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1. Introduction 
 

1.1. The antibiotic resistance crisis 

 

The discovery of antibiotics more than 90 years ago initiated a period of drug innovation 

and widespread implementation in healthcare and agriculture. They have provided an outstanding 

contribution to increase the life span by changing the outcome of several community-acquired and 

health care-associated bacterial infections, and they play a pivotal role in the success of some 

advanced medical practices (such as organ transplants and anti-cancer chemotherapy). 

Unfortunately, unlike most other drugs, antibiotics tend to lose their efficacy over time due to the 

emergence and dissemination of antibiotic resistance among bacterial pathogens.  

The emergence of resistance traits to multiple classes of antibiotics, resulting in strains with 

multidrug-resistance (MDR) phenotypes, has progressively narrowed the available treatment 

options for many pathogens. In the case of some Gram-negative pathogens resistance developed 

for most or even all the available antimicrobial agents, resulting in extremely drug-resistant (XDR) 

or totally drug-resistant (TDR) phenotypes, which renders antibiotics unusable on certain 

infections, effectively recreating the challenges of the pre-antibiotic era. (Rossolini et al., 2014) 

Drug resistant bacterial infections are currently responsible for 700,000 worldwide deaths annually, 

and this number is predicted to rise up to 10 million by 2050, which would make antibiotic resistant 

infections the leading cause of death. (O’Neill, 2016) 

Recent results show conclusively that antibiotic resistance is a natural phenomenon that 

predates the modern selective pressure of high-scale antibiotic usage. The emergence and 

dissemination of antibiotic resistance is driven by evolutionary processes that have provided the 

bacteria their outstanding ability to adapt to challenging environments for millennia. (Aminov, 

2009; D’Costa et al., 2011) Resistance, in general, mainly can be mediated by two mechanisms: 

chromosomal resistance mutations or horizontal gene transfer via broad host-range plasmids. The 

relative importance of these mechanisms in resistance evolution is highly variable and depends on 

the antibiotic and the bacterial pathogens considered. (Hughes & Andersson, 2015) This 

dissertation is mainly concerned with inhibitors of the Topoisomerase IV - DNA gyrase complex 
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and against those antibiotics the relevance of plasmid-mediated resistance is much lower. 

Accordingly, the work focuses on chromosomal resistance mutations. 

 

1.2. Challenges and perspectives in antibiotic development 

 

The emergence of resistance puts antibiotic development efforts in a precarious position. 

Pharmaceutical research and development costs, which are estimated to be $400–$800 million per 

approved agent, combined with an estimated 95% failure rate, pose a considerable barrier to new 

drug development in general. (Payne et al., 2007; Spellberg et al., 2004) Additionally, due to the 

rise of drug-resistant bacteria, the commercial success of antibiotic development is unpredictable. 

The biggest challenge of antibiotic development is low profitability, which is often due to 

unsustainable low prices of the drug, short treatment courses and the need for conservation. As 

older antibiotics are still effective for treating most infections, the primary value of new antibiotics 

is to treat multidrug- resistant infections and provide a protective benefit against emerging 

pathogens. As the development of resistance is hastened by use, new antibiotics are stewarded as 

a last resort, which results in low sales. (Årdal et al., 2020) Paradoxically, as the need for new 

antibiotics is greater than ever, large pharmaceutical companies have mostly abandoned the market, 

accounting for only 4 of the 42 antibiotics currently under development. (Pew Charitable Trust, 

2020; Jackson et al., 2018) 

Consequently, the main driving force of current antibiotic development is the notion of 

finding ‘resistance-proof’ antibiotics. By principle, an antibiotic could be called such if resistance 

cannot evolve, because mutations that confer clinically significant resistance are exceedingly rare. 

(Bell & MacLean, 2018) Antibiotic combination therapy has long been suggested as a potential 

strategy to overcome rapid resistance evolution. The rationale for this theory is that multiple drugs 

with different modes of action generally require the simultaneous emergence of multiple different 

mutations at all target genes to achieve resistance. The simultaneous acquisition of multiple specific 

mutations is exceedingly rare. (Munck et al., 2014; Suzuki et al., 2015) Although successful in 

many cases, antimicrobial combination therapy suffers from several limitations, such as differences 

in the pharmacodynamics of the component antibiotics, elevated toxicity compared to monotherapy 

and potentially elevated risk for Clostridium difficile and fungal infections. (Tamma et al., 2012) 
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Antibiotics with multiple independent cellular targets is an emerging alternative. There are 

multiple mechanisms by which antimicrobial compounds may inhibit multiple bacterial targets. 

(Silver, 2007) In the case of hybrid drugs, two antibiotic pharmacophores with dissimilar targets 

are covalently linked to form one molecule. (Domalaon et al., 2018. Klahn & Brönstrup, 2017) 

Other antibiotics target two or more non-overlapping regions of a single bacterial protein and 

furthermore, equipotently inhibit two or more bacterial proteins. (Oldfield & Feng, 2014; Silver, 

2007) Although it is a major focus of the pharmaceutical industry, designing multi-targeting 

antibiotics remains challenging. Until now, only a handful of antibiotic candidates displayed a 

balanced inhibition of multiple microbial targets. (Ince et al., 2002; Strahilevitz & Hooper, 2005; 

Tari et al., 2013) Additionally, due to the shortage of in-depth resistance studies, our knowledge 

on the tempo and mode of resistance development against multi-targeting antibiotics remains 

limited.  

 

1.3. DIvERGE 

 

To establish the resistance-proof nature of an antibiotic, it is essential to precisely estimate 

the rate of resistance evolution at the earliest stages of development. Unfortunately, standard 

microbial protocols are slow, have a low coverage, and may fail to predict the frequency and 

molecular mechanisms of antibiotic resistance by genomic mutations. The two most widespread 

methods, fluctuation tests and serial passage experiments, generally rely on spontaneous mutational 

processes and therefore can explore only a small fraction of the sequence space. (Bell & MacLean, 

2018) This is especially problematic in examining potential resistance against multi-targeting 

antibiotics, where a high level of resistance demands the simultaneous acquisition of multiple, rare 

mutations, many of which seemingly provide little benefit individually. 

Directed evolution with random genomic mutations (DIvERGE), a recently published 

genome engineering method from our laboratory, addresses the aforementioned shortcomings of 

current in vivo mutagenesis techniques. (Nyerges et al., 2018) DIvERGE enables mutagenesis of 

predefined long genomic regions with broad, controllable mutagenesis spectra for each nucleotide 

position. It also allows very high mutation rates of the target sequences, enables multiple rounds 
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of mutagenesis and selection, and is applicable to a range of host species without the need for prior 

genomic modification. 

DIvERGE is based on a unique single-strand DNA oligonucleotide design strategy where 

long, continuous genomic segments are covered by the alignment of partially overlapping 

mutagenized DNA oligonucleotides. Tuning of the nucleotide composition in each synthetic 

oligonucleotide ensures that each possible mutation is represented in the synthesized pool. These 

oligonucleotide pools are synthesized using a soft-randomization protocol. (Hermes et al., 1989) 

In a nutshell, soft-randomization introduces a small amount of nucleotide mixture at specific 

variable positions of the wild type sequence. It thereby generates oligonucleotides with randomly 

positioned mutations. Moreover, soft-randomization enables the precise control of the rate and 

spectrum of mutations in the targeted segment. 

The randomized oligonucleotides fully cover the locus of interest and induce mutagenesis 

at their target after incorporation. Prior works indicate that limiting the number of mismatches 

compared with the target sequence allows for an efficient genomic integration of oligonucleotides, 

while the overlapping design permits random and uniformly distributed mutagenesis along 

exceptionally long DNA segments. (Wang et al., 2011; Wang & Church, 2011) 

Similarly to prior approaches, DIvERGE proceeds via cell growth, oligo delivery and 

incorporation and mutagenesis, leading to a highly elevated genetic diversity of the mutagenized 

population. The entirety of the process is illustrated by Figure 1. 
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Figure 1. Overview of the DIvERGE method. Randomized DNA oligo synthesis precisely 

controls the rate of mutations via partially overlapping oligonucleotides. These oligonucleotides 

fully cover the locus of interest and induce mutagenesis at their target after incorporation. 

DIvERGE proceeds via cell growth (1), oligo delivery and incorporation (2), and mutagenesis (3), 

leading to a highly elevated genetic diversity of the mutagenized population (4). 

 

1.4. The DNA gyrase and Topoisomerase IV complexes and their inhibitors 

 

1.4.1. Structure and function 

 

DNA gyrase and Topoisomerase IV protein complexes offer an exceptional target for 

developing multi-targeting antibiotics, because of the homology of their corresponding subunits 

and the substantial overlap in their three-dimensional protein structures. (Bisacchi & Manchester, 

2015; Collin et al., 2011) 

Both DNA gyrase and Topoisomerase IV are type II topoisomerases. In prokaryotes they 

form heterotetramers, with two subunits, GyrA-GyrB and ParC-ParE, respectively. Broadly 

speaking, the GyrA (ParC) subunit is involved with interactions with DNA, it contains the active-
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site tyrosine responsible for DNA cleavage, and the B subunit contains the ATPase active site. 

(Champoux, 2001) 

DNA gyrase and Topoisomerase IV are involved in breaking and rejoining double-stranded 

DNA, and thus, they determine changes in DNA topology during replication. The two complexes 

have complementary roles. All topoisomerases can relax supercoiled DNA, but only DNA gyrase 

can also introduce negative supercoils in a reaction that requires the hydrolysis of ATP, whereas 

Topoisomerase IV is mainly responsible for unlinking or decatenating DNA following DNA 

replication. (Champoux, 2001; Nöllmann et al., 2007) 

Two main mechanisms are responsible for the antibacterial activity of drugs targeting DNA 

gyrase (or Topoisomerase IV). The first is the inhibition of the enzymatic activity, the second 

involves stabilization of the enzyme–DNA complex, or gyrase poisoning. It is gyrase poisoning 

that has been found to be the most effective mode of action of inhibitors of DNA gyrase and other 

topoisomerases. This is because relatively low occupancy of an inhibitor bound to its target can 

lead to sufficient protein-stabilized breaks in DNA to initiate a cascade of events that ultimately 

result in cell death. In bacteria, this is thought to involve chromosome fragmentation, the induction 

of the SOS response, and the production of reactive oxygen species. (Drlica et al., 2009) 

 

1.4.2. Topoisomerase inhibitor antibiotics 

 

Both DNA gyrase and Topoisomerase IV are clinically validated antibacterial targets and a 

substantial fraction of antibiotics currently used in clinical settings are inhibitors of them.  

Quinolones and fluoroquinolones are by far the most successful antibacterials targeting 

DNA gyrase. The compounds originated from nalidixic acid, discovered by accident as a by-

product during the synthesis of chloroquine. The first-generation quinolones, nalidixic acid and 

oxolinic acid have relatively weak antimicrobial activity, but the synthesis of the fluoroquinolones 

and their improvement over several generations, for example ciprofloxacin (second), levofloxacin 

(third) and moxifloxacin (fourth generation), has led to potent antibacterial compounds. 

(Emmerson & Jones, 2003) DNA gyrase is the primary target for quinolones in Gram-negative 

bacteria, but Topoisomerase IV is frequently the main target in Gram-positive organisms. (Hooper, 
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2003) The indicator of primary target is the site of point mutations that confer quinolone resistance. 

This tends to be largely restricted to discrete regions of gyrA and gyrB (or parC and parE, the 

equivalent topo IV genes) that are termed the quinolone-resistance-determining regions or QRDRs. 

(Yoshida et al., 1990, 1991) Unfortunately, clinically significant resistance against 

fluoroquinolones has already arisen in pathogenic bacteria. This is not unexpected, for two reasons. 

First, fluoroquinolones do not target the gyrase and topoisomerase complexes equipotently. 

(Hooper & Jacoby, 2015; Hooper & Jacoby, 2016) Second, low level of resistance against these 

antibiotics can readily emerge by mutations in efflux pumps and genes involved in transcription or 

translation. (Garoff et al., 2020) 

Aminocoumarins, also referred to as coumarins, are compounds containing a 3-amino-4,7-

dihydroxycoumarin ring. The aminocoumarins, novobiocin, clorobiocin and coumermycin A1, are 

natural products isolated from Streptomyces species; there are now also many derivatives made by 

genetic manipulation and by chemical synthesis.(Heide, 2009; Oblak & Solmajer, 2007) Known 

since the 1950’s for their inhibitory properties on nucleic acid synthesis in bacteria, they inhibit 

gyrase-catalyzed supercoiling of DNA by competing with ATP for binding to GyrB. Because of 

the overlap between the ATP- and aminocoumarin-binding sites in GyrB, resistance to 

aminocoumarins that maps to gyrB is limited to amino acids that do not significantly affect the 

supercoiling activity of gyrase, as this enzyme is essential to survival. (Confreres & Maxwell, 1992; 

Sugino et al., 1978) Coumarins are potent inhibitors of DNA gyrase in vitro, but their poor activity 

against Gram-negative bacteria, mammalian cytotoxicity and poor solubility prevent them from 

being clinically successful drugs. The only moderately successful antibiotic from this group was 

novobiocin, but it was seldom used after the 1970s and was pulled from the market in 1999 due to 

treatment failure via spontaneous resistance development during therapy with novobiocin and 

severe toxic side effects. (Bisacchi & Manchester, 2015) 
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2. Goals 
 

The body of this dissertation is based on two main scientific publications. In both, we 

focused on resistance against multi-targeting antibiotics, utilizing DIvERGE and traditional 

microbiological methods. In the first paper, we attempted to describe resistance against a novel 

topoisomerase inhibitor currently in clinical development, termed gepotidacin. (Szili et al., 2019) 

Based on the experiences gathered in this work, we later attempted to aid the early development of 

novel antibacterial compounds with potential multi-targeting activity. (Nyerges et al., 2020) 

Gepotidacin (GSK2140944) is an exemplary candidate to study resistance evolution toward 

multi-targeting antibiotics. (Biedenbach et al., 2016; Flamm et al., 2017) It is a novel 

triazaacenaphthylene antibiotic candidate currently in phase 3 clinical trials and is expected to enter 

the clinical practice in the upcoming years. (Scangarella-Oman et al., 2020; Taylor, Morris, et al., 

2018) The molecule inhibits bacterial DNA gyrase and Topoisomerase IV with a novel mode of 

action. Using a standard frequency of resistance test, early studies have failed to identify resistant 

clones of Neisseria gonorrhoeae and Escherichia coli against this new compound, suggesting that 

individual mutations cannot provide substantial resistance to gepotidacin. (Farrell et al., 2017; 

Nyerges et al., 2018) In our work, we demonstrated that contrary to expectations, reduced 

susceptibility to gepotidacin can evolve rapidly and previous works failed to identify resistance 

due to the limitations of the methods used. 

In the second work, our collaborators have rationally designed a novel series of antibacterial 

compounds, endeavoring to achieve a balanced and simultaneous inhibitory effect on subunit B of 

DNA gyrase (GyrB) and subunit E of Topoisomerase IV (ParE). We characterized the biochemical 

and antibacterial properties, resistance development, as well as the in vivo efficacy of two 

representative compounds, termed ULD1 and ULD2. 
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3. Materials and Methods 
 

3. 1. Media and antibiotics  

 

For general growth of bacteria and electrocompetent cell preparation, lysogeny broth (LB) 

medium was used (10 g tryptone, 5 g yeast extract, 5 g sodium chloride per liter of water). For cell 

recovery after electroporation, we applied Terrific broth (TB; 24 g yeast extract, 12 g tryptone, 9.4 

g K2HPO4, and 2 g KH2PO4 per liter of water). For antimicrobial susceptibility tests and selection 

of resistant variants, cation-adjusted Mueller-Hinton II broth (MHBII) was used. To prepare 

MHBII broth, 22 g of MHBII powder (Becton, Dickinson and Co.) was dissolved in 1 liter of water 

(3 g beef extract, 17.5 g acid hydrolysate of casein, and 1.5 g starch). MHBII agar was prepared by 

the addition of 14 g Bacto agar to 1 liter bacterial MHBII broth. Bacterial media were sterilized by 

autoclaving 15 min at 121°C. To distinguish lacZ knockout strains and wild type strains, sterile 

solutions of X-Gal (5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside) and IPTG (isopropyl-β-

D-1-thiogalactopyranoside) were added to the MHBII agar medium after autoclaving. The final X-

Gal and IPTG concentrations in the medium were 40 mg/liter and 0.2 μM, respectively. Antibiotics 

and chemicals were ordered from Sigma-Aldrich (ampicillin, kanamycin, chloramphenicol, X-Gal, 

and IPTG), Fluka Analytical (ciprofloxacin), and MedChem-Express (gepotidacin). 

 

3.2. Oligonucleotides  

 

Oligonucleotides were synthesized at the Nucleic Acid Synthesis Laboratory of the 

Biological Research Centre of the Hungarian Academy of Sciences. Soft-randomized DIvERGE 

oligonucleotides were manufactured according to a previously described soft-randomization 

protocol (Nyerges et al., 2018). PCR primers were purified with standard desalting, while 

mutagenic oligonucleotides were purified with high-performance liquid chromatography (HPLC). 

Lyophilized oligonucleotides were dissolved in 1x Tris-EDTA (TE) buffer (pH 8) (Integrated DNA 

Technologies) at a final concentration of 100 μM. DIvERGE oligonucleotides were dissolved in 

0.5x TE buffer at a final concentration of 500 μM. The dissolved oligonucleotides were stored at -



15 
 

20°C. The sequence of all the oligonucleotides used are available in the File S1 of Szili et al, 2019. 

and file S1 Data of Nyerges et al., 2020. 

 

3.3. Plasmid construction  

 

To perform single-stranded DNA (ssDNA) recombineering and DIvERGE in K. 

pneumoniae ATCC 10031, we generated a novel version of pORTMAGE, termed 

pORTMAGE311B. This plasmid possesses a tightly regulated XylS-Pm regulator/promoter-based 

λ Beta and E. coli MutL E32K coexpression system. On pORTMAGE, the expression of MutL 

E32K of E. coli abolishes methyl-directed mismatch repair (MMR) during the time period of 

oligonucleotide incorporation into the bacterial genome (Nyerges et al., 2016). PORTMAGE311B 

ensured functionality at 37°C and the rapid inducibility of λ Beta and E. coli MutL E32K by the 

addition of 1 mM m-toluic acid as an inducer. The temporal coexpression of λ Beta and MutL 

E32K also limits off-target mutagenic effects on the course of genome editing. The construction of 

pORTMAGE311B was performed by introducing the coding sequence of the dominant E. coli 

mutL(E32K) allele to the pSEVA258beta plasmid (Ricaurte et al., 2018). To this aim, mutL(E32K) 

was PCR amplified from pORTMAGE2 (Nyerges et al., 2016) using the primers RBE32KF and 

XE32KR. The PCR product was then purified and digested with BamHI and XbaI. Next, the 

resulted fragment was cloned downstream of beta within pSEVA258beta. Finally, the successful 

assembly of the plasmid was verified by PCR and confirmed by capillary sequencing. 

pORTMAGE311B was also deposited to Addgene (no. 120418). 

 

3.4. DIvERGE in Klebsiella pneumoniae  

 

DIvERGE in Klebsiella pneumoniae ATCC 10031 was carried out according to a 

previously described DIvERGE workflow (Nyerges et al., 2018), with minor modifications. 

Briefly, K. pneumoniae cells carrying pORTMAGE311B plasmid were inoculated into 2 ml LB 

medium plus 50 μg/ml kanamycin and were grown at 37°C and 250 rpm overnight. From this 

starter culture, 500 μl stationary phase culture was inoculated into 50 ml LB medium plus 50 μg/ml 
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kanamycin and grown at 37°C under continuous shaking at 250 rpm. Induction was initiated at an 

optical density at 600 nm (OD600) of 0.4 by adding 50 μl of 1M m-toluic acid (dissolved in 96% 

ethyl alcohol; Sigma-Aldrich). Induction was performed for 30 min at 37°C. After induction, cells 

were cooled on ice for 15 min. Next, cells were washed 3 times with 50 ml sterile ice-cold ultrapure 

distilled water. Finally, the cell pellet was resuspended in 800 μl sterile ultrapure distilled water 

and kept on ice until electroporation. To perform DIvERGE, and separately, the saturation 

mutagenesis of GyrA D82 and ParC D79, the corresponding gyrA- and parC-targeting 

oligonucleotides were equimolarly mixed at a final concentration of 500 μM, and 2 μl of this 

oligonucleotide mixture was added to 40 μl electrocompetent cells in 10 parallel samples. 

Following the electroporation of each sample, the 10 parallel samples were pooled, and 

immediately after electroporation, cells were suspended in 50 ml TB to allow for cell recovery. 

After a 1-hour recovery period at 37°C and 250 rpm, an additional 50 ml LB medium along with 

50 μg/ml (final concentration) kanamycin was added. Next, cells were grown at 37°C and 250 rpm 

for 24 h. To select clones with reduced susceptibility to gepotidacin from this DIvERGE library, 

500 μl cell library was spread to 6 μg/ml gepotidacin-containing MHBII agar plates, and the plates 

were incubated at 37°C for 48 h. Finally, 10 randomly selected colonies were analyzed by capillary 

sequencing (sequencing primers were oligonucleotides KPGA1F and KPGA1R, and KPPC1F and 

KPPC1R) from both antibiotic-selected cell libraries. 

 

3. 5. Engineering isogenic Klebsiella strains carrying mutations associated with reduced 

susceptibility to gepotidacin and fluoroquinolones  

 

To investigate mutational effects on antibiotic susceptibility and growth phenotypes, 

mutations and mutation combinations linked to reduced susceptibility to gepotidacin and 

ciprofloxacin were reconstructed in K. pneumoniae ATCC 10031. (Nyerges et al., 2016, 2018) 

Briefly, pORTMAGE recombineering was performed using pORTMAGE311B (Addgene no. 

120418). One microliter of 100 μM the corresponding oligonucleotides or oligonucleotide mixtures 

was used for ssDNA recombineering in appropriate combinations to create mutations linked to 

reduced susceptibility to gepotidacin and ciprofloxacin. Following recombineering, cells were 

allowed to grow overnight in TB medium at 37 °C and 250 rpm. Next, variants carrying 

ciprofloxacin resistance-conferring mutations were selected on plates with LB plus 100 ng/ml 
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ciprofloxacin, while mutants carrying the GyrA D82N and ParC D79N mutation combination were 

selected on plates with MHBII plus 6 μg/ml gepotidacin agar. Cells carrying individual mutations 

associated with reduced susceptibility to gepotidacin were plated onto LB plus 50 μg/ml kanamycin 

agar. To obtain individual colonies, cultures from each recombineering population were diluted, 

and appropriate dilutions were spread to agar plates. Plates were incubated at 37°C, and individual 

colonies were genotyped by allele-specific PCR (using oligonucleotides KPA82ASF and 

KPA82ASR, and KPC79ASF and KPC79ASR). Finally, positive clones were confirmed by 

capillary sequencing of the oligonucleotide target region.  

 

3.6. Antibiotic susceptibility testing  

 

MICs were determined using a standard serial broth microdilution technique according to 

the CLSI guidelines (Wayne et al., 1993.). Briefly, bacterial strains were inoculated from frozen 

cultures onto MHBII agar plates and were grown overnight at 37°C. Next, independent colonies 

from each strain were inoculated into 1 ml of MHBII medium and were propagated at 37°C and 

250 rpm overnight. In the cases of Enterococcus and Streptococcus sp., cells were plated to BHI 

agar plates, and BHI broth was used to determine MICs. To perform MIC assays, 12-step serial 

dilutions using 2-fold dilution steps of the given antibiotic were generated in 96-well microtiter 

plates (Sarstedt 96-well microtest plate with lid, flat base). Antibiotics were diluted in 100 μl of 

MHBII medium. Following dilutions, each well was seeded with an inoculum of 5x104 bacterial 

cells. Each measurement was performed in at least 3 parallel replicates. Also, to avoid possible 

edge effects at the edge of the microwell plate, side rows (A and H) contained only medium without 

bacterial cells. Following inoculations, the plates were covered with lids and wrapped in 

polyethylene plastic bags to minimize evaporation but allow for aerobic O2 transfer. Plates were 

incubated at 37°C under continuous shaking at 150 rpm for 18 h in an Infors HT shaker. After 

incubation, the OD600 of each well on the microwell plate was measured using a Biotek Synergy 2 

microplate reader. The MIC was defined as the antibiotic concentration which inhibited the growth 

of the bacterial culture, i.e., the drug concentration where the average OD600 increment of the three 

replicates was below 0.05. Expanded panel antibacterial spectrum of ULD1, -2, and comparator 

antibiotics were tested at IHMA Europe Sàrl (Switzerland) and at Eurofins Pharmacology 
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Discovery Services (Taiwan) in broth microdilution assays, according to the corresponding CLSI 

guidelines (Wayne et al., 1993.). 

 

3.7. Frequency-of-resistance assay 

 

To determine the spontaneous frequency-of-resistance, approximately 1010 cells from 

stationary-phase MHBII broth cultures of S. aureus ATCC 700699 and S. aureus ATCC 43300 

were plated to antibiotic-containing plates according to a standard protocol to determine frequency-

of-resistance (Bell & MacLean, 2018; Ling et al., 2015). Prior to plating, bacteria were grown 

overnight in MHBII medium at 37 °C, 250 rpm, collected by centrifugation, and washed once in 

equal volumes of MHBII broth. From this concentrated cell suspension (250 μL), approximately 

1010 cells were then plated to each MHBII agarose plates. Using agarose instead of agar reduced 

drug-adsorption and improved the performance of the assay. Petri-dishes (145 mm) were filled 

with 40 mL MHBII agarose medium containing the selective drug at the desired concentration (i.e., 

2×, 4×, 8×, 12×, and 16× MIC of each given antibiotic). All experiments were performed in at least 

3 replicates. Plates were grown at 37 °C for 72 hours. Total CFUs were determined simultaneously 

in each experiment by plating appropriate dilutions to antibiotic-free MHBII agar plates. Finally, 

resistance frequencies for each strain were calculated by dividing the number of colonies formed 

after a 72-hour incubation at 37 °C by the initial viable cell count. 

 

3. 8. Adaptive laboratory evolution  

 

Adaptive laboratory evolution experiments followed an established protocol for automated 

laboratory evolution (Bódi et al., 2017; Lázár et al., 2018) and aimed to maximize the reached drug 

resistance during a fixed time period. At each transfer step, 107 bacterial cells were transferred to 

a new culture. Adaptation to ciprofloxacin was performed by passaging 6 independent populations 

of Klebsiella pneumoniae ATCC 10031 wild type, Escherichia coli K-12 MG1655 wild type, and 

Escherichia coli K-12 MG1655 ΔmutS strains in the presence of increasing antibiotic 

concentrations. Likewise, adaptation to ULD1, ULD2 and novobiocin was performed by passaging 
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10-10 independent lines of Staphylococcus aureus ATCC 43300 (MRSA) and Staphylococcus 

aureus ATCC 700699 (VISA) strains in the presence of increasing antibiotic concentrations. 

Experiments were conducted in 96-well plates in MHBII medium, utilizing a checkerboard layout 

to minimize and monitor cross-contamination. These 96-well deep-well plates (0.5 ml, 

polypropylene, V-bottom) were covered with sandwich covers (Enzyscreen BV) to ensure an 

optimal oxygen exchange rate and limit evaporation and were shaken at 150 rpm at 37°C. Twenty 

microliters of each evolving culture was transferred in parallel into four independent wells 

containing 350 μl fresh medium and increasing concentrations of gepotidacin and ciprofloxacin 

(i.e., 0.5x, 1x, 1.5x, and 2.5x the concentrations of the previous concentration step). Following cell 

transfer, each culture was allowed to grow for 48 h. At each transfer, cell growth was monitored 

by measuring the optical density at 600 nm (OD600) (Biotek Synergy 2). Only populations with (i) 

vigorous growth (i.e., OD600 >0.25) and (ii) the highest drug concentration were selected for further 

evolution. Accordingly, only one of the four populations was retained for each independently 

evolving strain. This protocol was designed to avoid population extinction and to ensure that 

populations with the highest level of resistance were propagated further during evolution. Samples 

from each transfer were frozen in 15% dimethyl sulfoxide (DMSO) at -80°C for further analysis. 

Adaptation of an individual population was terminated when the antibiotic concentration in the 

given well would have exceeded 200 μg/ml after the transfer. Cells from these highly drug-resistant 

populations were frozen after the addition of 15% dimethyl sulfoxide (DMSO) and were kept at -

80°C. Following adaptation, cells from each final population were spread onto MHBII agar plates, 

and individual colonies were isolated. 

 

3.9. Capillary sequencing 

 

Genotypes of the isolated clones from frequency-of-resistance assays, DIvERGE, as well 

as adaptive laboratory evolution experiments were checked by capillary sequencing. The drug-

target regions of gyrA, gyrB, parC and parE genes were amplified by PCR using DreamTaq PCR 

2X Master Mix (ThermoFisher Scientific): denaturation 95 °C, 3 minutes; 30 cycles: 95 °C, 30 

seconds; 65 °C, 30 seconds; 72 °C, 1 minute; and final extension 72 °C, 3 minutes. The sequences 

of the corresponding PCR oligos are available in the supplementary files File S1 of Szili et al, 2019, 
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and file S1 Data of Nyerges et al., 2020. KPGA1F, KPGA1R were used to amplify gyrA from K. 

pneumoniae ATCC 10031 lines, KPPC1F, KPPC1R were used to amplify parE from K. 

pneumoniae ATCC 10031 lines, while  769B2F, SAGB1R were used to amplify gyrB from 

Staphylococcus aureus ATCC 700699 (VISA) lines and 769E2F, SAPE1R primers were used to 

amplify parE. PCR products were treated with ExoSAP-IT PCR Product Cleanup Reagent 

(ThermoFisher Scientific) for 15 seconds at 37 °C to hydrolyze excess primers and nucleotides. 

Samples were then subjected to capillary sequencing with the corresponding forward primer. 

 

3.10. SMRT sequencing-based analysis of target-mediated resistance 

 

Pooled S. aureus clones, isolated from first-step frequency-of-resistance assays, were 

subjected long-read amplicon sequencing. First, bacterial colonies were picked up from 2 

independent FoR libraries. Clones were inoculated in 100 μL MHBII medium in 96-well microtiter 

plates and were grown overnight at 37 °C. Stationer-phase cultures were mixed equally, and 

genomic DNA was isolated using GeneElute Bacterial Genomic DNA Kit (Sigma-Aldrich). Drug-

target regions with flanking DNA regions were amplified by PCR using Q5 High-Fidelity 2X 

Master Mix (New England BioLabs): denaturation 98 °C, 3 minutes; 20 cycles: 98 °C, 15 seconds; 

62 °C, 25 seconds; 72 °C, 1 minute 20 seconds; final extension 72 °C, 3 minutes, by using barcoded 

amplification primers describen in file S1 Data of Nyerges et al., 2020. Following PCRs, amplicons 

were purified using DNA Clean & Concentrator Kit (Zymo Research), eluted in water, and their 

DNA concentration was checked by using a Qubit 4 fluorimeter. Finally, samples were subjected 

SMRT sequencing on a Pacific Biosciences Sequel instrument using Sequel Polymerase v3.0, 

SMRT cells v3, and Sequencing chemistry v3.0 (Norwegian Sequencing Centre, UiO, Oslo, 

Norway). After sequencing, raw circular-consensus SMRT sequencing reads were demultiplexed 

according to their corresponding barcodes by using Demultiplex Barcodes pipeline on SMRT Link 

v5.1.0.26412 (SMRT Tools 4 v5.1.0.26366). A minimum barcode score of 26 was used to identify 

high-quality barcodes. Following demultiplexing, sequencing reads were mapped to their 

corresponding reference sequences (i.e., gyrB and parE) by using bowtie2 2.3.4 37 (http://bowtie-

bio.sourceforge.net/bowtie2) in “very-sensitive” mode, and the nucleotide composition was 

extracted for each nucleotide position within the target regions. Finally, genotype-frequencies at 



21 
 

each nucleotide position was quantified by measuring the distribution and ratio of nucleotide 

substitutions for each reference nucleotide position. 

 

3.11. Whole genome sequencing of adapted lines  

 

Following adaptive laboratory evolution of ciprofloxacin resistance in K. pneumoniae 

ATCC 10031 and E. coli K-12 MG1655, single colonies from three adapted lines were subjected 

to whole genome sequencing on an Illumina HiSeq 4000 platform. Samples were similarly 

prepared to S. aureus Mu50 ATCC 700699 under ULD2 stress, 6–6 random colonies (from 

spreading each 5 independently evolved lines on MHBII agar plates). Prior to sequencing, genomic 

DNA (gDNA) was isolated from each adapted line and the corresponding wild type strain by using 

the GenElute gDNA isolation kit (Sigma-Aldrich), according to the manufacturer’s instructions. 

To perform DNA sequencing, sequencing libraries were constructed from the gDNAs by 

fragmenting samples to a mean fragment length of 300 bp. Next, sequencing libraries were 

prepared by using a TruSeq DNA PCR-free library prep kit (Illumina). Finally, sequencing libraries 

were sequenced on a single sequencing lane of an Illumina HiSeq 4000 system using a HiSeq 

3000/4000 SBS kit (300 cycles, FC-410-1003; Illumina) to generate 2x150-bp paired-end reads. 

Following sequencing, in order to determine the variants and to annotate the mutations, we mapped 

sequencing reads to their corresponding reference genomes with the mem subcommand of bwa 

0.7.12-r1039 (Burrows-Wheeler Aligner (Li & Durbin, 2009)). The single-nucleotide 

polymorphisms (SNPs) and indels were called with VarScan v2.3.9 (Koboldt et al., 2012) with the 

following parameters: min-reads2=4, min-coverage=30, min-var-freq=0.1, min-freq-forhom=0.6, 

min-avg-qual=20, strand-filter=0. Only variants with prevalence higher than 60% were voted as 

mutations. Following variant calling, mutations were also manually inspected within the aligned 

reads, and adapted lines that become hypermutators (i.e., that are accumulated more than 55 

mutations in a single lineage) were excluded from further analysis. Finally, the annotation of each 

mutation with genomic features was performed with the intersect subcommand of bedtools v2.25.0 

(Quinlan & Hall, 2010). 
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3.12. Fitness measurements 

 

We observed the growth phenotype of bacterial variants by assessing their growth at 37 °C 

in antibiotic-free BHI medium following established protocols (Warringer & Blomberg, 2003). To 

measure growth, we inoculated 5×104 cells from early stationary-phase cultures (prepared in 

MHBII medium) into 100 μL of BHI medium in a 96-well microtiter plate and monitored growth 

for approximately 48 hours. Bacterial growth was measured as the OD600 of cultures at any given 

time point. OD600 measurements were carried out every 5 minutes using BioTek Synergy 2 

microplate reader while bacterial cultures were grown at 37 °C under continuous shaking. Each 

bacterial variant and their corresponding wild types were measured in 6 replicates. Finally, growth 

rates were calculated from the obtained growth curves according to a previously described 

procedure. Fitness was approximated by calculating the area under curve (AUC) (Hasenbrink et 

al., 2005). AUC has been previously used as a proxy for fitness because it has the advantage to 

integrate multiple fitness parameters, such as the slope of exponential phase (i.e., growth rate) and 

the final biomass. 

 

3. 13. Competition-based fitness measurements.  

 

Competition assay-based fitness measurements were carried out by competing mutant 

strains against their corresponding wild type strain carrying a lacZ knockout mutation. The lacZ 

knockout strain was constructed by integrating a premature stop codon in place the 23rd amino 

acid of LacZ with a previously reported pORTMAGE protocol (Nyerges et al., 2016). Briefly, heat-

induced pORTMAGE3 (Addgene no. 72678) containing Klebsiella pneumoniae ATCC 10031 cells 

were electroporated with KpLacZW23* oligonucleotide (2.5μM final concentration). Following 

oligonucleotide integration into the bacterial chromosome, lacZ-deficient variants were identified 

by plating cells out to X-Gal plus IPTG-containing MHBII agar plates at appropriate dilution to 

form single colonies, where knockout mutants formed white colonies and could be easily 

distinguished from the dark-blue colonies of the wild type containing a functional β-galactosidase 

gene. Each competition experiment started by inoculating early stationary-phase cultures in a 99:1 

mutant-to-wild-type ratio into 10 ml MHBII medium at a 1:1,000 dilution and incubating each 
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culture at 37°C for 24 h under a constant agitation of 250 rpm. These cultures were then serially 

transferred into 10 ml fresh MHBII medium in a 1:1,000 dilution every 24 h for 3 subsequent 

transfers. To analyze the composition of each population, cultures were plated onto MHBII agar 

plates supplemented with X-Gal and IPTG (in 145 by 20-mm petri dishes; Greiner Bio-One Ltd.) 

at appropriate dilutions to obtain approximately 1,000 colonies per each plate. The plates were then 

incubated at 37°C overnight. The ratio of the mutant (lacZ proficient, blue colonies) and the wild 

type (lacZ deficient, white colonies) at each given time point was determined from the number of 

blue and white colonies on X-Gal plus IPTG agar plates. Importantly, prior experiments showed 

that lacZ-deficient K. pneumoniae cells suffer no competitive disadvantage compared to their 

corresponding wild type strain. Competition experiments were performed in five replicates. 

Finally, selection coefficients were estimated as the slope of the change in ratio, as defined in the 

following equation: 

ln[x1(t)/x2(t)] = ln[x1(0)/x2(0)] + st 

where s is the selection coefficient, t is time or number of generations, and x1 and x2 are the 

ratios of the two strains at a given time point (Dykhuizen, 1990; Karcagi et al., 2016). 

 

3.14. Prevalence of mutations associated with reduced susceptibility to gepotidacin in 

sequence databases 

 

In order to investigate if genotypes GyrA D82N and ParC D79N exist in bacteria, we 

downloaded all DNA sequences from the NCBI nucleotide database by using the following query: 

ftp://ftp.ncbi.nlm.nih.gov/blast/db/nt.??.tar.gz in wget 1.17.1 on 9 October 2018. We performed the 

BLAST search with tBLASTn 2.231 (Altschul et al., 1990) (build 7 January 2016) on the 

downloaded full-nucleotide database as the subject and GyrA and ParC as the query. The protein 

sequences of GyrA (GenPept accession no. P0AES4) and ParC (GenPept accession no. P0AFI2) 

were downloaded from UniProt. To perform BLAST, the database was fragmented, and the 

BLAST search was carried out on these smaller data sets (with argument max_target_seqs = 

20,000). Separately obtained results were merged. Finally, for each sequence, the taxonomy of the 

source bacteria was assigned with blastdbcmd (version 2.2.31). 
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3.15. S. aureus dermal infection model 

 

The testing strains, S. aureus USA300 (MRSA) BAA1556, S. aureus ECL2963646 

(VRSA), and S. aureus Mu50 (VISA) ATCC 700699 were obtained from frozen stocks and thawed 

at room temperature. Next, an aliquot of 0.2 mL from each stock was transferred to 20 mL BHI 

broth and incubated at 37 °C with shaking (120 rpm) for 8 hours. Cells in 20 mL culture were 

pelleted by centrifugation, 3,500 g for 15 minutes, and then resuspended in 10 mL cold PBS, then 

cells were diluted in PBS to obtain the inoculum sizes of 1×105 or 1× 106 CFU/mL, based on the 

testing strain’s virulence. In all cases, the actual colony counts were determined by plating dilutions 

in at least 3 replicates onto MHBII agar plates followed by 24 hours’ incubation and colony 

counting. 

For dermal infections, groups of 5 female ICR mice weighing 24 ± 4 g, provided by 

BioLasco Taiwan (under a Charles River Laboratories Technology Licensee), were used. Animals 

were acclimated for 3 days prior to use and were confirmed to be in good health. Prior to infection, 

animals were anesthetized with etomidate-lipuro emulsion (20 mg /10 mL) at 20 mg/kg by IV 

injection, and then the fur on the back was removed by an electric shaver, and the epidermal layer 

was disrupted with an abrasive paper according to the protocol developed by Kugelberg and 

colleagues (Kugelberg et al., 2005). Mice were inoculated topically on the wound area with testing 

strain suspension, 5 μL/mouse. The target inoculation densities were 1×105 or 1× 106 CFU/mL, 

based on the corresponding strain’s virulence. Following infection, animals were housed 

separately. Prior to treatment, ULD1 and −2 were dissolved in 100% DMSO and then further 

diluted in either corn oil (90% corn oil + 10% DMSO in the final ointment) or 0.5% water-based 

carboxymethyl cellulose (CMC) solution. Test articles were administered topically (20 μL/mouse) 

twice daily. One no-treatment group was euthanized at 1 hour after infection for initial bacterial 

counts, and the other treatment groups were dosed twice daily with the test compounds and 

sacrificed either at 25 hours or at 73 hours postinfection. Animals were euthanized with CO2 

asphyxiation and the infected skin, a 2 cm2 area, was excised. The skin samples of the wound 

infection (around 2 cm2 areas) were then homogenized in 1 mL PBS (pH 7.4) with a polytron 

homogenizer. A 0.1 mL aliquot of each homogenate was used for serial 10-fold dilutions and plated 

onto MHBII agar plates for bacterial enumeration. Statistical significance (P <0.05) was assessed 

with 1-way ANOVA followed by Dunnett’s method. A significant (P <0.05) decrease in the 
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bacterial counts of the treated animals compared with the vehicle control group was considered 

significant antimicrobial activity. 

 

3.16. Mouse thigh infection models  

 

Murine thigh infections for Klebsiella pneumoniae ATCC 10031 and Staphylococcus 

aureus Mu50 ATCC700699 were performed according to a previously established protocol 

(DeRyke et al., 2007; Tan et al., 2012). Experiments were performed on female CD-1 mice (Charles 

River Laboratories, USA). Bacterial cultures were prepared by inoculating single bacterial colonies 

into 5 ml of MHBII broth and were incubated at 37°C for 16 h under constant agitation (250 rpm). 

Next, 1⁄2 volume of a 50% (vol/vol) glycerol-water mixture was added to each culture, and 550 μl 

of these cell suspensions was frozen at -80°C. Before inoculation, cell suspensions were allowed 

to thaw at room temperature for 15 min. As test animals, groups of 5 female specific-pathogen-free 

ICR (CD-1) mice weighing 22±2 g were used. Animals were immunosuppressed by two 

intraperitoneal injections of cyclophosphamide, the first at 150 mg/kg of body weight 4 days before 

infection (day -4) and the second at 100 mg/kg 1 day before infection (day -1). On day 0, animals 

were inoculated intramuscularly into the right thigh with 106 CFU/mouse of Klebsiella pneumoniae 

ATCC 10031 or 6.0x105 of Staphylococcus aureus Mu50 ATCC 700699 (0.1 ml culture/thigh). 

Prior to infection, ULD1 was formulated by dissolving the compound in 5% DMSO, 5% cremophor 

EL, and 50 mM potassium phosphate. Test agent was then dosed via IV administration at 2, 8, 14, 

and 20 hours post infection. Beginning at 2 hours post infection mice were dosed with either test 

article or positive control antibiotic. Mice receiving test agents were dosed intravenously at 10 

mL/kg. Linezolid was delivered as a subcutaneous dose. Four animals were dosed per group. One 

group of 4 mice were euthanized at initiation of therapy (T = 2 hours) and CFUs determined. All 

remaining mice were euthanized at 26 hours 26 h after inoculation, animals were humanely 

euthanized with CO2 asphyxiation, and then the muscle of the right thigh was harvested from each 

test animal. The removed muscle was homogenized in 3 ml of phosphate-buffered saline (pH 7.4) 

with a polytron homogenizer. Finally, 0.1 ml of these homogenates was used for serial 10-fold 

dilutions and plated onto LB agar for colony count (CFU per Gram) determination.  
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3.17. Ethics statement 

 

All aspects of this work, including housing, experimentation, and animal disposal, were 

performed in general accordance with the Guide for the care and use of laboratory animals (Guide 

for the care and use of laboratory animals, 2011). All experiments were performed under animal 

biosafety level 2 (ABSL2) conditions with the oversight of veterinarians to ensure compliance with 

IACUC regulations and the humane treatment of laboratory animals. Animal experiments for this 

study were performed by Eurofins Panlabs Taiwan Ltd. The Institutional Animal Care and Use 

Committee (IACUC) reviewed the planned experiments submitted under Protocol Number IM003-

01132016 and provided official approval. The company also obtained an Animal Welfare 

Assurance (identification number A5890-01) from the Department of Health & Human Services. 
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4. Results 
 

4.1. Directed evolution accurately predicts the positions and impact of resistance mutations 

with strong synergism  

 

Prior studies have demonstrated that gepotidacin selectively inhibits both bacterial DNA 

gyrase and Topoisomerase IV by a unique mechanism. Therefore, we subjected the four potential 

target genes to a single round of directed evolution with random genomic mutation (DIvERGE) 

mutagenesis in clinically relevant pathogen Klebsiella pneumoniae. We focused our efforts on 

Klebsiella pneumoniae. According to the WHO, infections caused by multidrug-resistant 

Klebsiella strains are emerging as a top-ranked challenge in the healthcare sector. (Tillotson, 2018) 

After mutagenesis with DIvERGE, we subjected the mutant library to gepotidacin stress, followed 

by sequencing of the isolates with resistance. As gepotidacin has not yet entered clinical use and, 

thus, its clinical breakpoint is not established, we defined resistance to gepotidacin as the MIC 

value that is equal or higher than the peak plasma concentration of the drug (9 µg/ml). (Taylor, 

Morris, et al., 2018) Amino acids D82 within the GyrA subunit and D79 of the ParC subunit are 

found to be mutated in all the clones isolated, and no further mutations have been found. 

Subsequent saturation mutagenesis of the two mutational hot spots has proven that the combination 

of two specific mutations (GyrA D82N and ParC D79N) is responsible for a high-level reduction 

of susceptibility to gepotidacin. 

Next, we have studied the individual and combined effects of these mutations on susceptibility. 

For this purpose, the mutations were inserted individually into the genome of K. pneumoniae 

ATCC 10031. The double mutants were found to display as high as 2,080-fold reductions in 

gepotidacin susceptibility levels compared to the corresponding wild type strain of K. pneumoniae. 

(Table 1A) In contrast, the single mutants were found to show no considerable changes in 

gepotidacin susceptibility. These findings are consistent with prior single-step resistance selection 

studies that failed to recover mutants with significant resistance. (Farrell et al., 2017; Nyerges et 

al., 2018) 
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A.) Mutations associated with gepotidacin 

resistance 

Strain MIC (µg/ml) 

  Gepotidacin Ciprofloxacin 

Wild type  0.063 0.004 

GyrA D82N 

mutant   
0.5 0.063 

ParC D79N 

mutant   
0.125 0.008 

GyrA D82N; ParC 

D79N mutant   
256 0.063 

B.) Mutations associated with ciprofloxacin 

resistance 

Strain MIC (µg/ml) 

  Gepotidacin Ciprofloxacin 

Wild type  0.063 0.004 

GyrA S83F mutant 0.5 0.08 

GyrA S83F, D87G 

mutant 0.25 0.125 

GyrA S83F, D87G; 

ParC S80I mutant 0.063 2 

GyrA S83F, D87G; 

ParC S80I, E84G 

mutant 0.31 4 

 

Table 1. Gepotidacin and ciprofloxacin MICs of single-step mutations and their combination in 

Klebsiella pneumoniae ATCC 10031 

 

4.2. No substantial fitness cost of gepotidacin resistance  

 

Antibiotic resistance typically induces a fitness cost in the form of reduced bacterial growth 

rates, and such costs shape the long-term stability of antibiotic-resistant populations. (Hughes & 

Andersson, 2015; Sommer et al., 2017) Therefore, we have investigated the fitness effects of target-

mediated resistance to gepotidacin in K. pneumoniae. To this aim, we have studied the wild type 

and mutant K. pneumoniae strains carrying mutations associated with resistance to gepotidacin or 

fluoroquinolones. The mutations causing fluoroquinolone resistance are widespread in clinical 

isolates and affect the same genes (namely, gyrA and parC); therefore, they provide a benchmark 

to estimate the fitness costs compared to the wild type strain. (Chen et al., 2003; Krapp et al., 2018) 



29 
 

Relative fitness was estimated by pairwise competition experiments between the wild type 

strain and a specific mutant strain in nutrient-rich antibiotic-free bacterial medium (Mueller-Hinton 

II broth [MHBII]) at 37°C. We have found that the mutation combination of GyrA D82N and ParC 

D79N, which confers resistance to gepotidacin, significantly decreases fitness in K. pneumoniae. 

However, the fitness cost of gepotidacin resistance-causing mutations is comparable to the fitness 

cost of mutations associated with clinically relevant fluoroquinolone resistance. Importantly, the 

ParC D79N mutation is found to confer no measurable fitness cost individually (Figure 2A). Our 

findings remained the same when active human blood serum was added to the medium (data not 

shown). 

We next investigated whether mutants with resistance to gepotidacin display reduced 

virulence in vivo. As drug resistant K. pneumoniae is frequently responsible for wound and 

systemic infections, we have studied a murine thigh wound infection model. (Tan et al., 2012; 

Velkov et al., 2013) Specifically, we have examined the wound colonization capacity of the wild 

type strain, as well as that of representative K. pneumoniae mutants with gepotidacin or 

ciprofloxacin resistance. For this purpose, the wild type strain and each isogenic mutant strain were 

inoculated into the thigh tissue of female ICR mice (each treatment group contained 5 animals). 

After 26 h, bacterial colonization was determined by plating thigh tissue homogenates to MHBII 

agar plates. No significant decrease in in vivo virulence was observed for any of the mutants 

compared to the wild type strain (Figure 2B). 
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Figure 2. Fitness cost and virulence of bacteria with resistance to gepotidacin. (A) In vitro 

competition between mutant and wild type Klebsiella pneumoniae. Isogenic mutants of Klebsiella 

pneumoniae ATCC 10031 carrying either a mutation or mutation combination conferring resistance 

to gepotidacin (red), or clinically occurring fluoroquinolone resistance-associated mutations (blue) 

competed against the wild type strain. In competition assays, a competitive index of <0 indicates 

that the wild type population outcompetes the mutant population, and conversely, a competition 

index of >0 indicates that the mutant population outcompetes the wild type population. Error bars 

indicate the standard deviation (SD) based on five biological replicates. (B) Virulence of Klebsiella 

pneumoniae mutants and the wild-type strain in a murine thigh infection model. Shown are the 

bacterial burdens in infected thigh tissues after 26 h of infection caused by wild type Klebsiella 

pneumoniae ATCC 10031 (black) or isogenic mutants carrying either mutation or mutation 

combination conferring resistance to gepotidacin (red), or clinically occurring mutations associated 

with fluoroquinolone resistance (blue). The bacterial burden was assayed in CFU per Gram of 
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tissue (n=5 animals per data point, see Materials and Methods for details). No mutants were found 

to display a significant difference in virulence compared to the wild type strain (t test, P < 0.05 for 

all pairwise comparisons). 

 

4.3. Cross-resistance between ciprofloxacin and gepotidacin may drive the spread of 

gepotidacin resistance 

 

Several prior works demonstrate that certain resistance mutations may be present in 

bacterial populations long before being exposed to a given antibiotic. Based on this knowledge, we 

hypothesized that prolonged use of other antibiotics might select for mutations that serve as 

stepping stones toward resistance to gepotidacin. The most likely antibiotic family for this purpose 

would be fluoroquinolones, as they are widely employed in clinical practice, and share a target 

with gepotidacin in the DNA gyrase – TTopoisomerase IV complex. The putative binding sites of 

gepotidacin and fluoroquinolones on the GyrA protein are adjacent to each other, separated by only 

a single amino acid. (Collin et al., 2011; Hooper & Jacoby, 2016; Wohlkonig et al., 2010) Despite 

the functional similarities between these drug classes, a prior paper reported that fluoroquinolone-

resistant clinical isolates displayed no cross-resistance to gepotidacin.  (Flamm et al., 2017) 

To reinvestigate this issue, we have focused on ciprofloxacin, a widely employed and well-

characterized fluoroquinolone drug. Several ciprofloxacin resistance-conferring mutations and 

mutation combinations in clinical isolates provide no relevant cross-resistance against gepotidacin 

(Table 1B). On the contrary, we have found that the GyrA D82N single-mutant strain displays an 

over 16-fold increase in ciprofloxacin resistance level compared to that of the wild-type K. 

pneumoniae ATCC 10031 strain. Remarkably, the same mutation confers only a 2-fold increase in 

gepotidacin MIC level. As might be expected, the GyrA D82N and ParC D79N double mutants 

also display significant resistance to ciprofloxacin (Table 1A). This finding raise the possibility 

that the D82N mutation of GyrA might be present in fluoroquinolone-resistant clinical isolates, 

increasing the likelihood of the subsequent emergence of double mutants with resistance to 

gepotidacin. To prove this theory, we did a systematic sequence search on the prevalence of the 

GyrA D82N and ParC D79N mutations in currently available sequence databases (as of 9 October 

2018). It has revealed that both mutations occur in a wide range of Gram-negative and Gram-
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positive bacteria, including fluoroquinolone resistant clinical isolates of E. coli (Correia et al., 

2017) and other species belonging to the Salmonella, Mycoplasma, Clostridium, Citrobacter, 

Streptococcus, and Neisseria genera. Neisseria and Streptococcus are especially clinically relevant 

in this context, as infections caused by these bacteria are reported to be the targets of gepotidacin 

in recent clinical trials. (O’Riordan et al., 2017; Scangarella-Oman et al., 2020; Taylor, Morris, et 

al., 2018) These results indicate that several clinically occurring human pathogens require only a 

single extra mutation to evolve highly reduced susceptibility to gepotidacin. 

To establish further that ciprofloxacin promotes reduced susceptibility to gepotidacin, we 

have performed adaptive laboratory evolution under ciprofloxacin stress with wild type K. 

pneumoniae ATCC 10031, as well as the wild type and ΔmutS hypermutator strains of E. coli K-

12 MG1655. According to established protocols in literature and our laboratory (Bell & MacLean, 

2018; Lázár et al., 2018; Martínez et al., 2007), six parallel evolving populations of each strain 

were exposed to gradually increasing concentrations of ciprofloxacin. The experimental setup 

aimed to maximize the level of drug resistance evolving in the populations during a fixed time 

period, approximately 116 generations in our case. In line with previous clinical and laboratory 

studies, ciprofloxacin resistance was seen to emerge quickly in our experiments (Baym et al., 2016; 

Hooper & Jacoby, 2016) (Fig. 3A), especially in ΔmutS hypermutator lineages. Despite the short 

time frame, all E. coli and K. pneumoniae populations reached ciprofloxacin resistance levels equal 

to or above the EUCAST clinical breakpoint (Breakpoint tables for interpretation of MICs and zone 

diameters, 2019.) (Fig. 3A and B). Three randomly selected ciprofloxacin-resistant lineages per 

strain were selected for gepotidacin MIC measurements. Strikingly, all have been found to display 

a >64- to 1,058-fold increase in gepotidacin resistance compared to the corresponding control 

strains (Fig. 3B). We also carried out whole genome sequencing of 2 and 3 evolved lineages derived 

from E. coli K-12 MG1655 and K. pneumoniae ATCC 10031, respectively. Although these 

lineages display markedly reduced gepotidacin susceptibilities (Fig. 3B), they do not carry 

mutations at GyrA D82 or ParC D79, suggesting that multiple other mutations may also select for 

reduced susceptibility to gepotidacin. Indeed, whole-genome sequencing has revealed that these 

ciprofloxacin-resistant lineages carry putative resistance mutations in genes involved in membrane 

efflux (acrR, soxR, and marR) and the general stress response (cusS and rpoB). Overall, these 

results strongly suggest that long-term exposure to ciprofloxacin stress promotes reduced 

susceptibility to gepotidacin. 



33 
 

 

Figure 3. Adaptive laboratory evolution of Klebsiella pneumoniae and Escherichia coli 

under ciprofloxacin stress. (A) Antibiotic concentrations at which K. pneumoniae ATCC 10031 

as well as E. coli K-12 MG1655 wild-type and ΔmutS hypermutator strains were able to grow under 

increasing ciprofloxacin stress as a function of time (number of cell generations). Dashed line 

represents the clinical breakpoint of ciprofloxacin resistance according to EUCAST. (B) Relative 

resistance level of the evolved lines against ciprofloxacin (gray bars) and gepotidacin (yellow bars) 

compared to the wild type at the end of the adaptive laboratory evolution. Asterisk (*) indicates 

that the evolved line was subjected to whole genome sequencing to uncover mutational processes 

behind the reduced susceptibility. 
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4.4. Novel dual-targeting DNA gyrase- Topoisomerase IV inhibitors ULD1 and ULD2 show 

improved bioactivity against clinically relevant pathogens 

 

Our collaborators (Peterlin lab, University of Ljubljana) have recently discovered a novel 

class of DNA gyrase inhibitors with a pyrrolamidobenzothiazole scaffold, inspired by the marine 

natural product oroidin. (Gross et al., 2003; Tomašič et al., 2015) Most compounds from the 

published series primarily act on the bacterial DNA gyrase complex only and possess weak 

antibacterial activity. To transform these molecules into broadly effective antibiotics, they have 

executed modifications at several sites on the pyrrolamidobenzothiazole-6-carboxylic acid scaffold 

based on the co-crystal structure with subunit B of DNA gyrase and molecular dynamics (MD) 

simulations. The molecular modifications were aimed at designing novel inhibitors that display 

equipotent dual-targeting activity towards subunit B of DNA gyrase (GyrB) and subunit E of 

Topoisomerase IV (ParE), by a simultaneous establishment of strong interactions with multiple, 

functionally essential amino acids of both target proteins. The chemical modifications have yielded 

2 antibiotic leads, ULD1 and ULD2.  

When characterizing the bioactivity of these two molecules, first we have determined the 

minimum inhibitory concentrations (MICs) of ULD1 and ULD2 against a panel of Gram-negative 

and Gram-positive clinical pathogens (Table 2). ULD1 and ULD2 were found to display potent 

antibacterial activity against ESKAPE pathogens (S. aureus, Enterococcus sp., Pseudomonas 

aeruginosa, Klebsiella pneumoniae, Acinetobacter baumannii), Streptococcus sp., and Clostridium 

difficile. The MIC values against all studied multidrug-resistant Staphylococcus, Enterococcus, and 

Streptococcus isolates were below 2 μg/mL. Notably, ULD1 and ULD2 exerted activity against all 

MRSA, VRSA (MRSA/VRSA: methicillin-resistant/vancomycin-resistant S. aureus), and 

vancomycin-resistant Enterococcus (VRE) isolates, which frequently cause difficult-to-treat skin 

and soft-tissue infections (SSTIs). (Ramakrishnan et al., 2015) We hypothesize that further 

chemical modifications of ULD1/ULD2 could increase the potency of this compound class to 

inhibit Gram-negative pathogens as well. 

 

 

 



35 
 

Species and strain Acquired resistance 
ULD1 ULD2 

MIC (μg/mL) 

Staphylococcus aureus ATCC 700699 

(Mu50, NRS1) 

MRSA (SCCmec type II), VISA, 

Clindamycin-R, Daptomycin-NS, 

Erythromycin-R, Gentamycin-R, 

Imipenem-R, Levofloxacin-R, 

Oxacillin-R 

0.0625 ≤0.03125 

Staphylococcus aureus ECL 2963646 

MRSA, VRSA, Clindamycin-R, 

Erythromycin-R, Gentamycin-R, 

Levofloxacin-R 

0.125 ≤0.03125 

Staphylococcus epidermidis ATCC 51625 MRSE, Oxacillin-R 0.0625 ≤0.03125 

Enterococcus faecalis ATCC 51575 

VRE (VanB+), Clindamycin-R, 

Erythromycin-R, Gentamycin-R, 

Linezolid-IR, Mupirocin-R, 

Streptomycin-R 

0.0625 ≤0.03125 

Enterococcus faecium BAA-2320 

VRE (VanA+), Ampicillin-R, 

Ciprofloxacin-R, Clindamycin-R,  

Erythromycin-R, Levofloxacin-

R, Imipenem-R,  Teicoplanin-R 

0.25 ≤0.03125 

Neisseria gonorrhoeae CCUG 57598 

Cefoxitin-R, Ciprofloxacin-R, 

Linezolid-R, Tetracycline-R, 

Penicillin-R 

≤0.03125 ≤0.03125 

Haemophilus influenzae ATCC 49247 
Ampicillin-R, Vancomycin-R, 

Tetracycline-R 
≤0.03125 0.125 

Clostridium difficile BAA-1875 
toxigenic, ribotype 078, 

Ertapenem-IR, Imipenem-R 
≤0.03125 ≤0.03125 

Listeria monocytogenes ATCC 19111  0.125 0.125 

Acinetobacter baumannii ATCC 19606  2 0.5 

Klebsiella pneumoniae ATCC 10031  1 4 

Pseudomonas aeruginosa ATCC 27853  8 2 

 

Table 2. Antimicrobial activities of ULD1 and ULD2 against selected pathogenic bacteria. 

MIC measurements were performed in three replicates according to CLSI guidelines. Table legend: 

-R represents resistant, -NS represents non-sensitive, MRSA/VRSA: methicillin-

resistant/vancomycin-resistant S. aureus, VISA: vancomycin-intermediate S. aureus, MRSE: 

methicillin-resistant S. epidermidis, VRE: vancomycin-resistant Enterococcus. 

Encouraged by the excellent bioactivity of the molecules in MRSA and VRSA strains, we 

have focused on determining the antibacterial activity of ULD1 and ULD2 against a geographically 

and genetically diverse set of S. aureus clinical isolates, including 56 MRSA and 28 vancomycin-
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intermediate and vancomycin-resistant strains, inclusive of recent clinical isolates. A large fraction 

of these isolates were simultaneously resistant to multiple other available antibiotics too. In sharp 

contrast to other approved antibiotics against staphylococcal infections, both ULD1 and ULD2 

were found to exert a potent activity against all tested isolates (MIC ≤ 1 μg/mL, Fig 4).  

 

Figure 4. Antibacterial activities of ULD1 and ULD2. Antibacterial activities of ULD1 and 

ULD2 against a panel of 95 S. aureus clinical isolates. Strains included 55 MRSA and 28 

vancomycin-intermediate or -resistant isolates with diverse geographic origins. All strains (100%) 

were inhibited at 1 μg/mL concentration of ULD1 and ULD2. MICs were determined via broth 

microdilution according to CLSI guidelines.  

 

4.5. Resistance against ULD1 and ULD2 is limited and requires mutations at both targets 

 

Antibiotics with a single molecular target are usually prone to resistance development 

induced by spontaneous mutations, while theoretically multi-targeting antibiotics are less 

vulnerable to resistance, as the simultaneous acquisition of multiple, specific mutations is 

exceedingly rare. (Bell & MacLean, 2018; Oldfield & Feng, 2014; Silver, 2007) To explore the 

potential resistance mechanisms, we have determined the spontaneous frequency-of-resistance 

against ULD1, ULD2 in S. aureus. Novobiocin, an antibiotic formerly used in clinical practice, has 

served as a reference compound. Novobiocin’s main target is the DNA gyrase subunit B, but 
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second-step resistance mutations occasionally occur in Topoisomerase IV. (Fujimoto-Nakamura et 

al., 2005) This antibiotic is effective against certain Gram-positive infections, including those 

caused by S. aureus. (Bisacchi & Manchester, 2015; Walsh et al., 1985) 

Using a standard protocol for spontaneous frequency-of-resistance analysis (Bell & 

MacLean, 2018; Ling et al., 2015), we have exposed 1010 to 1012 bacterial cells derived from 

stationary-phase cultures of S. aureus ATCC 700699 (VISA) and S. aureus ATCC 43300 (MRSA) 

to increasing concentrations of ULD1, ULD2, and novobiocin, respectively. We have assessed the 

frequency-of-resistance and the mutant prevention concentration (MPC) for all 3 compounds. MPC 

is the drug concentration threshold above which the proliferation of resistant mutants does not 

occur (i.e., the concentration required to avoid the emergence of all first-step resistant mutants). 

(Bell & MacLean, 2018) In agreement with prior laboratory studies and clinical observations, the 

frequency-of-resistance against novobiocin was relatively high (Fig 5), and an up-to 120-fold 

increment in the MIC of novobiocin in the isolated S. aureus mutants have been detected. 

(Fujimoto-Nakamura et al., 2005; Vickers et al., 2007) By sharp contrast, no resistant variants of 

S. aureus have been detected when the bacterial cells were exposed to ULD1 at concentrations 8-

fold the wild-type MIC (Fig 5). Moreover, resistant mutants isolated upon exposure to ULD1 at 

lower compound concentrations provided only minor changes in ULD1 susceptibility. 

To investigate the molecular basis of mild ULD1 resistance, we have collected 400 

independently isolated, ULD1 resistant clones from the frequency-of-resistance assay plates and 

have sequenced their gyrB and parE genomic regions using Pacific Biosciences single-molecule 

real-time (SMRT) amplicon sequencing. Sequence analyses have revealed that all ULD1-resistant 

isolates had missense mutations that mapped to gyrB. Four different positions in the ULD1-binding 

pocket of GyrB (R144, G85, I175, T173) have mutated repeatedly. All the mutated amino acid 

residues in S. aureus are located in the binding pocket of GyrB and form secondary interactions 

with ULD1. 

As ULD2 has a high affinity towards both of its target proteins and exerts an excellent dual-

target enzyme inhibition, we hypothesized that the frequency-of-resistance against ULD2 could be 

exceptionally low. Notably, no ULD2 resistant mutants have emerged when 4×1012 S. aureus 

ATCC 700699 (VISA) cells were exposed to ULD2 at a concentration of only 4 times the wild-
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type MIC (Fig 5). We estimate that the MPC is as low as 0.16 μg/mL for ULD1 and 0.08 μg/mL 

for ULD2 in S. aureus ATCC 700699 (VISA). 

 

Figure 5. Spontaneous frequency-of-resistance of ULD1 and ULD2. Spontaneous frequency-

of-resistance of ULD1, ULD2, and novobiocin in S. aureus MRSA ATCC 43300 (left panel) S. 

aureus VISA ATCC 700699 (right panel). Data are based on 10 independent biological replicates. 

Error bars indicate the 95% confidence interval. Asterisk (*) marks cases where the frequency-of-

resistance was below 1×10−12.  

While these results were encouraging, our prior experience with gepotidacin suggests that 

combination of multiple, specific mutations at all drug targets, in the long run, can eventually 

render even multi-targeting antibiotics ineffective. (Szili et al., 2019) To test this possibility, we 

have repeated the frequency-of-resistance assays with 2 ULD1-resistant S. aureus VISA laboratory 

isolates, both of which carried a single mutation at GyrB, the primary target of ULD1/ULD2. These 

mutations—GyrB R144I and I175T—were relatively frequent in the isolated single-step resistant 

mutants, and they conferred a moderately decreased susceptibility to ULD1. Populations of these 

single-mutant strains have been exposed to increasing concentrations of ULD1 and ULD2, 

separately. Spontaneous resistant mutants have appeared at a frequency of 10−8–10−11. All isolated 

second-step resistant mutants have displayed a relatively low resistance level, i.e., they could be 

inhibited by 1 μg/mL of ULD2. Sequence analyses have revealed that all detected second-step 

mutations are localized at ParE, the other target of ULD1/ULD2, at positions that are homologous 

to the binding sites in GyrB (Table 3). In sum, the observed mutations provide strong evidence in 

support of a dual-targeting mechanism of action for ULD1 and ULD2. 
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Selection 
GyrB ParE ULD1 ULD2 

Mutation MIC (µg/mL) 

ULD1 at 16× 

MIC 

R144I F95Y 2 0.125 

R144I R136L 1 0.125 

R144I A120D 2 0.25 

R144I R136G 2 0.25 

ULD1 at 16× 

MIC 

I175T F95Y 4 0.25 

I175T T166A 2 0.125 

I175T R136G 4 0.5 

I175T A120D 4 0.25 

I175T T166I 2 0.25 

ULD2 at 12× 

MIC 

R144I R136G 4 0.25 

R144I A120D 2 0.125 

R144I F95Y 2 0.25 

ULD2 at 8× 

MIC 
I175T A120D 4 1 

 

Table 3. Resistance level of second-step spontaneous ULD1- and ULD2-resistant mutants in 

S. aureus ATCC 700699. MICs were determined in MHBII medium at 37 °C by broth 

microdilution assay according to CLSI guidelines. 

 

4.6. Evolution of resistance under long-term antibiotic exposure 

 

We have also investigated whether long-term exposure to ULD1 and ULD2 could select 

for a high level of resistance. To this aim, we performed adaptive laboratory evolution experiments 

with VISA under ULD1, ULD2, and novobiocin stresses. We have employed a previously 

established protocol that aims to maximize the level of drug resistance in the evolving bacterial 

populations. (Sommer et al., 2017; Szili et al., 2019) To accurately assess potential resistance 

mechanisms, 10 parallel evolving populations have been exposed to gradually increasing 

concentrations of each compound. Following laboratory evolution, a single clone from each 

population has been isolated and subjected to drug susceptibility tests. In agreement with prior 

clinical observations and laboratory studies (Bisacchi & Manchester, 2015; Vickers et al., 2007), a 

high level of novobiocin-resistance has emerged rapidly (Fig 6A). In novobiocin-adapted strains, 

an up-to-320-fold increase in novobiocin MIC (i.e., 16 μg/mL) has been detected, compared with 

the wild type strain. In contrast, only a relatively modest, 25-fold increase in the MICs of ULD1 
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and ULD2 have been detected in lineages adapted to ULD1 or ULD2, respectively (1 μg/mL for 

ULD1 and 0.5 μg/mL for ULD2). In order to elucidate the molecular mechanisms underlying 

ULD2 resistance, 5 ULD2-adapted strains have been subjected to whole-genome sequencing. We 

have focused on de novo mutations that have accumulated in several lineages independently during 

the course of laboratory evolution. Such mutations have been found in the target proteins (GyrB, 

ParE), as well as in a regulator of purine biosynthesis (PurR), and another enzyme involved in the 

uridine diphosphate (UDP) biosynthesis pathway (PyrH). The exact roles of these mutations in 

shaping ULD1/ULD2 susceptibilities remain to be discovered. 

Antibiotic resistance mutations frequently impact bacterial viability, and the associated 

fitness costs determine the spread and long-term maintenance of resistant populations in clinical 

settings. (Hughes & Andersson, 2015; Martínez et al., 2011) To explore the potential costs of 

resistance, we have investigated the growth phenotype of laboratory evolved, ULD1/ULD2 

resistance-conferring S. aureus VISA isolates. Fitness was estimated by measuring the optical 

density at 600 nm (OD600) of the population during 48 hours of growth in an antibiotic-free 

medium. ULD1/ULD2 resistant clones displayed a statistically significant decrease in growth 

compared to the wild type strain (Fig 6B) and formed tiny, slow-growing colonies on agar plates 

(Fig 6C). These data indicate that long-term exposure to ULD1 and ULD2 yields mutants with 

limited resistance and high associated fitness costs in an antibiotic-free environment. 

Based on our prior experience regarding the link between gepotidacin and ciprofloxacin 

resistance, it was rational to hypothesize that novobiocin-resistant clinical isolates might interfere 

with the antibacterial effects of ULD1 and ULD2. To investigate potential cross-resistance, the 

MIC of ULD1 and ULD2 have been tested against 9 independently evolved novobiocin-resistant 

isolates. These strains have been found to display no cross-resistance to ULD2, and only a modest, 

up to 6-fold decrease in ULD1 susceptibility has been detected compared with the corresponding 

wild type strain (Fig 6D). 



41 
 

 

Figure 6. Adaptive laboratory evolution of S. aureus (VISA) ATCC 700699 to ULD1, ULD2, 

and novobiocin stresses. A. The figure displays increment in MIC level relative to wild type as a 

function of cell generation number. Data show the mean MIC fold-change based on 10, 

independently evolving populations. Gray area represents a 95% confidence interval. B. and C. 

Relative fitness (B) and growth phenotype (C) of ULD1-evolved and wild-type S. aureus VISA 

ATCC 700699. Fitness was approximated from the growth curves of isogenic microbial 

populations (see Materials and methods) and depicted as relative fitness compared with that of the 

wild type. Measurements were performed in 6 replicates. Growth phenotypes were observed in 

BHI agar plates and documented after 24 hours of incubation at 37 °C. D. Susceptibility of 

novobiocin-resistant S. aureus VISA ATCC 700699 mutants to ULD1 and ULD2. MICs were 

determined in MHBII medium at 37 °C by broth microdilution assay according to CLSI guidelines. 
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One of the independently evolved novobiocin-adapted strains displayed exceedingly slow growth, 

and therefore, it was omitted from the analysis.  

 

4.7. In vivo efficacy of ULD1 and ULD2 

 

Based on the potent antibacterial activities of ULD1 and ULD2, we have finally tested their 

in vivo efficacy in mice models of S. aureus infections. First, a murine model of human 

staphylococcal SSTI has been utilized. This preclinical model is extensively used to characterize 

the pharmacokinetic and pharmacodynamic properties of antistaphylococcal agents, as well as to 

predict their human clinical efficacy. (Kugelberg et al., 2005; Ling et al., 2015; Vingsbo Lundberg 

& Frimodt-Møller, 2013) Topical ULD1 and ULD2 treatments (in the form of ointments) were 

tested against S. aureus USA300 MRSA (BAA1556) and VISA and VRSA clinical isolates. 

USA300 MRSA clinical isolates are responsible for most community epidemics in the USA and 

are spreading worldwide. (Turner et al., 2019) Also, these 3 strains together are resistant to at least 

9 distinct classes of antibiotics, including mupirocin, a last-resort antibiotic against SSTIs caused 

by multidrug-resistant S. aureus. Topical application of ULD1 and ULD2 has exerted a potent 

antibacterial activity (Fig 7A and 7B), comparable to that of mupirocin. Subsequent 

pharmacokinetic (PK) analyses indicate efficient skin penetration for both drugs, reaching a 

concentration of up to 300-times the MIC of ULD1 and ULD2 in wild-type S. aureus VISA. 

We have also tested ULD1 in a neutropenic model of murine thigh infection. Intravenous 

(IV) administration of the drug resulted in potent antibacterial activity against S. aureus VISA 

infection (Fig 7C). Notably, the antibacterial activity of ULD1 was comparable to that of linezolid, 

a widely used clinical agent against systemic MRSA infections. (Watkins et al., 2012)  Taken 

together, these in vivo efficacy data indicate that the ULD molecules could serve as a basis for 

successful future drug development efforts against both topical and systemic S. aureus infections. 
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Figure 7. In vivo efficacy of ULD1 and ULD2 in 2 mouse infection models of 

Staphylococcus aureus. A. and B. In vivo efficacy of ULD1 and ULD2 in a mouse model of skin 

infection. Figure shows the number of CFUs after twice-daily topical antibiotic treatment (starting 

at 1 hour post infection). Three different S. aureus strains were used as inoculum in 5 

immunocompetent mice per each group. Fig A and B displays results with ULD1, ULD2 (A) and 

positive control antibiotics fusidic acid and mupirocin (B), respectively. Skin tissue CFUs were 
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determined at 25 hours post infection. CFUs from each mouse are plotted as dots; the black line 

represents the average CFU in each experimental group. C. Efficacy of ULD1 in a neutropenic 

mouse infection of S. aureus. The figure shows the number of CFUs in response to antibiotic 

treatment, using linezolid as positive control. A standard neutropenic thigh infection model was 

employed with S. aureus VISA ATCC 700699 (for details, see Materials and methods). CFUs from 

thigh tissue homogenates were determined at 26 hours postinfection. The CFUs from each 

individual are plotted as dots, black line represents the average CFU in each experimental group.  
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5. Discussion 
 

In this work, we mainly focused on resistance against multi-targeting antibiotics, by 

describing resistance development against DNA gyrase-topoisomerase inhibitors with notable 

dual-targeting activity. 

Regarding gepotidacin we have demonstrated that two specific mutations in the genes 

encoding gepotidacin’s targets can provide drastically elevated resistance. These two mutations 

(GyrA D82N and ParC D79N) show extreme synergism, together they confer an >2,000-fold 

resistance, while individually, they have only limited effects on susceptibility to gepotidacin. 

Alarmingly, the K. pneumoniae double mutant strain is as virulent as the wild type in a mouse 

infection model, suggesting that these mutations might have clinical significance. In line with these 

findings, Neisseria gonorrhoeae strains with reduced susceptibility to gepotidacin isolated in a 

human clinical phase 2b trial carried a ParC D86N mutation that is homologous to the ParC D79N 

mutation in K. pneumoniae. (Scangarella-Oman et al., 2018)  

We have proposed that the quick resistance development is due what we termed the 

‘stepping stone’ mechanism of acquiring resistance, when the prolonged clinical use of certain 

antibiotics can precondition bacterial populations to resistance development against novel 

antibiotics. In the case of gepotidacin, we demonstrated the possible connection between 

gepotidacin and fluoroquinolone antibiotics. Mutations linked to gepotidacin resistance (i.e., GyrA 

D82N and ParC D79N) increase resistance to ciprofloxacin and have been detected in clinical 

isolates of ciprofloxacin-resistant bacteria, including strains of N. gonorrhoeae, Streptococcus, and 

Salmonella enterica. Therefore, these isolates are expected to require only one extra mutational 

step to develop gepotidacin resistance. 

ULD1 and ULD2 belong to a new class of dual-targeting antibacterial compounds that 

inhibit bacterial DNA gyrase and Topoisomerase IV protein complexes and are structurally distinct 

from novobiocin, gepotidacin, and fluoroquinolone antibiotics. They are potent inhibitors of the 

ATPase activities of GyrB and ParE and show a superior and balanced enzyme inhibition of both 

target proteins compared with novobiocin, an inhibitor of GyrB that has reached clinical practice 

but was later withdrawn. (Apothecon et al., 2009) ULD1 and ULD2 have broad-spectrum 

antibacterial activities against a wide range of pathogens, including multidrug-resistant clinical 
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isolates. The efficacy of ULD1 and ULD2 was tested against a broad panel of S. aureus clinical 

strains, including recently isolated MRSA and VISA variants. Approved drugs against 

staphylococcal infections fail to inhibit a significant fraction of these isolates, whereas both ULD1 

and ULD2 are found to be potently active against all of them (MIC ≤ 1 μg/mL, see Fig 4). Using 

murine models of multidrug-resistant staphylococcal skin and thigh infections, ULD1 was shown 

to display potent efficacy both via topical and systemic administration. 

ULD1 and ULD2 bypass existing and clinically widespread resistance mechanisms, 

including those that hinder the efficacy of other DNA gyrase and Topoisomerase IV inhibitors. 

Additionally, de novo resistance mutations against these compounds are rare and have a limited 

impact on resistance level. The MPC (i.e., the concentration required to prevent the emergence of 

single-step mutants) is exceptionally low for both compounds. Remarkably, all isolated double 

mutants have displayed low resistance level only, i.e., they could be inhibited by 1 μg/mL of ULD2. 

Thus, even combinations of specific resistance mutations provide only moderate changes in 

compound susceptibility. The adaptive laboratory evolution experiments further confirm that 

resistance by genomic mutations is exceedingly rare against ULD1/ULD2 and often come at a high 

fitness cost. 

In summary, our work critically examined the concept of multi-targeting antibiotics in 

relation to yielding less resistance-prone antibiotics. We demonstrated that despite a balanced in 

vivo targeting of multiple proteins, resistance can rapidly emerge to antibiotics when the drug 

molecule’s inhibitory effect depends merely on interactions with a few indispensable amino acids. 

Moreover, based on adaptive laboratory evolution and clinical data, we propose that target gene 

mutations conferring resistance to fluoroquinolones can facilitate resistance evolution to novel 

topoisomerase-targeting antimicrobials, including gepotidacin. This conclusion does not 

necessarily hold for the ULD molecules that have no related antibiotics in clinical rotation. Based 

on that multi-targeting might be a favorable approach if the antibiotic inhibits one or two 

completely novel targets, but scenarios like this should be examined in the future.  

These findings might be relevant for other antibiotics currently in development. One 

example might be zoliflodacin (ETX0914), a novel bacterial topoisomerase inhibitor in human 

clinical trials. It shows promising activity against multidrug-resistant infections, including those 

caused by N. gonorrhoeae. (Basarab et al., 2015; Taylor, Marrazzo, et al., 2018) However, in this 
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species, mutations in GyrB have been reported to confer zoliflodacin resistance. One of these 

zoliflodacin-resistant mutants (D429N) has already been detected in clinical populations and 

naturally occurring zoliflodacin-resistant variants were also found to be highly resistant to 

fluoroquinolones. (Damião Gouveia et al., 2018; Foerster et al., 2015) Another relevant example 

outside the DNA gyrase – topoisomerase inhibitor family is SCH79797 and its derivative, 

Irresistin-16. SCH79797 is a repurposed drug that, according to recent data, shows antimicrobial 

activity with a unique mode of action, by simultaneously targeting folate metabolism and 

membrane integrity. In line with these findings, frequency of resistance against the drug in these 

first experiments was low and SCH79797 resistance did not develop while passaging the bacteria 

on sublethal concentration. (Martin et al., 2020) However, based on our experiences, these data 

worth revisiting in different bacterial species or with different methodologies. 
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