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ABSTRACT 

ATP-competitive inhibitors of DNA gyrase and topoisomerase IV (topo IV) are among the most 

interesting classes of antibacterial drugs that do not have any representative in the antibacterial 

pipeline. We have developed thirty-two new N-phenylpyrrolamides and evaluated them against 

DNA gyrase and topoisomerase IV from Escherichia coli and Staphylococcus aureus. Antibacterial 

activities were studied against Gram-positive and Gram-negative bacterial strains. The most potent 

compound displayed an IC50 of 47 nM against E. coli DNA gyrase, and a minimum inhibitory 

concentration (MIC) of 12.5 µM against Gram-positive Enterococcus faecalis. Some compounds 

displayed good antibacterial activities against the efflux pump deficient E. coli strain (MICs = 6.25 

µM) and against wild type E. coli in the presence of efflux pump inhibitor PA#N (MIC = 3.13 

µM). We describe here new findings regarding structure-activity relationship of N-

phenylpyrrolamide DNA gyrase B inhibitors and explore factors that are important for antibacterial 

activity of this class of compounds. 
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INTRODUCTION 

Infections are among the major causes of human morbidity and mortality and the pharmaceutical 

industry is not able to keep up with the growing needs for effective novel antibacterials. The main 

reason for this situation is the rapid adaptation of bacteria to antibiotics, which results in the 

development of resistance soon after antibacterial drugs are introduced to therapy.[1] Another 

problem is the low number of new approved antibacterial drugs in the last decades, which is 

associated with the strict regulatory requirements and relatively low cost-to-benefit ratio for 

antibacterial R&D compared to other pharmacological fields.[2][3] 

Bacterial topoisomerases are enzymes that catalyse changes in DNA topology during DNA 

replication, transcription and recombination. They are essential in all bacteria but absent in higher 

eukaryotes, which makes them attractive targets for antibacterial drug discovery. DNA gyrase is 

involved primarily in the negative supercoiling of DNA, while topoisomerase IV is responsible 

mainly for the decatenation of the two daughter chromosomes after replication. DNA gyrase and 

topoisomerase IV both belong to type IIA topoisomerases. They are heterotetrameric enzymes 

composed of two pairs of subunits: two GyrA and two GyrB subunits in DNA gyrase, and two 

ParC and two ParE subunits in topoisomerase IV. The GyrA and GyrB subunits of DNA gyrase 

are similar in amino acid sequence to the ParC and ParE subunits of topoisomerase IV, respectively. 

The main function of GyrA/ParC is cleavage and reunion of DNA, whereas GyrB/ParE binds ATP, 

which is crucial for providing the energy for the conformational movements of the enzyme, 

required for the ligation process.[4] 

There are two main mechanisms of action of drugs targeting DNA gyrase and topoisomerase IV. 

The first is stabilisation of the covalent enzymeÐDNA complex, which is typical for the 

fluoroquinolone class of antibacterials.[5] The presence of some serious side effects together with 

the growing bacterial resistance to fluoroquinolones has stimulated the search for inhibitors 

targeting various binding sites on DNA gyrase.[6] The second possible mechanism of action of drugs 

targeting DNA gyrase and topoisomerase IV involves inhibition of ATP binding on the GyrB/ParE 

subunit. Novobiocin, a natural aminocoumarin antibiotic that was withdrawn from the clinic 

because of toxicity, is a classic example of ATP-competitive GyrB inhibitors. In recent decades, 

several new scaffolds have been identified as GyrB and/or ParE inhibitors, such as pyridylureas,[7] 

pyrimidinoindoles,[8] pyrrolopyrimidines,[9] benzimidazole ureas,[10] pyrrolamides,[11] and 

pyrazolopyridones[12] (Figure 1). Even though some of the new inhibitors have advanced to Phase 
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I, none of them has so far reached clinical practice.[13] In the present study, we describe a new series 

of DNA gyrase (GyrB) and topoisomerase IV (ParE) inhibitors, resulting in optimised on-target 

and antibacterial activities. 

 
Figure 1. Representative inhibitors of DNA gyrase (GyrB) and topoisomerase IV (ParE), and their IC50, Ki and MIC 

(S. aureus) values. 

 

RESULTS AND DISCUSSION 

Design. The design of the present series of compounds was based on the crystal structure of N-

phenylpyrrolamide inhibitor A in complex with E. coli DNA gyrase B (Figure 2, PDB code: 

4ZVI),[14] and was aimed at improving its GyrB/ParE inhibitory potency and antibacterial activity. 

Three structural types of compounds (type I-III, Figure 2) were prepared, in which we introduced 

modifications proposed by the detailed study of the binding mode of inhibitor A in the GyrB active 

site, and by molecular docking (Figure 3). In all structural types (I-III) we have retained the 

adjacent hydrogen bond donor (pyrrole NH) and hydrogen bond acceptor (pyrrolamide C=O) 

groups that are necessary for establishing the H-bonding network with Asp73 (E. coli numbering) 

and the structurally conserved water molecule (Figure 2). The amide NH of the pyrrolamide moiety 

was left unsubstituted because it is important for indirect contacts with Asn46 through a crystal 
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water molecule. In some derivatives, we have replaced the 4,5-dibromo-1H-pyrrole group on the 

left-hand side of the molecules with 3,4-dichloro-5-methyl-1H-pyrrole. Thus far, replacing the 4,5-

dibromo-1H-pyrrole moiety by 4-bromo-1H-pyrrole, 1H-indole, or by 4,5-dichloro-1H-pyrrole 

resulted in weaker activity.[14-15] The 3,4-dichloro-5-methyl-1H-pyrrole was selected because the 

chlorine atoms are slightly smaller than the bromine atoms and are thus proposed to bind more 

strongly, not only to DNA gyrase, but also to the slightly smaller binding pockets of S. aureus 

DNA gyrase and topoisomerase IV.[4b,16] Additionally, the 3,4-dichloro-5-methylpyrrole moiety is 

found e.g. in kibdelomycin, a complex antibiotic isolated from extracts of the soil bacterium 

Kibdelosporangium sp.,[17] and in some pyrrolamide DNA gyrase B inhibitors developed by 

AstraZeneca.[11d] 

The right-hand side of the molecules was designed to contain groups able to form ionic 

interactions with Arg136 (e.g. carboxylic acid groups) or $-stacking interactions with the Glu50-

Arg76 salt bridge (e.g. 4-amino-2-hydroxybenzoic acid or 1,3,4-oxadiazol-2-one ring). Whereas 

type I compounds were all glycine derivatives, in some type II compounds, the carboxamide N-

substituent was varied from carboxymethyl (n = 1, Figure 2) to the 2-carboxyethyl group (n = 2, 

Figure 2). In order to improve transport across the bacterial cell membranes, the ionizable terminal 

carboxylic acid functionality was replaced in some type I and type II compounds by its less acidic 

bioisostere 1,3,4-oxadiazol-2-one. The 1,3,4-oxadiazol-2-one ring was proposed to form similar 

interactions with Arg136 as does the terminal carboxylic group, but its lower acidity promises 

better permeability across bacterial membranes and, consequently, better antibacterial activity.[7] 

Additionally, some type I and type II compounds with terminal hydrazide groups were analyzed. 

With the type II series, we have introduced additional alkoxy substituents to the 3-position of the 

central benzene ring. The preliminary docking studies have indicated the possibility of additional 

hydrophobic contacts between these groups and the lipophilic floor of the enzyme formed by the 

amino acid residues Ile94, Ile78, Val120 and Val167 (Figure 3). The size of substituents was 

increased from methoxy, through isopropoxy, to the benzyloxy group. 

Based on the relatively high activity of one of our previously reported inhibitors with only a short 

COCH3 substituent on the para position of the central aminobenzene ring (i.e. N-(4-acetylphenyl)-

4,5-dibromo-1H-pyrrole-2-carboxamide, IC50 = 1.6 µM),[15b] we decided to further explore the 

chemical space around this molecule by preparing a small library of its analogues (type III 

compounds, Figure 2). Analogues were prepared with carboxylic groups attached directly to the 
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central phenyl ring (X = OH, Y = H, Figure 2), compounds with an additional hydroxyl group on 

the phenyl ring (X = OH, Y = OH, Figure 2), and compounds with an acetophenone functionality 

(X = CH3, Y = H, Figure 2). To determine the influence of increased length of the molecules on 

gyrase B and topoisomerase IV inhibition, we prepared a compound with an additional aromatic 

ring (X = 4-NH2-2-OH-(C6H3)-COOH, Y = H, Figure 2). The structure-activity relationships (SAR) 

of all the prepared compounds were studied, enabling the essential structural elements for 

GyrB/ParE inhibition and for antibacterial activity to be determined. 

 

 

Figure 2. Design of three structural types (I-III) of N-phenylpyrrolamides as DNA gyrase B inhibitors, based on the 

co-crystal structure of the inhibitor A Ð GyrB (E. coli) (PDB code: 4ZVI[14]). 

 
































































