O-hydroxy-ethylglucosamine, 6-O-hydroxyethylglucos amine and 

O-unsubstituted glucosamine residues are the  (Araki et al. 1980). No significant inhibition was 

measured at the first two inhibitors, as the values of the inhibitors are similar to those of the 

active enzyme (Table 3.4). On the other hand, inhibitor 3 showed almost 50% inhibition. The 

difference on the numbers of the results between the two assays is due to the difference of the 

substrate; GlcNAc5 is an oligomeric substrate and glycol chitin is a polymeric substrate. 
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Table 3.4. Enzymatic activity of BC1974 at the presence of 62.5μM of inhibitor 1 (ZINC12560961), inhibitor 2 

(ZINC12560959) and inhibitor 3 (ZINC03866444), using as substrate the radioactive O-hydroxyethylated chitin 

(glycol chitin). 

Inhibitor 

(concentration) 
% residual activity 

ZINC12560961 (62.5μM) 73 

ZINC12560959 (62.5μM) 82.5 

ZINC03866444 (62.5μM) 57.9 
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4. Discussion and future perspectives 

Infections from B. cereus and B. anthracis present a threat that could potentially be controlled 

with antibiotics. Research to find stable and effective antibiotics has become a greater concern, 

due to the pathogenicity of B. anthracis. However, the emergence of bacterial pathogens, 

resistant to major classes of commercial antibiotics, has created an urgent need for novel 

antibacterial agents, by discovering novel chemical structures. 

In this study, we tried to identify through SBVS potential inhibitors for peptidoglycan 

deacetylase BC1974 from B. cereus, which has 97% identity with BA1977 from B. anthracis. 

Balomenou et al. showed that BA1977 is a PGNG-dac which contributes to in vivo virulence of 

the bacterium (Balomenou et al. 2013), making BA1977 a promising drug target. 

 

ΔG in designing new molecules is certainly one of the safest bets, as small changes in ΔG often 

compensate changes in ΔH and TΔS (Bissantz et al. 2010). BC1974 has been shown to be a Zn2+ 

metalloenzyme (Andreou et al. JBC submitted). All selected inhibitors contain a hydroxamic 

moiety, in order to interact with zinc. Further to zinc interactions, other specific types of 

interactions are hydrogen bonds, polar interactions, lipophilic interactions between aliphatic and 

aromatic system and hydrophobic interactions. It is generally accepted that aromatic interactions 

are weaker than hydrogen bond interactions (Bissantz et al. 2010). Figure 4.1 represents BC1974 

in complex with the three inhibitors (upper panel) and close-up view of the active site with each 

inhibitor separately (lower panel). All of them have the same orientation of the hydroxamic acid 

while binding to the zinc. ZINC12560961 (inhibitor 1, pink) and ZINC12560959 (inhibitor 2, 

yellow) interact also with Trp-131 through a hydrogen bond between the sulfonyl group of the 

inhibitor and the nitrogen-bonded hydrogen of the indole, the side chain of Trp. Additionally, π 

interactions are possible between the aromatic side chain of Trp-131 and the aromatic ring of the 

inhibitors. In the last inhibitor, ZINC03866444 (inhibitor 3, light-blue), hydrophobic 

interactions, except those with zinc, may be observed, as ZINC03866444 is a nonpolar molecule. 

Hydrophobic interactions are relatively stronger than other weak intermolecular forces (i.e., Van 

der Waals interactions or hydrogen bonds) and describe the relations between water and 

nonpolar molecules (Chang 2005).  

 

Using computational structure-based virtual screening followed by biochemical evaluation, we 

were not able to identify promising inhibitors of BC1974 in this study. In both enzymatic assays 

ZINC12560959 has the higher residual activity and ZINC03866444 the lowest. Results from 

fluorescamine assay, using these inhibitors against BC1974, did not show any significant 

inhibition, despite their good free energy of binding. To begin with, ZINC12560961 (inhibitor 

1), ZINC12560959 (inhibitor 2) and ZINC03866444 (inhibitor 3) showed that there is not a 

significant inhibition of all ligands on BC1974 activity. In this assay, GlcNAc5 was used as 

substrate. An explanation could be that GlcNAc5 has a higher affinity for BC1974 than the three 

inhibitors, possibly through more hydrogen bonds with other residues of BC1974 and a better 

orientation at the binding site.  
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Figure 4.1. Cartoon representation of BC1974 complex with the three inhibitors (upper panel) and close-up view of 

the active site with each inhibitor separately (lower panel). The catalytic zinc is shown as sphere; ligands are shown 

with pink (ZINC12560961), yellow (ZINC12560959) and light-blue (ZINC03866444) sticks for carbons and the 

interacting residues with green carbon sticks (red for oxygen, blue for nitrogen atoms and yellow for sulfate atoms). 

With light-grey is the surface of the enzyme. 
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However, employing the radiometric assay with radiolabeled glycol chitin as substrate, 

compound 3 ZINC03866444 in contrast to the other two compounds exhibited an inhibitory 

effect on BC1974 (57% residual activity at 62.5 μM inhibitor concentration). This difference 

could be probably due to the different substrates employed in the two assays. Fluorescamine 

assay uses GlcNAc5 as a substrate and the radiometric one glycol chitin. Probably, the third 

inhibitor has higher affinity to BC1974 when the substrate is the latter. However, in vivo 

experiments should be performed to evaluate the inhibitory effect of ZINC03866444. 

 

Furthermore, the third inhibitor has the highest binding free energy and the highest LE of the 

three inhibitors. A low (negative) energy indicates a stable system and thus a possible binding 

interaction (Murcko 1995). BC1974 may prefer a more relaxed binding at its binding site. Also, 

we should not forget that crystal structure coordinates is static view of interactions, which are 

often misleading. So, a single structure does not necessarily represent a macromolecular 

complex, but it is an ensemble of structures (Bissantz et al. 2010). This sometimes can lead to 

incorrect docking results. 

 

In conclusion, virtual screening methods are increasingly used to identify potential new lead 

compounds in drug discovery (Klebe 2006;Ripphausen et al. 2010) and have also been 

successfully used on antibacterial targets (Simmons et al. 2010). However, the lack of 3D-

structures and biochemical data, such as substrate specificities and reaction mechanisms, is the 

major problem of identifying inhibitors against polysaccharide deacetylases (Balomenou et al. 

2015). In addition, hydroxamic acids are characterized by poor pharmacokinetics and oral 

availability (Levitt et al. 2001). Furthermore, testing inhibitors with or without a hydoxamate 

moiety and combining positive results may result in finding a more potent universal or specific 

inhibitor against polysaccharide deacetylases. 

 
 
 

 

  



 
 

62 

5. References 
 

Amano, K., Hayashi, H., Araki, Y., & Ito, E. 1977. The Action of Lysozyme on Peptidoglycan with N-
Unsubstituted Glucosamine Residues. European Journal of Biochemistry, 76, (1) 299-307 available from: 
http://dx.doi.org/10.1111/j.1432-1033.1977.tb11596.x  

Andrews, P.R., Craik, D.J., & MArtin, J.L. 1984. Functional group contributions to drug-receptor 
interactions. J Med Chem., 27, (12) 1648-1657 

Ansgar, S., Simon, R., Andreas, M., Wolfgang, J., & Paul Selzer and Edgar Jacoby 2005. Library Design 
for Fragment Based Screening. Current Topics in Medicinal Chemistry, 5, (8) 751-762 available from: 
http://www.eurekaselect.com/node/79366/article  

Araki, Y. & Ito, E. 1975. A Pathway of Chitosan Formation in Mucor rouxii. European Journal of 
Biochemistry, 55, (1) 71-78 available from: http://dx.doi.org/10.1111/j.1432-1033.1975.tb02139.x  

Araki, Y., Nakatani, T., Hayashi, H., & Ito, E. 1971. Occurrence of non-N-substituted glucosamine 
residues in lysozyme-resistant peptidoglycan from Bacillus cereus cell walls. Biochemical and 
Biophysical Research Communications, 42, (4) 691-697 available from: 
http://www.sciencedirect.com/science/article/pii/0006291X71905432  

Araki, Y., Oba, S., Araki, S., & Ito, E. 1980. Enzymatic Deacetylation of N-Acetylglucosamine Residues 
in Cell Wall Peptidoglycan. The Journal of Biochemistry, 88, (2) 469-479 

Ariyakumaran, R., Pokrovskaya, V., Little, D.J., Howell, P.L., & Nitz, M. 2015. Direct Staudinger-
Phosphonite Reaction Provides Methylphosphonamidates as Inhibitors of CE4 De-N-acetylases. 
ChemBioChem, 16, (9) 1350-1356 available from: http://dx.doi.org/10.1002/cbic.201500091  

Baier, F., Chen, J., Solomonson, M., Strynadka, N.C.J., & Tokuriki, N. 2015. Distinct Metal Isoforms 
Underlie Promiscuous Activity Profiles of Metalloenzymes. ACS Chemical Biology, 10, (7) 1684-1693 
available from: http://dx.doi.org/10.1021/acschembio.5b00068  

Baker, S. 2015. A return to the pre-antimicrobial era? Science, 347, (6226) 1064-1066 available from: 
http://science.sciencemag.org/content/347/6226/1064.abstract  

Balomenou, S., Arnaouteli, S., Koutsioulis, D., Fadouloglou, V. E., & Bouriotis, V. 2015, 
"Polysaccharide Deacetylases: New Antibacterial Drug Targets," In Frontiers in Anti-Infective Drug 
Discovery. 

Balomenou, S., Fouet, A., Tzanodaskalaki, M., Couture-Tosi, E., Bouriotis, V., & Boneca, I.G. 2013. 
Distinct functions of polysaccharide deacetylases in cell shape, neutral polysaccharide synthesis and 
virulence of Bacillus anthracis. Molecular Microbiology 867-883 

http://dx.doi.org/10.1111/j.1432-1033.1977.tb11596.x
http://www.eurekaselect.com/node/79366/article
http://dx.doi.org/10.1111/j.1432-1033.1975.tb02139.x
http://www.sciencedirect.com/science/article/pii/0006291X71905432
http://dx.doi.org/10.1002/cbic.201500091
http://dx.doi.org/10.1021/acschembio.5b00068
http://science.sciencemag.org/content/347/6226/1064.abstract


 
 

63 

Barreteau, H., Kovac, A., Boniface, A., Sova, M., Gobec, S., & Blanot, D. 2008. Cytoplasmic steps of 
peptidoglycan biosynthesis. FEMS Microbiology Reviews, 32, (2) 168 available from: 
http://femsre.oxfordjournals.org/content/32/2/168.abstract  

Bassetti, M., Merelli, M., Temperoni, C., & Astilean, A. 2013. New antibiotics for bad bugs: where are 
we? Annals of Clinical Microbiology and Antimicrobials, 12, (1) 1-15 available from: 
http://dx.doi.org/10.1186/1476-0711-12-22  

Benachour, A., Ladjouzi, R., Le Jeune, A., Hébert, L., Thorpe, S., Courtin, P., Chapot-Chartier, M.P., 
Prajsnar, T.K., Foster, S.J., & Mesnage, S.p. 2012. The Lysozyme-Induced Peptidoglycan N-
Acetylglucosamine Deacetylase PgdA (EF1843) Is Required for Enterococcus faecalis Virulence. Journal 
of Bacteriology, 194, (22) 6066-6073 available from: http://jb.asm.org/content/194/22/6066.abstract  

Bera, A., Herbert, S., Jakob, A., Vollmer, W., & Gotz, F. 2005. Why are pathogenic staphylococci so 
lysozyme resistant? The peptidoglycan O-acetyltransferase OatA is the major determinant for lysozyme 
resistance of Staphylococcus aureus. Mol Microbiol, 55, available from: http://dx.doi.org/10.1111/j.1365-
2958.2004.04446.x  

Bissantz, C., Folkers, G., & Rognan, D. 2000. Protein-Based Virtual Screening of Chemical Databases. 1. 
Evaluation of Different Docking/Scoring Combinations. Journal of Medicinal Chemistry, 43, (25) 4759-
4767 available from: http://dx.doi.org/10.1021/jm001044l  

Bissantz, C., Kuhn, B., & Stahl, M. 2010. A Medicinal Chemist's Guide to Molecular Interactions. 
Journal of Medicinal Chemistry, 53, (14) 5061-5084 available from: http://dx.doi.org/10.1021/jm100112j  

Blair, D.E., Schüttelkopf, A.W., MacRae, J.I., & van Aalten, D.M.F. 2005. Structure and metal-dependent 
mechanism of peptidoglycan deacetylase, a streptococcal virulence factor. Proceedings of the National 
Academy of Sciences, 102, (43) 15429-15434 available from: 
http://www.pnas.org/content/102/43/15429.abstract  

Blair, D.E. & van Aalten, D.M.F. 2004. Structures of Bacillus subtilis PdaA, a family 4 carbohydrate 
esterase, and a complex with N-acetyl-glucosamine. FEBS Letters, 570, (1-3) 13-19 available from: 
http://dx.doi.org/10.1016/j.febslet.2004.06.013  

Blaney, J. 2012. A very short history of structure-based design: how did we get here and where do we 
need to go? Journal of Computer-Aided Molecular Design, 26, (1) 13-14 available from: 
http://dx.doi.org/10.1007/s10822-011-9518-x  

Boneca, I.G. 2005. The role of peptidoglycan in pathogenesis. Current Opinion in Microbiology, 8, (1) 
46-53 available from: http://www.sciencedirect.com/science/article/pii/S1369527404001626  

Boneca, I.G., Dussurget, O., Cabanes, D., Nahori, M.A., Sousa, S., Lecuit, M., Psylinakis, E., Bouriotis, 
V., Hugot, J.P., Giovannini, M., Coyle, A., Bertin, J., Namane, A., Rousselle, J.C., Cayet, N., Prévost, 
M.C., Balloy, V., Chignard, M., Philpott, D.J., Cossart, P., & Girardin, S.E. 2007. A critical role for 
peptidoglycan N-deacetylation in Listeria evasion from the host innate immune system. Proceedings of 

http://femsre.oxfordjournals.org/content/32/2/168.abstract
http://dx.doi.org/10.1186/1476-0711-12-22
http://jb.asm.org/content/194/22/6066.abstract
http://dx.doi.org/10.1111/j.1365-2958.2004.04446.x
http://dx.doi.org/10.1111/j.1365-2958.2004.04446.x
http://dx.doi.org/10.1021/jm001044l
http://dx.doi.org/10.1021/jm100112j
http://www.pnas.org/content/102/43/15429.abstract
http://dx.doi.org/10.1016/j.febslet.2004.06.013
http://dx.doi.org/10.1007/s10822-011-9518-x
http://www.sciencedirect.com/science/article/pii/S1369527404001626


 
 

64 

the National Academy of Sciences, 104, (3) 997-1002 available from: 
http://www.pnas.org/content/104/3/997.abstract  

Bourgogne, A., Drysdale, M., Hilsenbeck, S.G., Peterson, S.N., & Koehler, T.M. 2003. Global Effects of 
Virulence Gene Regulators in a Bacillus anthracis Strain with Both Virulence Plasmids. Infection and 
Immunity, 71, (5) 2736-2743 available from: http://iai.asm.org/content/71/5/2736.abstract  

Bourne, C.R., Bunce, R.A., Bourne, P.C., Berlin, K.D., Barrow, E.W., & Barrow, W.W. 2009. Crystal 
Structure of Bacillus anthracis Dihydrofolate Reductase with the Dihydrophthalazine-Based 
Trimethoprim Derivative RAB1 Provides a Structural Explanation of Potency and Selectivity. 
Antimicrobial Agents and Chemotherapy, 53, (7) 3065-3073 available from: 
http://aac.asm.org/content/53/7/3065.abstract  

Bui, N.K., Turk, S., Buckenmaier, S., Stevenson-Jones, F., Zeuch, B., Gobec, S., & Vollmer, W. 2011. 
Development of screening assays and discovery of initial inhibitors of pneumococcal peptidoglycan 
deacetylase PgdA. Biochemical Pharmacology, 82, (1) 43-52 available from: 
http://www.sciencedirect.com/science/article/pii/S0006295211002152  

Callewaert, L., Aertsen, A., Deckers, D., Vanoirbeek, K.G.A., Vanderkelen, L., Van Herreweghe, J.M., 
Masschalck, B., Nakimbugwe, D., Robben, J., & Michiels, C.W. 2008. A New Family of Lysozyme 
Inhibitors Contributing to Lysozyme Tolerance in Gram-Negative Bacteria. PLOS Pathogens, 4, (3) 
e1000019 available from: http://dx.doi.org/10.1371%2Fjournal.ppat.1000019  

Caufrier, F., Martinou, A., Dupont, C., & Bouriotis, V. 2003. Carbohydrate esterase family 4 enzymes: 
substrate specificity. Carbohydrate Research, 338, (7) 687-692 available from: 
http://www.sciencedirect.com/science/article/pii/S0008621503000028  

Cavasotto, C.N. & Orry, A.J. 2007. Ligand docking and structure-based virtual screening in drug 
discovery. Current Topics in Medicinal Chemistry, 7, (10) 1006-1014 

Chandrika, R., Subramanian, J., & Sharma, S.D. 2009. Managing protein flexibility in docking and its 

applications. Drug Discovery Today, 14, (78) 394-400 available from: 
http://www.sciencedirect.com/science/article/pii/S1359644609000063  

Chang, R. 2005. Physical Chemistry for the Biosciences Edwards Brothers, Inc. 

Chen, H., Zhou, X., Wang, A., Zheng, Y., Gao, Y., & Zhou, J. 2015. Evolutions in fragment-based drug 
design: the deconstructionreconstruction approach. Drug Discovery Today, 20, (1) 105-113 available 
from: http://www.sciencedirect.com/science/article/pii/S135964461400381X  

Chen, Y. & Shoichet, B.K. 2009. Molecular docking and ligand specificity in fragment-based inhibitor 
discovery. Nat Chem Biol, 5, (5) 358-364 available from: http://dx.doi.org/10.1038/nchembio.155  

Cheng, T., Li, Q., Zhou, Z., Wang, Y., & Bryant, S.H. 2012. Structure-Based Virtual Screening for Drug 
Discovery: a Problem-Centric Review. The AAPS Journal, 14, (1) 133-141 available from: 
http://dx.doi.org/10.1208/s12248-012-9322-0  

http://www.pnas.org/content/104/3/997.abstract
http://iai.asm.org/content/71/5/2736.abstract
http://aac.asm.org/content/53/7/3065.abstract
http://www.sciencedirect.com/science/article/pii/S0006295211002152
http://dx.doi.org/10.1371%2Fjournal.ppat.1000019
http://www.sciencedirect.com/science/article/pii/S0008621503000028
http://www.sciencedirect.com/science/article/pii/S1359644609000063
http://www.sciencedirect.com/science/article/pii/S135964461400381X
http://dx.doi.org/10.1038/nchembio.155
http://dx.doi.org/10.1208/s12248-012-9322-0


 
 

65 

Chibba, A., Poloczek, J., Little, D.J., Howell, P.L., & Nitz, M. 2012. Synthesis and evaluation of 
inhibitors of E. coli PgaB, a polysaccharide de-N-acetylase involved in biofilm formation. Organic & 
Biomolecular Chemistry, 10, (35) 7103-7107 available from: http://dx.doi.org/10.1039/C2OB26105G  

Cole, J. C., Korb, O., Olsson, T. S. G., & Liebeschuetz, J. 2011, "The Basis for Target-Based Virtual 
Screening: Protein Structures," In Virtual Screening, Wiley-VCH Verlag GmbH & Co. KGaA, pp. 87-
114. 

Congreve, M., Carr, R., Murray, C., & Jhoti, H. 2003. A 'Rule of Three' for fragment-based lead 
discovery? Drug Discovery Today, 8, (19) 876-877 available from: 
http://www.sciencedirect.com/science/article/pii/S1359644603028319  

Congreve, M., Chessari, G., Tisi, D., & Woodhead, A.J. 2008. Recent Developments in Fragment-Based 
Drug Discovery. Journal of Medicinal Chemistry, 51, (13) 3661-3680 available from: 
http://dx.doi.org/10.1021/jm8000373  

Cummings, M.D., Maxwell, A.C., & DesJarlais, R.L. 2007. Processing of Small Molecule Databases for 
Automated Docking. Medicinal Chemistry, 3, (1) 107-113 available from: 
http://www.eurekaselect.com/node/77599/article  

Cummings, M.D., DesJarlais, R.L., Gibbs, A.C., Mohan, V., & Jaeger, E.P. 2005. Comparison of 
Automated Docking Programs as Virtual Screening Tools. Journal of Medicinal Chemistry, 48, (4) 962-
976 available from: http://dx.doi.org/10.1021/jm049798d  

Danishuddin, M. & Khan, A.U. 2015. Structure based virtual screening to discover putative drug 
candidates: Necessary considerations and successful case studies. Methods, 71, 135-145 available from: 
http://www.sciencedirect.com/science/article/pii/S1046202314003363  

Day, J.A. & Cohen, S.M. 2013. Investigating the Selectivity of Metalloenzyme Inhibitors. Journal of 
Medicinal Chemistry, 56, (20) 7997-8007 available from: http://dx.doi.org/10.1021/jm401053m  

Deng, D.M., Urch, J.E., ten Cate, J.M., Rao, V.A., van Aalten, D.M.F., & Crielaard, W. 2009. 
Streptococcus mutans SMU.623c Codes for a Functional, Metal-Dependent Polysaccharide Deacetylase 
That Modulates Interactions with Salivary Agglutinin. Journal of Bacteriology, 191, (1) 394-402 
available from: http://jb.asm.org/content/191/1/394.abstract  

Dkhar, H.K., Gopalsamy, A., Loharch, S., Kaur, A., Bhutani, I., Saminathan, K., Bhagyaraj, E., Chandra, 
V., Swaminathan, K., Agrawal, P., Parkesh, R., & Gupta, P. 2015. Discovery of Mycobacterium 
tuberculosis á-1,4-Glucan Branching Enzyme (GlgB) Inhibitors by Structure- and Ligand-based Virtual 
Screening. Journal of Biological Chemistry, 290, (1) 76-89 available from: 
http://www.jbc.org/content/290/1/76.abstract  

Drlica, K., Malik, M., Kerns, R.J., & Zhao, X. 2008. Quinolone-Mediated Bacterial Death. Antimicrobial 
Agents and Chemotherapy, 52, (2) 385-392 available from: http://aac.asm.org/content/52/2/385.short  

http://dx.doi.org/10.1039/C2OB26105G
http://www.sciencedirect.com/science/article/pii/S1359644603028319
http://dx.doi.org/10.1021/jm8000373
http://www.eurekaselect.com/node/77599/article
http://dx.doi.org/10.1021/jm049798d
http://www.sciencedirect.com/science/article/pii/S1046202314003363
http://dx.doi.org/10.1021/jm401053m
http://jb.asm.org/content/191/1/394.abstract
http://www.jbc.org/content/290/1/76.abstract
http://aac.asm.org/content/52/2/385.short


 
 

66 

Durrant, J.D. & McCammon, J.A. 2010. Computer-aided drug-discovery techniques that account for 
receptor flexibility. Current Opinion in Pharmacology, 10, (6) 770-774 available from: 
http://www.sciencedirect.com/science/article/pii/S1471489210001372  

Eric Vangrevelinghe and Simon Rudisser 2007. Computational Approaches for Fragment Optimization. 
Current Computer Aided-Drug Design, 3, (1) 69-83 available from: 
http://www.eurekaselect.com/node/58782/article  

Erlanson, D.A., Wells, J.A., & Braisted, A.C. 2004. Tethering: Fragment-Based Drug Discovery. Annual 
Review of Biophysics and Biomolecular Structure, 33, (1) 199-223 available from: 
http://dx.doi.org/10.1146/annurev.biophys.33.110502.140409 Accessed 17 October 2016. 

Evers, A., Hessler, G., Matter, H., & Klabunde, T. 2005. Virtual Screening of Biogenic Amine-Binding 

G-Protein Coupled Receptors:Çë Comparative Evaluation of Protein- and Ligand-Based Virtual 
Screening Protocols. Journal of Medicinal Chemistry, 48, (17) 5448-5465 available from: 
http://dx.doi.org/10.1021/jm050090o  

Fang, Y. 2012. LigandÇôreceptor interaction platforms and their applications for drug discovery. Expert 
Opinion on Drug Discovery, 7, (10) 969-988 available from: 
http://dx.doi.org/10.1517/17460441.2012.715631  

Ferrara, P. & Jacoby, E. 2007. Evaluation of the utility of homology models in high throughput docking. 
Journal of Molecular Modeling, 13, (8) 897-905 available from: http://dx.doi.org/10.1007/s00894-007-
0207-6  

Ferreira, G.L., dos Santos, N.R., Oliva, G., & Andricopulo, D.A. 2015. Molecular Docking and Structure-
Based Drug Design Strategies., 20, (7) 

Fink, T., Bruggesser, H., & Reymond, J.L. 2005. Virtual Exploration of the Small-Molecule Chemical 
Universe below 160 Daltons. Angewandte Chemie International Edition , 44, (10) 1504-1508 available 
from: http://dx.doi.org/10.1002/anie.200462457  

Fittipaldi, N., Sekizaki, T., Takamatsu, D., De La Cruz Dom+¡nguez-Punaro, M.a., Harel, J.e., Bui, N.K., 
Vollmer, W., & Gottschalk, M. 2008. Significant contribution of the pgdA gene to the virulence of 
Streptococcus suis. Molecular Microbiology, 70, (5) 1120-1135 available from: 
http://dx.doi.org/10.1111/j.1365-2958.2008.06463.x  

Floss, H.G. & Yu, T.W. 2005. RifamycinMode of Action, Resistance, and Biosynthesis. Chemical 
Reviews, 105, (2) 621-632 available from: http://dx.doi.org/10.1021/cr030112j  

Fouet, A. 2009. The surface of Bacillus anthracis. Molecular Aspects of Medicine, 30, (6) 374-385 
available from: http://www.sciencedirect.com/science/article/pii/S0098299709000491  

Fukushima, T., Kitajima, T., & Sekiguchi, J. 2005. A Polysaccharide Deacetylase Homologue, PdaA, in 
Bacillus subtilis Acts as an N-Acetylmuramic Acid Deacetylase In Vitro. Journal of Bacteriology, 187, 
(4) 1287-1292 available from: http://jb.asm.org/content/187/4/1287.abstract  

http://www.sciencedirect.com/science/article/pii/S1471489210001372
http://www.eurekaselect.com/node/58782/article
http://dx.doi.org/10.1146/annurev.biophys.33.110502.140409
http://dx.doi.org/10.1021/jm050090o
http://dx.doi.org/10.1517/17460441.2012.715631
http://dx.doi.org/10.1007/s00894-007-0207-6
http://dx.doi.org/10.1007/s00894-007-0207-6
http://dx.doi.org/10.1002/anie.200462457
http://dx.doi.org/10.1111/j.1365-2958.2008.06463.x
http://dx.doi.org/10.1021/cr030112j
http://www.sciencedirect.com/science/article/pii/S0098299709000491
http://jb.asm.org/content/187/4/1287.abstract


 
 

67 

Fukushima, T., Tanabe, T., Yamamoto, H., Hosoya, S., Sato, T., Yoshikawa, H., & Sekiguchi, J. 2004. 
Characterization of a Polysaccharide Deacetylase Gene Homologue (pdaB) on Sporulation ofBacillus 
subtilis. The Journal of Biochemistry, 136, (3) 283-291 available from: 
http://dx.doi.org/10.1093/jb/mvh151  

Garcia-Sosa, A.T., Hetenyi, C., & Maran, U. 2010. Drug efficiency indices for improvement of molecular 
docking scoring functions. Journal of Computational Chemistry, 31, (1) 174-184 available from: 
http://dx.doi.org/10.1002/jcc.21306  

Geppert, H., Vogt, M., & Bajorath, J.+. 2010. Current Trends in Ligand-Based Virtual Screening: 
Molecular Representations, Data Mining Methods, New Application Areas, and Performance Evaluation. 
Journal of Chemical Information and Modeling , 50, (2) 205-216 available from: 
http://dx.doi.org/10.1021/ci900419k  

Giastas, P., Andreou, A., Papakyriakou, A., Koutsioulis, D., Balomenou, S., Tzartos, S. J., 
Bouriotis, V., and Eliopoulos, E. E., (2017) Structural studies of peptidoglycan 
deacetylase Bc1974 from Bacillus cereus in complex with selected ligands and pharmacophore 

assertions: toward the design of potent inhibitors. submitted in JBC 

 

Gibbs, J.B. 2000. Mechanism-Based Target Identification and Drug Discovery in Cancer Research. 
Science, 287, (5460) 1969 available from: http://science.sciencemag.org/content/287/5460/1969.abstract  

Ginsburg, I. & Sela, M.N. 1976. The role of leukocytes and their hydrolases in the persistence, 
degradation, and transport of bacterial constituents in tissues: relation to chronic inflammatory processes 
in staphylococcal, streptococcal, and mycobacterial infections and in chronic periodontal disease. CRC 
Crit Rev Microbiol., 4, (3) 249-322 

Glennon, R.A. 2005. Pharmacophore Identification for Sigma-1 (ó-1) Receptor Binding: Application of 
the "Deconstruction - Reconstruction - Elaboration" Approach. Mini-Reviews in Medicinal Chemistry, 5, 
(10) 927-940 available from: http://www.eurekaselect.com/node/78956/article  

Goldberg, A.B. & Turk, B.E. 2016. Inhibitors of the Metalloproteinase Anthrax Lethal Factor. Current 
Topics in Medicinal Chemistry, 16, (21) 2350-2358 available from: 
http://www.eurekaselect.com/node/141237/article  

Grinter, Z.S. & Zou, X. 2014. Challenges, Applications, and Recent Advances of Protein-Ligand Docking 
in Structure-Based Drug Design., 19, (7) 

Guilhelmelli, F., Vilela, N., Albuquerque, P.c., Derengowski, L., Silva-Pereira, I., & Kyaw, C. 2013. 
Antibiotic development challenges: the various mechanisms of action of antimicrobial peptides and of 
bacterial resistance. Frontiers in Microbiology, 4, 353 available from: 
http://journal.frontiersin.org/article/10.3389/fmicb.2013.00353  

Hann, M.M., Leach, A.R., & Harper, G. 2001. Molecular Complexity and Its Impact on the Probability of 
Finding Leads for Drug Discovery. Journal of Chemical Information and Computer Sciences, 41, (3) 856-
864 available from: http://dx.doi.org/10.1021/ci000403i  

http://dx.doi.org/10.1093/jb/mvh151
http://dx.doi.org/10.1002/jcc.21306
http://dx.doi.org/10.1021/ci900419k
http://science.sciencemag.org/content/287/5460/1969.abstract
http://www.eurekaselect.com/node/78956/article
http://www.eurekaselect.com/node/141237/article
http://journal.frontiersin.org/article/10.3389/fmicb.2013.00353
http://dx.doi.org/10.1021/ci000403i


 
 

68 

Hausheer, F.H., Kochat, H., Parker, A.R., Ding, D., Yao, S., Hamilton, S.E., Petluru, P.N., Leverett, B.D., 
Bain, S.H., & Saxe, J.D. 2003. New approaches to drug discovery and development: a mechanism-based 
approach to pharmaceutical research and its application to BNP7787, a novel chemoprotective agent. 
Cancer Chemotherapy and Pharmacology, 52, (1) 3-15 available from: http://dx.doi.org/10.1007/s00280-
003-0653-5  

Head, B.M., Rubinstein, E., & Meyers, A.F. 2016. Alternative pre-approved and novel therapies for the 
treatment of anthrax. BMC Infectious Diseases, 16, (1) 621 available from: 
http://dx.doi.org/10.1186/s12879-016-1951-y  

Heinke, R., Uciechowska, U., Jung, M., & Sippl, W. 2011, "Target-Based Virtual Screening on Small-
Molecule Protein Binding Sites," In Virtual Screening, Wiley-VCH Verlag GmbH & Co. KGaA, pp. 411-
434. 

Hernick, M. & Fierke, C.A. 2005. Zinc hydrolases: the mechanisms of zinc-dependent deacetylases. 
Archives of Biochemistry and Biophysics, 433, (1) 71-84 available from: 
http://www.sciencedirect.com/science/article/pii/S0003986104004503  

Hoffmaster, A.R., Ravel, J., Rasko, D.A., Chapman, G.D., Chute, M.D., Marston, C.K., De, B.K., Sacchi, 
C.T., Fitzgerald, C., Mayer, L.W., Maiden, M.C.J., Priest, F.G., Barker, M., Jiang, L., Cer, R.Z., Rilstone, 
J., Peterson, S.N., Weyant, R.S., Galloway, D.R., Read, T.D., Popovic, T., & Fraser, C.M. 2004. 
Identification of anthrax toxin genes in a Bacillus cereus associated with an illness resembling inhalation 
anthrax. Proceedings of the National Academy of Sciences of the United States of America , 101, (22) 
8449-8454 available from: http://www.pnas.org/content/101/22/8449.abstract  

Hopkins, A.L., Groom, C.R., & Alex, A. 2004. Ligand efficiency: a useful metric for lead selection. Drug 
Discovery Today, 9, (10) 430-431 available from: 
http://www.sciencedirect.com/science/article/pii/S1359644604030697  

Irwin, J.J., Sterling, T., Mysinger, M.M., Bolstad, E.S., & Coleman, R.G. 2012. ZINC: A Free Tool to 
Discover Chemistry for Biology. J Chem Inf Model, 52, (7) 1757-1768 

Jacobsen, J.A., Fullagar, J.L., Miller, M.T., & Cohen, S.M. 2011. Identifying Chelators for Metalloprotein 
Inhibitors Using a Fragment-Based Approach. Journal of Medicinal Chemistry, 54, (2) 591-602 available 
from: http://dx.doi.org/10.1021/jm101266s  

Jacobsen, J.A., Major Jourden, J.L., Miller, M.T., & Cohen, S.M. 2010. To bind zinc or not to bind zinc: 
An examination of innovative approaches to improved metalloproteinase inhibition. Biochimica et 
Biophysica Acta (BBA) - Molecular Cell Research, 1803, (1) 72-94 available from: 
http://www.sciencedirect.com/science/article/pii/S0167488909002080  

Jean-Yves, W., Stephan, K., Andrea, S., & Jean-Louis Montero and Claudiu 2008. Targeting Bacterial 
Metalloenzymes: A New Strategy for the Development of Anti-Infective Agents. Anti-Infective Agents in 
Medicinal Chemistry, 7, (3) 169-179 available from: http://www.eurekaselect.com/node/67183/article  

http://dx.doi.org/10.1007/s00280-003-0653-5
http://dx.doi.org/10.1007/s00280-003-0653-5
http://dx.doi.org/10.1186/s12879-016-1951-y
http://www.sciencedirect.com/science/article/pii/S0003986104004503
http://www.pnas.org/content/101/22/8449.abstract
http://www.sciencedirect.com/science/article/pii/S1359644604030697
http://dx.doi.org/10.1021/jm101266s
http://www.sciencedirect.com/science/article/pii/S0167488909002080
http://www.eurekaselect.com/node/67183/article


 
 

69 

John, A.J., David S.Stephens, David, A.A., Carlos, O., Martin S.Topiel, Mark, G., Michael, T., Tamara, 
L.F., Sherif, R.Z., Tanja, P., Richard, F.M., Conrad, P.Q., Scott, A.H., Scott, K.F., James, J.S., Colin, 
W.S., Michelle, M., Jeannette, G., Wun-Ju, S., Jean, M.M., Julie, L.G., James, M.H., & Bradley, A.P. 
2001. Bioterrorism-Related Inhalational Anthrax: The First 10 Cases Reported in the United States., 7, (6) 
933 available from: http://wwwnc.cdc.gov/eid/article/7/6/01-0604  

Johnson, S., Barile, E., Farina, B., Purves, A., Wei, J., Chen, L.H., Shiryaev, S., Zhang, Z., Rodionova, I., 
Agrawal, A., Cohen, S.M., Osterman, A., Strongin, A., & Pellecchia, M. 2011. Targeting Metalloproteins 
by Fragment-Based Lead Discovery. Chemical Biology & Drug Design, 78, (2) 211-223 available from: 
http://dx.doi.org/10.1111/j.1747-0285.2011.01136.x  

Jolles, P. & Jolles, J. 1984. What's new in lysozyme research? Always a model system, today as 
yesterday. Molecular and Cellular Biochemistry, 63, (2) 165-189 available from: 
http://dx.doi.org/10.1007/BF00285225  

Jorgensen, W.L. 2004. The Many Roles of Computation in Drug Discovery. Science, 303, (5665) 1813 
available from: http://science.sciencemag.org/content/303/5665/1813.abstract  

Joska, T.M. & Anderson, A.C. 2006. Structure-Activity Relationships of Bacillus cereus and Bacillus 
anthracis Dihydrofolate Reductase: toward the Identification of New Potent Drug Leads. Antimicrobial 
Agents and Chemotherapy, 50, (10) 3435-3443 available from: 
http://aac.asm.org/content/50/10/3435.abstract  

Kalyaanamoorthy, S. & Chen, Y.P.P. 2011. Structure-based drug design to augment hit discovery. Drug 
Discovery Today, 16, (1718) 831-839 available from: 
http://www.sciencedirect.com/science/article/pii/S1359644611002194  

Kaoukab-Raji, A., Biskri, L.f., Bernardini, M.L., & Allaoui, A.m. 2012. Characterization of SfPgdA, a 
Shigella flexneri peptidoglycan deacetylase required for bacterial persistence within polymorphonuclear 

neutrophils. Microbes and Infection, 14, (78) 619-627 available from: 
http://www.sciencedirect.com/science/article/pii/S128645791200038X  

Katz, L. & Ashley, G.W. 2005. Translation and Protein Synthesis: Macrolides. Chemical Reviews, 105, 
(2) 499-528 available from: http://dx.doi.org/10.1021/cr030107f  

Kervick, G.N., Flynn, H.W.Jr., Alfonso, E., & Miller, D. 1990. Antibiotic therapy for Bacillus species 
infections. Am J Ophthalmol., 110, (6) 683-687 

Kitchen, D.B., Decornez, H., Furr, J.R., & Bajorath, J. 2004. Docking and scoring in virtual screening for 
drug discovery: methods and applications. Nat Rev Drug Discov, 3, (11) 935-949 available from: 
http://dx.doi.org/10.1038/nrd1549  

Klebe, G. 2006. Virtual ligand screening: strategies, perspectives and limitations. Drug Discovery Today, 

11, (1314) 580-594 available from: 
http://www.sciencedirect.com/science/article/pii/S1359644606001784  

http://wwwnc.cdc.gov/eid/article/7/6/01-0604
http://dx.doi.org/10.1111/j.1747-0285.2011.01136.x
http://dx.doi.org/10.1007/BF00285225
http://science.sciencemag.org/content/303/5665/1813.abstract
http://aac.asm.org/content/50/10/3435.abstract
http://www.sciencedirect.com/science/article/pii/S1359644611002194
http://www.sciencedirect.com/science/article/pii/S128645791200038X
http://dx.doi.org/10.1021/cr030107f
http://dx.doi.org/10.1038/nrd1549
http://www.sciencedirect.com/science/article/pii/S1359644606001784


 
 

70 

Kontoyianni, M., Madhav, P., Suchanek, E., & Seibel, W. 2008. Theoretical and Practical Considerations 
in Virtual Screening: A Beaten Field? Current Medicinal Chemistry, 15, (2) 107-116 

Koshland, D.E. 1958. Application of a Theory of Enzyme Specificity to Protein Synthesis. Proc Natl 
Acad Sci U S A., 44, (2) 98-104 

Kotiranta, A., Lounatmaa, K., & Haapasalo, M. 2000. Epidemiology and pathogenesis of Bacillus cereus 
infections. Microbes and Infection, 2, (2) 189-198 available from: 
http://www.sciencedirect.com/science/article/pii/S1286457900002690  

KrennHrubec, K., Marshall, B.L., Hedglin, M., Verdin, E., & Ulrich, S.M. 2007. Design and evaluation 
of 'Linkerless' hydroxamic acids as selective HDAC8 inhibitors. Bioorganic & Medicinal Chemistry 
Letters, 17, (10) 2874-2878 available from: 
http://www.sciencedirect.com/science/article/pii/S0960894X07002612  

Krogsgaard-Larsen, P., Liljefors, T., & Madsen, U. 2002. Textbook of Drug Design and Discovery, 3rd 
ed. 

Laaberki, M.H., Pfeffer, J., Clarke, A.J., & Dworkin, J. 2011. O-Acetylation of Peptidoglycan Is Required 
for Proper Cell Separation and S-layer Anchoring in Bacillus anthracis. Journal of Biological Chemistry, 
286, (7) 5278-5288 available from: http://www.jbc.org/content/286/7/5278.abstract  

Leach, A.R., Hann, M.M., Burrows, J.N., & Griffen, E.J. 2006. Fragment screening: an introduction. 
Molecular BioSystems, 2, (9) 429-446 available from: http://dx.doi.org/10.1039/B610069B  

Lengauer, T. & Rarey, M. 1996. Computational methods for biomolecular docking. Current Opinion in 
Structural Biology, 6, (3) 402-406 available from: 
http://www.sciencedirect.com/science/article/pii/S0959440X96800613  

Lepre, C.A., Moore, J.M., & Peng, J.W. 2004. Theory and Applications of NMR-Based Screening in 
Pharmaceutical Research. Chemical Reviews, 104, (8) 3641-3676 available from: 
http://dx.doi.org/10.1021/cr030409h  

Levitt, N.C., Eskens, F.A.L.M., O'Byrne, K.J., Propper, D.J., Denis, L.J., Owen, S.J., Choi, L., Foekens, 
J.A., Wilner, S., Wood, J.M., Nakajima, M., Talbot, D.C., Steward, W.P., Harris, A.L., & Verweij, J. 
2001. Phase I and Pharmacological Study of the Oral Matrix Metalloproteinase Inhibitor, MMI270 
(CGS27023A), in Patients with Advanced Solid Cancer. Clinical Cancer Research, 7, (7) 1912 available 
from: http://clincancerres.aacrjournals.org/content/7/7/1912.abstract  

Lipinski, C.A., Lombardo, F., Dominy, B.W., & Feeney, P.J. 2001a. Experimental and computational 
approaches to estimate solubility and permeability in drug discovery and development settings. Advanced 
Drug Delivery Reviews, 46, (1-3) 3-26 available from: 
http://www.sciencedirect.com/science/article/pii/S0169409X00001290  

Lipinski, C.A., Lombardo, F., Dominy, B.W., & Feeney, P.J. 2001b. Experimental and computational 
approaches to estimate solubility and permeability in drug discovery and development settings1. 

http://www.sciencedirect.com/science/article/pii/S1286457900002690
http://www.sciencedirect.com/science/article/pii/S0960894X07002612
http://www.jbc.org/content/286/7/5278.abstract
http://dx.doi.org/10.1039/B610069B
http://www.sciencedirect.com/science/article/pii/S0959440X96800613
http://dx.doi.org/10.1021/cr030409h
http://clincancerres.aacrjournals.org/content/7/7/1912.abstract
http://www.sciencedirect.com/science/article/pii/S0169409X00001290


 
 

71 

Advanced Drug Delivery Reviews, 46, (1Çô3) 3-26 available from: 
http://www.sciencedirect.com/science/article/pii/S0169409X00001290  

Little, D.J., Bamford, N.C., Pokrovskaya, V., Robinson, H., Nitz, M., & Howell, P.L. 2014. Structural 

Basis for the De-N-acetylation of Poly--1,6-N-acetyl-d-glucosamine in Gram-positive Bacteria. Journal 
of Biological Chemistry, 289, (52) 35907-35917 available from: 
http://www.jbc.org/content/289/52/35907.abstract  

Little, D.J., Poloczek, J., Whitney, J.C., Robinson, H., Nitz, M., & Howell, P.L. 2012. The Structure- and 
Metal-dependent Activity of Escherichia coli PgaB Provides Insight into the Partial De-N-acetylation of 
Poly-â-1,6-N-acetyl-d-glucosamine. Journal of Biological Chemistry, 287, (37) 31126-31137 available 
from: http://www.jbc.org/content/287/37/31126.abstract  

Lyne, P.D. 2002. Structure-based virtual screening: an overview. Drug Discovery Today, 7, (20) 1047-
1055 available from: http://www.sciencedirect.com/science/article/pii/S1359644602024832  

Makowska-Grzyska, M., Kim, Y., Maltseva, N., Osipiuk, J., Gu, M., Zhang, M., Mandapati, K., 
Gollapalli, D.R., Gorla, S.K., Hedstrom, L., & Joachimiak, A. 2015. A Novel Cofactor-binding Mode in 
Bacterial IMP Dehydrogenases Explains Inhibitor Selectivity. Journal of Biological Chemistry, 290, (9) 
5893-5911 available from: http://www.jbc.org/content/290/9/5893.abstract  

Mandal, S., Moudgil, M., & Mandal, S.K. 2009. Rational drug design. European Journal of 

Pharmacology, 625, (1Çô3) 90-100 available from: 
http://www.sciencedirect.com/science/article/pii/S0014299909008784  

Marcou, G. & Rognan, D. 2007. Optimizing Fragment and Scaffold Docking by Use of Molecular 
Interaction Fingerprints. Journal of Chemical Information and Modeling , 47, (1) 195-207 available from: 
http://dx.doi.org/10.1021/ci600342e  

Marks, P.A., Richon, V.M., & Rifkind, R.A. 2000. Histone Deacetylase Inhibitors: Inducers of 
Differentiation or Apoptosis of Transformed Cells. Journal of the National Cancer Institute, 92, (15) 
1210-1216 available from: http://jnci.oxfordjournals.org/content/92/15/1210.abstract  

Matsuhashi, M. 1994, "Chapter 4 Utilization of lipid-linked precursors and the formation of 
peptidoglycan in the process of cell growth and division: membrane enzymes involved in the final steps 
of peptidoglycan synthesis and the mechanism of their regulation," In New Comprehensive Biochemistry 
Bacterial Cell Wall, Volume 27 ed. J.-M. G. and, ed., Elsevier, pp. 55-71. 

McGovern, S.L. & Shoichet, B.K. 2003. Information Decay in Molecular Docking Screens against Holo, 
Apo, and Modeled Conformations of Enzymes. Journal of Medicinal Chemistry, 46, (14) 2895-2907 
available from: http://dx.doi.org/10.1021/jm0300330  

McLean, R.J.C., Lam, J.S., & Graham, L.L. 2012. Training the Biofilm Generationa Tribute to J. W. 
Costerton. Journal of Bacteriology, 194, (24) 6706-6711 available from: 
http://jb.asm.org/content/194/24/6706.short  

http://www.sciencedirect.com/science/article/pii/S0169409X00001290
http://www.jbc.org/content/289/52/35907.abstract
http://www.jbc.org/content/287/37/31126.abstract
http://www.sciencedirect.com/science/article/pii/S1359644602024832
http://www.jbc.org/content/290/9/5893.abstract
http://www.sciencedirect.com/science/article/pii/S0014299909008784
http://dx.doi.org/10.1021/ci600342e
http://jnci.oxfordjournals.org/content/92/15/1210.abstract
http://dx.doi.org/10.1021/jm0300330
http://jb.asm.org/content/194/24/6706.short


 
 

72 

Meldrum, N.U. & Roughton, F.J.W. 1933. Carbonic anhydrase. Its preparation and properties. The 
Journal of Physiology, 80, (2) 113-142 available from: http://dx.doi.org/10.1113/jphysiol.1933.sp003077  

Mesnage, S., Fontaine, T., Mignot, T., Delepierre, M., Mock, M., & Fouet, A. 2000. Bacterial SLH 
domain proteins are non-covalently anchored to the cell surface via a conserved mechanism involving 
wall polysaccharide pyruvylation. EMBO J, 19, (17) 4473-4484 

Meyrand, M., Boughammoura, A., Courtin, P., Mezange, C., & Guillot, A. 2007. Peptidoglycan N-
acetylglucosamine deacetylation decreases autolysis in Lactococcus lactis. Microbiology, 153, 3275-3285 

Milani, C.J., Aziz, R.K., Locke, J.B., Dahesh, S., Nizet, V., & Buchanan, J.T. 2010. The novel 
polysaccharide deacetylase homologue Pdi contributes to virulence of the aquatic pathogen Streptococcus 
iniae. Microbiology, 156, 543-554 

Mock, M. & Fouet, A. 2001. Anthrax. Annual Review of Microbiology, 55, (1) 647-671 available from: 
http://dx.doi.org/10.1146/annurev.micro.55.1.647 Accessed 5 September 2016. 

Mohammadi, T., van Dam, V., Sijbrandi, R., Vernet, T., Zapun, A., Bouhss, A., Diepeveen-de Bruin, M., 
Nguyen-Disteche, M., de Kruijff, B., & Breukink, E. 2011. Identification of FtsW as a transporter of 
lipid-linked cell wall precursors across the membrane. EMBO J., 30, (8) 1425-1432 

Molnár, J. & Prágai, B. 1971. Attempts to detect the presence of teichoic acid in Bacillus anthracis. Acta 
Microbiol Acad Sci Hung., 18, (2) 105-108 

Moynihan, P.J. & Clarke, A.J. 2010. O-Acetylation of Peptidoglycan in Gram-negative Bacteria: 
identification and characterization of peptidoglycan O-acetyltransferase in Neisseria gonorrhoeae . 
Journal of Biological Chemistry, 285, (17) 13264-13273 available from: 
http://www.jbc.org/content/285/17/13264.abstract  

Moynihan, P.J., Sychantha, D., & Clarke, A.J. 2014. Chemical biology of peptidoglycan acetylation and 
deacetylation. Bioorganic Chemistry, 54, 44-50 available from: 
http://www.sciencedirect.com/science/article/pii/S0045206814000248  

Murcko, M.A. 1995. Computational Methods to Predict Binding Free Energy in Ligand-Receptor 
Complexes. Journal of Medicinal Chemistry, 38, (26) 4953-4967 available from: 
http://dx.doi.org/10.1021/jm00026a001  

Murson, R.S. & Glaser, L. 1981. Teichoic acid and peptidoglycan assembly in Gram-positive organisms. 
Biology of Carbohydrates, 1, 91-121 

Nammalwar, B., Bourne, C.R., Wakeham, N., Bourne, P.C., Barrow, E.W., Muddala, N.P., Bunce, R.A., 
Berlin, K.D., & Barrow, W.W. 2015. Modified 2,4-diaminopyrimidine-based dihydrofolate reductase 
inhibitors as potential drug scaffolds against Bacillus anthracis. Bioorganic & Medicinal Chemistry, 23, 
(1) 203-211 available from: http://www.sciencedirect.com/science/article/pii/S0968089614007834  

http://dx.doi.org/10.1113/jphysiol.1933.sp003077
http://dx.doi.org/10.1146/annurev.micro.55.1.647
http://www.jbc.org/content/285/17/13264.abstract
http://www.sciencedirect.com/science/article/pii/S0045206814000248
http://dx.doi.org/10.1021/jm00026a001
http://www.sciencedirect.com/science/article/pii/S0968089614007834


 
 

73 

Olsson, T.S.G., Williams, M.A., Pitt, W.R., & Ladbury, J.E. 2008. The Thermodynamics of Protein-
Ligand Interaction and Solvation: Insights for Ligand Design. Journal of Molecular Biology, 384, (4) 
1002-1017 available from: http://www.sciencedirect.com/science/article/pii/S0022283608012473  

Ou, L.T. & Marquis, R.E. 1970. Electromechanical Interactions in Cell Walls of Gram-Positive Cocci. 
Journal of Bacteriology, 101, (1) 92-101 available from: http://jb.asm.org/content/101/1/92.abstract  

Peters, C.W., Kruse, U., Pollwein, R., Grzeschik, K.H., & Sippel, A.E. 1989. The human lysozyme gene. 
European Journal of Biochemistry, 182, (3) 507-516 available from: http://dx.doi.org/10.1111/j.1432-
1033.1989.tb14857.x  

Psylinakis, E., Boneca, I.G., Mavromatis, K., Deli, A., Hayhurst, E., Foster, S.J., V+Ñrum, K.M., & 
Bouriotis, V. 2005. Peptidoglycan N-Acetylglucosamine Deacetylases from Bacillus cereus, Highly 
Conserved Proteins in Bacillus anthracis. Journal of Biological Chemistry, 280, (35) 30856-30863 
available from: http://www.jbc.org/content/280/35/30856.abstract  

Radnedge, L., Agron, P.G., Hill, K.K., Jackson, P.J., Ticknor, L.O., Keim, P., & Andersen, G.L. 2003. 
Genome Differences That Distinguish Bacillus anthracis from Bacillus cereus and Bacillus thuringiensis. 
Applied and Environmental Microbiology, 69, (5) 2755-2764 available from: 
http://aem.asm.org/content/69/5/2755.abstract  

Raymond, J.B., Mahapatra, S., Crick, D.C., & Pavelka, M.S. 2005. Identification of the namH Gene, 
Encoding the Hydroxylase Responsible for the N-Glycolylation of the Mycobacterial Peptidoglycan. 
Journal of Biological Chemistry, 280, (1) 326-333 available from: 
http://www.jbc.org/content/280/1/326.abstract  

Ripphausen, P., Nisius, B., Peltason, L., & Bajorath, J.+. 2010. Quo Vadis, Virtual Screening? A 
Comprehensive Survey of Prospective Applications. Journal of Medicinal Chemistry, 53, (24) 8461-8467 
available from: http://dx.doi.org/10.1021/jm101020z  

Rognan, D. 2011, "Docking Methods for Virtual Screening: Principles and Recent Advances," In Virtual 
Screening, Wiley-VCH Verlag GmbH & Co. KGaA, pp. 153-176. 

Ryan, K.J. & Ray, C.G. 2004. Sherris Medical Microbiology, 4th ed. 

Salum, L.B., Polikarpov, I., & Andricopulo, A.D. 2008. Structure-Based Approach for the Study of 
Estrogen Receptor Binding Affinity and Subtype Selectivity. Journal of Chemical Information and 
Modeling, 48, (11) 2243-2253 available from: http://dx.doi.org/10.1021/ci8002182  

Schneider, G. 2010. Virtual screening: an endless staircase? Nat Rev Drug Discov, 9, (4) 273-276 
available from: http://dx.doi.org/10.1038/nrd3139  

Shoichet, B.K. & Kobilka, B.K. Structure-based drug screening for G-protein-coupled receptors. Trends 
in Pharmacological Sciences, 33, (5) 268-272 available from: http://dx.doi.org/10.1016/j.tips.2012.03.007 
Accessed 8 January 2017. 

http://www.sciencedirect.com/science/article/pii/S0022283608012473
http://jb.asm.org/content/101/1/92.abstract
http://dx.doi.org/10.1111/j.1432-1033.1989.tb14857.x
http://dx.doi.org/10.1111/j.1432-1033.1989.tb14857.x
http://www.jbc.org/content/280/35/30856.abstract
http://aem.asm.org/content/69/5/2755.abstract
http://www.jbc.org/content/280/1/326.abstract
http://dx.doi.org/10.1021/jm101020z
http://dx.doi.org/10.1021/ci8002182
http://dx.doi.org/10.1038/nrd3139
http://dx.doi.org/10.1016/j.tips.2012.03.007


 
 

74 

Shuker, S.B., Hajduk, P.J., Meadows, R.P., & Fesik, S.W. 1996. Discovering High-Affinity Ligands for 
Proteins: SAR by NMR. Science, 274, (5292) 1531 available from: 
http://science.sciencemag.org/content/274/5292/1531.abstract  

Simmons, K.J., Chopra, I., & Fishwick, C.W.G. 2010. Structure-based discovery of antibacterial drugs. 
Nat Rev Micro, 8, (7) 501-510 available from: http://dx.doi.org/10.1038/nrmicro2349  

Sorbara, M.T. & Philpott, D.J. 2011. Peptidoglycan: a critical activator of the mammalian immune system 
during infection and homeostasis. Immunological Reviews, 243, (1) 40-60 available from: 
http://dx.doi.org/10.1111/j.1600-065X.2011.01047.x  

Spitzer, G.M., Heiss, M., Mangold, M., Markt, P., Kirchmair, J., Wolber, G., & Liedl, K.R. 2010. One 
Concept, Three Implementations of 3D Pharmacophore-Based Virtual Screening: Distinct Coverage of 
Chemical Search Space. Journal of Chemical Information and Modeling , 50, (7) 1241-1247 available 
from: http://dx.doi.org/10.1021/ci100136b  

Suarez, G., Romero-Gallo, J., Piazuelo, M.B., Wang, G., Maier, R.J., Forsberg, L.S., Azadi, P., Gomez, 
M.A., Correa, P., & Peek, R.M. 2015. Modification of Helicobacter pylori Peptidoglycan Enhances 
NOD1 Activation and Promotes Cancer of the Stomach. Cancer Research, 75, (8) 1749-1759 available 
from: http://cancerres.aacrjournals.org/content/75/8/1749.abstract  

Subha, K., Kumar, G.R., Rajalakshmi, R., & Aravindhan, G. 2010. A Novel Strategy for Mechanism 
Based Computational Drug Discovery. Biomarkers in Cancer, 2, (1910-BIC-A-Novel-Strategy-for-
Mechanism-Based-Computational-Drug-Discovery.pdf) 35-42 available from: 
http://insights.sagepub.com/a-novel-strategy-for-mechanism-based-computational-drug-discovery-article-
a1910  

Supuran, C.T., Carta, F., & Scozzafava, A. 2013. Metalloenzyme inhibitors for the treatment of Gram-
negative bacterial infections: a patent review. Expert Opin Ther Pat., 23, (7) 777-788 

Taylor, R.D., Jewsbury, P.J., & Essex, J.W. 2002. A review of protein-small molecule docking methods. 
Journal of Computer-Aided Molecular Design, 16, (3) 151-166 available from: 
http://dx.doi.org/10.1023/A:1020155510718  

Taylor, R., Kennard, O., & Versichel, W. 1983. Geometry of the imino-carbonyl (N-H...O:C) hydrogen 
bond. 1. Lone-pair directionality. Journal of the American Chemical Society, 105, (18) 5761-5766 
available from: http://dx.doi.org/10.1021/ja00356a010  

ten Brink, T. & Exner, T.E. 2009. Influence of Protonation, Tautomeric, and Stereoisomeric States on 

ProteinLigand Docking Results. Journal of Chemical Information and Modeling , 49, (6) 1535-1546 
available from: http://dx.doi.org/10.1021/ci800420z  

Teotico, D.G., Babaoglu, K., Rocklin, G.J., Ferreira, R.S., Giannetti, A.M., & Shoichet, B.K. 2009. 
Docking for fragment inhibitors of AmpC b-lactamase. Proceedings of the National Academy of Sciences, 
106, (18) 7455-7460 available from: http://www.pnas.org/content/106/18/7455.abstract  

http://science.sciencemag.org/content/274/5292/1531.abstract
http://dx.doi.org/10.1038/nrmicro2349
http://dx.doi.org/10.1111/j.1600-065X.2011.01047.x
http://dx.doi.org/10.1021/ci100136b
http://cancerres.aacrjournals.org/content/75/8/1749.abstract
http://insights.sagepub.com/a-novel-strategy-for-mechanism-based-computational-drug-discovery-article-a1910
http://insights.sagepub.com/a-novel-strategy-for-mechanism-based-computational-drug-discovery-article-a1910
http://dx.doi.org/10.1023/A:1020155510718
http://dx.doi.org/10.1021/ja00356a010
http://dx.doi.org/10.1021/ci800420z
http://www.pnas.org/content/106/18/7455.abstract


 
 

75 

Todeschini, R. & Consonni, V. Handbook of Molecular Descriptors. Wiley-VCH: Weinheim, Germany. 
[11]. 4-3-2008. Methods and Principles in Medicinal Chemistry. Mannhold, R., Kybinyi, H, and Folkers, 
G.  
Ref Type: Serial (Book,Monograph) 

Trott, O. & Olson, A.J. 2010. AutoDock Vina: Improving the speed and accuracy of docking with a new 
scoring function, efficient optimization, and multithreading. Journal of Computational Chemistry, 31, (2) 
455-461 available from: http://dx.doi.org/10.1002/jcc.21334  

Tsigos, I., Martinou, A., Kafetzopoulos, D., & Bouriotis, V. 2000. Chitin deacetylases: new, versatile 
tools in biotechnology. Trends in Biotechnology, 18, (7) 305-312 available from: 
http://dx.doi.org/10.1016/S0167-7799(00)01462-1 Accessed 11 September 2016. 

Turk, B.E. 2008. Discovery and Development of Anthrax Lethal Factor Metalloproteinase Inhibitors. 
Current Pharmaceutical Biotechnology, 9, (1) 24-33 available from: 
http://www.eurekaselect.com/node/66322/article  

Vakulenko, S.B. & Mobashery, S. 2003. Versatility of Aminoglycosides and Prospects for Their Future. 
Clinical Microbiology Reviews, 16, (3) 430-450 available from: 
http://cmr.asm.org/content/16/3/430.abstract  

van Heijenoort, J. 2007. Lipid Intermediates in the Biosynthesis of Bacterial Peptidoglycan. Microbiology 
and Molecular Biology Reviews, 71, (4) 620-635 available from: 
http://mmbr.asm.org/content/71/4/620.abstract  

Verdonk, M.L., Berdini, V., Hartshorn, M.J., Mooij, W.T.M., Murray, C.W., Taylor, R.D., & Watson, P. 

2004. Virtual Screening Using ProteinLigand Docking: Avoiding Artificial Enrichment. Journal of 
Chemical Information and Computer Sciences, 44, (3) 793-806 available from: 
http://dx.doi.org/10.1021/ci034289q  

Vieth, M., Siegel, M.G., Higgs, R.E., Watson, I.A., Robertson, D.H., Savin, K.A., Durst, G.L., & 
Hipskind, P.A. 2004. Characteristic Physical Properties and Structural Fragments of Marketed Oral 
Drugs. Journal of Medicinal Chemistry, 47, (1) 224-232 available from: 
http://dx.doi.org/10.1021/jm030267j  

Villoutreix, B.O., Renault, N., Lagorce, D., Sperandio, O., Montes, M., & Miteva, M.A. 2007. Free 
Resources to Assist Structure-Based Virtual Ligand Screening Experiments. Current Protein & Peptide 
Science, 8, (4) 381-411 

Vollmer, W. 2008. Structural variation in the glycan strands of bacterial peptidoglycan. FEMS 
Microbiology Reviews, 32, (2) 287 available from: 
http://femsre.oxfordjournals.org/content/32/2/287.abstract  

Vollmer, W., Blanot, D., & De Pedro, M.A. 2008. Peptidoglycan structure and architecture. FEMS 
Microbiology Reviews, 32, (2) 149 available from: 
http://femsre.oxfordjournals.org/content/32/2/149.abstract  

http://dx.doi.org/10.1002/jcc.21334
http://dx.doi.org/10.1016/S0167-7799(00)01462-1
http://www.eurekaselect.com/node/66322/article
http://cmr.asm.org/content/16/3/430.abstract
http://mmbr.asm.org/content/71/4/620.abstract
http://dx.doi.org/10.1021/ci034289q
http://dx.doi.org/10.1021/jm030267j
http://femsre.oxfordjournals.org/content/32/2/287.abstract
http://femsre.oxfordjournals.org/content/32/2/149.abstract


 
 

76 

Vollmer, W. & Hoeltje, J.V. 2004. The Architecture of the Murein (Peptidoglycan) in Gram-Negative 
Bacteria: Vertical Scaffold or Horizontal Layer(s)? Journal of Bacteriology, 186, (18) 5978-5987 
available from: http://jb.asm.org/content/186/18/5978.short  

Vollmer, W. & Tomasz, A. 2000. The pgdA Gene Encodes for a PeptidoglycanN-Acetylglucosamine 
Deacetylase in Streptococcus pneumoniae. Journal of Biological Chemistry, 275, (27) 20496-20501 
available from: http://www.jbc.org/content/275/27/20496.abstract  

Wang, R., Lu, Y., & Wang, S. 2003. Comparative Evaluation of 11 Scoring Functions for Molecular 
Docking. Journal of Medicinal Chemistry, 46, (12) 2287-2303 available from: 
http://dx.doi.org/10.1021/jm0203783  

Warren, G.L., Andrews, C.W., Capelli, A.M., Clarke, B., LaLonde, J., Lambert, M.H., Lindvall, M., 
Nevins, N., Semus, S.F., Senger, S., Tedesco, G., Wall, I.D., Woolven, J.M., Peishoff, C.E., & Head, 
M.S. 2006. A Critical Assessment of Docking Programs and Scoring Functions. Journal of Medicinal 
Chemistry, 49, (20) 5912-5931 available from: http://dx.doi.org/10.1021/jm050362n  

Waszkowycz, B. 2008. Towards improving compound selection in structure-based virtual screening. 

Drug Discovery Today, 13, (56) 219-226 available from: 
http://www.sciencedirect.com/science/article/pii/S1359644607005065  

Watnick, P. & Kolter, R. 2000. Biofilm, City of Microbes. Journal of Bacteriology, 182, (10) 2675-2679 
available from: http://jb.asm.org/content/182/10/2675.short  

Weadge, J.T., Pfeffer, J.M., & Clarke, A.J. 2005. Identification of a new family of enzymes with potential 
O-acetylpeptidoglycan esterase activity in both Gram-positive and Gram-negative bacteria. BMC 
Microbiology, 5, (1) 1-15 available from: http://dx.doi.org/10.1186/1471-2180-5-49  

Wermuth, C. G., Ganellin, C. R., Lindberg, P., & Mitscher, L. A. Glossary of terms used in medicinal 
chemistry (IUPAC Recommendations 1998). Pure and Applied Chemistry. pac 70, 1129. 1998. 9-1-2017.  
Ref Type: Generic 

Wiesner, J. & Vilcinskas, A. 2010. Antimicrobial peptides: The ancient arm of the human immune 
system. Virulence, 1, (5) 440-464 available from: http://dx.doi.org/10.4161/viru.1.5.12983  

Williams, D.H., Stephens, E., O'Brien, D.P., & Zhou, M. 2004. Understanding Noncovalent Interactions: 
Ligand Binding Energy and Catalytic Efficiency from Ligand-Induced Reductions in Motion within 
Receptors and Enzymes. Angewandte Chemie International Edition , 43, (48) 6596-6616 available from: 
http://dx.doi.org/10.1002/anie.200300644  

Wilson, G.L. & Lill, M.A. 2011. Integrating structure-based and ligand-based approaches for 
computational drug design. Future Medicinal Chemistry, 3, (6) 735-750 available from: 
http://dx.doi.org/10.4155/fmc.11.18 Accessed 8 January 2017. 

http://jb.asm.org/content/186/18/5978.short
http://www.jbc.org/content/275/27/20496.abstract
http://dx.doi.org/10.1021/jm0203783
http://dx.doi.org/10.1021/jm050362n
http://www.sciencedirect.com/science/article/pii/S1359644607005065
http://jb.asm.org/content/182/10/2675.short
http://dx.doi.org/10.1186/1471-2180-5-49
http://dx.doi.org/10.4161/viru.1.5.12983
http://dx.doi.org/10.1002/anie.200300644
http://dx.doi.org/10.4155/fmc.11.18


 
 

77 

Xu, H. & Liu, Y. 2011. Reduced microbial attachment by d-amino acid-inhibited AI-2 and EPS 
production. Water Research, 45, (17) 5796-5804 available from: 
http://www.sciencedirect.com/science/article/pii/S0043135411005136  

Zakowska, D., Bartoszcze, M., Niemcewicz, M., ielawska-Drózd, A., Knap, J., Cieœlik, P., 
Chomiczewski, K., & Kocik, J. 2015. Bacillus anthracis infections--new possibilities of treatment. Ann 
Agric Environ Med., 22, (2) 202-207 

Zaveri, K., Chaitanya, A.K., & Reddy, I.B. 2015. Virtual Screening and Docking Studies of Identified 
Potential Drug Target: Polysaccharide Deacetylase in Bacillus anthracis. International Letters of Natural 
Sciences, 34, 70-77 
 

 

http://www.sciencedirect.com/science/article/pii/S0043135411005136

