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Short Summary 

Global health is facing a serious threat due to increasing multi-drug resistance in microorganisms, 

making most of the current therapeutic agents ineffective to treat infectious diseases. This study aims 

to revert this trend by focusing on the discovery of inhibitors of the underexplored enzyme IspE of 

the 2-C-methyl-D-erythritol 4-phosphate (MEP) pathway. 

Chapter A: A structure-based virtual screening campaign using Escherichia coli IspE afforded a 

fragment-like hit after filtering based on the eNTRy rules to ensure bacterial accumulation. Multi-

parameter optimisation with the support of biophysical assays and structure-based design yielded a 

novel class of inhibitors, exhibiting activity against the more pathogenic bacteria Pseudomonas 

aeruginosa and Acinetobacter baumannii.  

Chapter B: The known accumulation rules into Gram-negative bacteria were assessed by 

implementing them to an amino acid modified series. This study reports the expression and 

purification of Plasmodium falciparum IspE, enabling the discovery of its first inhibitors. 

Chapter C: A prior inhibitor of PfIspE was discovered to suffer from decomposition. Substantial 

analytical efforts were taken to unravel the real chemical composition for the cause of antimalarial 

activity. 

Overall, this study adds novel chemical entities inhibiting the corresponding IspE enzymes with new 

molecular insights for structure–permeation relationships and provides key learnings about rule-

based design and chemical decomposition. 
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Zusammenfassung 

Die zunehmende Multiresistenz von Mikroorganismen macht die meisten der heutigen 

Behandlungsmethoden für Infektionskrankheiten unwirksam und stellt somit eine globale 

Bedrohung dar. Um dieser Entwicklung entgegenzuwirken, befasst sich diese Studie mit der 

Entdeckung von Inhibitoren für das Enzym IspE des 2-C-Methyl-D-Erythritol-4-Phosphat-

Stoffwechselweges (MEP). 
 

Kapitel A: Mittels der eNTRy-Regeln zur Verbesserung der bakteriellen Akkumulation, lieferte ein 

strukturbasiertes virtuelles Screening an Escherichia coli IspE einen fragmentartigen Treffer. Durch 

eine Multiparameter-Optimierung wurde eine neuartige Inhibitorklasse abgeleitet, die auch gegen 

die gefährlicheren Pseudomonas aeruginosa und Acinetobacter baumannii wirksam ist. 
 

Kapitel B: Die bekannten Akkumulationsregeln für Gram-negative Bakterien wurden überprüft, 

indem sie auf Verbindungen mit Aminosäuren angewandt wurden. Hier wird die Expression und 

Reinigung von Plasmodium falciparum IspE beschrieben, welche die Entdeckung erster PfIspE-

Inhibitoren ermöglichte. 
 

Kapitel C: Bei einem PfIspE-Inhibitor wurde eine Zersetzungsreaktion festgestellt. Durch eine 

umfassende Analyse wurde die chemische Zusammensetzung entschlüsselt, die zu der Antimalaria‐

Aktivität führte. 
 
 

Insgesamt wurden neue Inhibitoren der verschiedenen IspE-Enzyme entwickelt sowie neue 

Erkenntnisse über die Struktur-Permeationsbeziehung gewonnen. Außerdem liefert die Studie „Key 

Learnings“ zu regelbasiertem Wirkstoffdesign und chemischen Zersetzungsreaktionen. 

 

 

 

 

 

 

 

 



iv 

Publications Included in this Thesis  

 

Publication 1 

Mastering the Gram-Negative Bacterial Barrier – Chemical Approaches to Increase Bacterial 

Bioavailability of Antibiotics 

H.-K. Ropponen*, R. Richter*, A. K. H. Hirsch and C.-M. Lehr,  

Advanced Drug Delivery Reviews, 2021, DOI:10.1016/j.addr.2021.02.014, in press. 

* these authors contributed equally  

 

Publication 2 

Assessment of the Rules Related to Gaining Activity against Gram-Negative Bacteria 

H.-K. Ropponen, E. Diamanti, A. Siemens, B. Illarionov, J. Haupenthal, M. Fischer, M. Rottmann, 

M. Witschel and A. K. H. Hirsch, 

RSC Medicinal Chemistry, 2021, DOI:10.1039/d0md00409j, in press. 

 

Publication 3 – under review 

Search for the Active Ingredients from a 2-Aminothiazole DMSO Stock Solution with Antimalarial 

Activity 

H.-K. Ropponen, C. D. Bader, E. Diamanti, B. Illarionov, M. Rottmann, M. Fischer, M. Witschel, 

R. Müller and A. K. H. Hirsch, ChemMedChem, submitted. (Later published as ChemMedChem, 

2021, DOI: 10.1002/cmdc.202100067) 

 

The publications included in this thesis are as their status at the time of the submission of this thesis. 

 

  

 

 

 



v 

Contribution Report 

 

Introduction - Publication 1: The author played a key role in conceiving the initial review proposal. 

She contributed equally with R. Richter for the literature research and thereafter, writing and editing, 

focusing on the chemical part. She also performed the computational calculations.  

 

Chapter A: The author performed the virtual screening, further computational calculations and 

molecular modelling. She performed the majority of the chemical syntheses and selected the 

compounds to be purchased. She established the MST protocol and performed the analysis. She 

contributed to the establishment of TSA as well as STD-NMR assays. She was actively involved in 

broadening the mutant strain collection and thereby, designing the bacterial assays to exploit the 

structure–permeation relationships. She analysed the SAR and designed the new derivatives with the 

support of molecular modelling and computational calculations. She conceived and wrote the 

manuscript until this point.  

 

Chapter B - Publication 2: The author designed the class of compounds and performed the majority 

of syntheses. She interpreted and summarised the SAR from enzymatic and bacterial assays. She 

performed the computational calculations and compared them to the literature values, being the 

foundation for this manuscript. She conceived and wrote the manuscript.  

 

Chapter C - Publication 3 – under review: The author designed and carried out the analytical 

investigations of the decompositions using HRMS and NMR. She traced down, characterised the 

active ingredients and correlated them to enzyme and cellular activities. She helped with the 

purification of the compounds and performed the computational analysis. She conceived and wrote 

the manuscript. 

 

 

 

 

 

 

 



vi 

Abbreviations 

Aa Aquifex aeolicus, A: aeolicus 

AA amino acid 

ACN acetonitrile 

AMP adenosine monophosphate 

AMR antimicrobial resistance 

ANN artificial neural networks 

aq. aqueous 

ATP adenosine triphosphate 

BBB blood brain barrier 

Bs Bacillus subtilis, B. subtilis 

CDP-ME 4-diphosphocytidyl-2-C-methyl-D-erythritol  

CDP-MEP 4-diphosphocytidyl-2-C-methyl-D-erythritol 2-phosphate  

clogD7.4 computationally generated logarithmic partition coefficient of octanol/water at pH 7.4 

clogP computationally generated logarithmic partition coefficient of octanol/water 

DBO diazabicyclooctane 

DCM dichloromethane 

DIPEA N,N-diisopropylethylamine 

DMADP dimethyl allyl diphosphate 

DMF N,N-dimethylformamide 

DMSO dimethylsulfoxide 

Ec Escherichia coli, E. coli 

ENR enoyl-acyl carrier protein reductase 

eNTRy-rules 
structural rules for accumulation:  

N = ionisable amine, T = three-dimensionality, R = rigidity  

eq. equivalent 

ESBL extended spectrum β-lactamase 

ESI electrospray ionisation 

EtOAc ethyl acetate 

EtOH ethanol 

EU/EEA European Union/Economic European Area 

FA formic acid 

FCC flash column chromatography 

FDA Food and Drug Administration 

Fsp3 the fraction of sp³ carbon atoms  

h hour 

HBTU hexafluorophosphate benzotriazole tetramethyl uronium 

HATU hexafluorophosphate azabenzotriazole tetramethyl uronium 

hERG human Ether-à-go-go-Related Gene 

HMBC heteronuclear multiple bond correlance 



vii 

HRMS high resolution mass spectrometry 

HSQC heteronuclear single quantum coherence 

HTS high-throughput screening 

IPDP isopentenyl diphosphate 

IC50 inhibition concentration 50  

IM inner membrane 

GARDP Global Antibiotic Research and Development Partnership 

GBT gradient boosted trees 

GHMP galactose, homoserine, mevalonate and phosphomevalonate  

LCMS liquid chromatography mass spectrometry 

LHS left-hand side 

LogP common logarithm of the octanol-water partition coefficient 

LPS lipopolysaccharides 

M molar concentration 

MALDI-TOF MS matrix assisted laser desorption ionisation — time of flight mass spectrometry 

MD molecular dynamics 

MBL metallo-β-lactamases 

MEP 2-C-methyl-D-erythritol 4-phosphate  

MeOH methanol 

MIC minimum inhibition concentration 

min minute 

mL milliliter 

MS mass spectrometry 

MST microscale thermophoresis 

N/A not applicable 

NB Naïve Bayes 

n.d.  not determined 

nsp non-structural protein 

NMR nuclear magnetic resonance 

OM outer membrane 

OMVs outer membrane vesicles 

Omp outer membrane protein 

on overnight 

PA Pseudomonas aeruginosa, P. aeruginosa 

PE phosphatidylethanolamine 

Pf  Plasmodium falciparum, P. falciparum 

P-gp p-glycoprotein 

PM plasma membrane 

PPI protein–protein interaction 

prep. HPLC preparative high-performance liquid chromatography 

PS periplasmic space 



viii 

RdRp RNA-dependent RNA polymerase 

PSA polar surface area 

RF random forest analysis 

RHS right-hand side 

RND resistance-nodulation-division 

rpm rounds per minute 

RT room temperature 

SBDD structure-based drug design 

SBL serine-β-lactamase 

SAR structure–activity relationship 

SARS-CoV-2 severe acute respiratory syndrome coronavirus 2 

SERF susceptibility to efflux random forest 

SICAR structure intracellular concentration activity relationship 

S-layer surface layer 

SPARK Shared Platform for Antibiotic Research and Knowledge 

SPE solid-phase extraction 

SPR surface plasmon resonance 

STD-NMR saturation transfer difference-nucleomagnetic resonance 

SuFEx sulfur(VI) fluoride exchange 

TBAF tetrabutylammonium fluoride 

TBAI tetrabutylammonium iodide 

TBDT TonB-dependent transporters 

TEA triethylamine 

TOMAS titrable outer membrane permeability assay system 

TFA trifluoroacetic acid 

THF tetrahydrofuran 

TLC thin layer chromatography 

TSA thermal shift assay 

VS virtual screening 

vsurf_A amphiphilic moment 

WaterLOGSY water-ligand observed via gradient spectroscopy 

WHO World Health Organisation 

 

 

 

 

 

 

 



ix 

Table of Contents 

 

Preface ................................................................................................................................................ i 

Short Summary ................................................................................................................................ ii 

Zusammenfassung ........................................................................................................................... iii 

Publications Included in this Thesis .............................................................................................. iv 

Contribution Report .........................................................................................................................v 

Abbreviations ................................................................................................................................... vi 

Table of Contents ............................................................................................................................ ix 

 

1.) Introduction ..................................................................................................................................1 

1.1 The Urge for Increasing Anti-Infective Research ...............................................................1 

1.2 MEP Pathway and the Enzyme IspE ...................................................................................4 

1.3 Mastering the Gram-Negative Bacterial Barrier – Chemical Approaches to Increase 

Bacterial Bioavailability of Antibiotics Publication 1 ......................................................................8 

2.) Aims of the Thesis ......................................................................................................................55 

3.) Results .........................................................................................................................................56 

3.1 Chapter A: Novel Class Inhibitors of Escherichia coli IspE Originating from a Virtual 

Screening ..............................................................................................................................56 

3.2 Chapter B: Assessment of the Rules Related to Gaining Activity against Gram-

Negative Bacteria Publication 2 ...................................................................................................76 

3.3 Chapter C: Search for the Active Ingredients from a 2-Aminothiazole DMSO Stock 

Solution with Antimalarial Activity Publication 3 – under review ......................................................86 

4.) Conclusions and Outlook ..........................................................................................................95 

5.) Supplementary Material ...........................................................................................................99 

5.1 Supplementary Material of Introduction ........................................................................99 

  5.1.1 Section 1.2 ......................................................................................................99 

5.1.2 Section 1.3 ....................................................................................................103 

5.2 Supplementary Material of Chapter A .........................................................................105 

5.3 Supplementary Material of Chapter B ..........................................................................160 

5.4 Supplementary Material of Chapter C ..........................................................................177 



x 

6, Appendix: Extra Projects .........................................................................................................217 

           6.1 Appendix I - MS-MEP .................................................................................................217 

6.2 Appendix II - Field-Based Screening with CDP-ME ...................................................220 

6.3 Appendix III - COVID-19 Virtual Screenings .............................................................221 

7.) References .................................................................................................................................226 

8.) Conference Contributions .......................................................................................................241 

9.) Curriculum Vitae .....................................................................................................................242 

 

All references, except the ones embedded directly in the publications, are included in Chapter 7.  

All compound codes and sections in embedded publications refer to the respective publication. 

Style of the embedded publications are as per the journal. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



1 

1. Introduction 

1.1 The Urge for Increasing Anti-Infective Research 

 

Already in 1945, the discoverer of penicillin, Sir Alexander Fleming, stated: 

“the public will demand [the drug and] … then will begin an era…of abuses. The microbes are 

educated to resist penicillin and a host of penicillin-fast organisms is bred out which can be passed 

to other individuals and perhaps from there to others until they reach someone who gets a 

septicaemia or a pneumonia which penicillin cannot save. In such a case, the thoughtless person 

playing with penicillin treatment is morally responsible for the death of the man who finally 

succumbs to infection with the penicillin-resistant organism. I hope the evil can be averted.”1 

Here, nearly a century after the discovery of penicillin, we are living the luxury of antibiotics,  for 

instance penicillins, aminoglycosides and sulfanomides, to treat common bacterial infections and 

guarantee safe organ transplantation. The development of antibiotics is well reviewed by Chellat 

et al.2 However, the increasing antimicrobial resistance (AMR) without a concomitant increase in 

numbers of novel antibiotic therapies are starting to leave us armless.3 Although AMR does not yet 

affect most of us in our daily life, a study by the European Antimicrobial Resistance Surveillance 

Network (EARS-Net) reported 671,689 infections caused by antibiotic-resistant bacteria in 2015 

within the EU/EEA. More than half of them (64%) were health care-associated and about 5% were 

lethal. For example, in Germany, 54,509 infections caused by antibiotic-resistant bacteria were 

reported and out of these 2,363 (4.3%) were lethal.4 These results were only published in January 

2019, underlining that we are in the midst of an AMR crisis. Although caused by a virus, the current 

COVID-19 pandemic reminds us of the consequences of an unexpected outbreak of any infectious 

disease.5 

Ever since the antibiotic golden age between the 1940s and 1960s, the antibiotic pipeline has 

been missing numerous chemical entities addressing novel targets. Why have the efforts to 

continuously fill the antibiotic pipeline been limited? The current business model, the sheer 

complexity of antibiotic drug discovery and antibiotic overuse are often provided as answers.3 In 

2008, L. Rice defined threatening nosocomial pathogens as ESKAPE pathogens (Enterococcus 

faecium, Staphylococcus aureus, Klebsiella pneumonia, Acinetobacter baumanni, Pseudomonas 

aeruginosa and Enterobacter species).6 Here, it is also necessary to mention that bacteria are 

categorised into Gram-positive and Gram-negative bacteria based on their cell envelope structure, 

(more detailed in Section 1.3).7 Following on this, the “10 x ‘20 Initiative” by Infectious Diseases 

Society of America (IDSA) was launched to support the release of ten new antibiotics by 2020.8 The 

overall summary results are not published after a last progress report since 2013.9 Comparably, only 

three novel antibiotics and eleven antibiotics based on old classes were approved by the Food and 
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Drug Administration (FDA) between 2014–2019.10 Meanwhile, one of the ticking time bombs was 

addressed by J. O’Neill in 2016, stating that 10 million people could die due to an untreatable 

infection in 2050.11 Now, the World Health Organisation (WHO) has played an active role by 

defining the priority pathogens, most of them being Gram-negative bacteria, for which new 

antibiotics are needed , as announced in 2017, and additionally, innovative criteria to aid the 

development of new antibiotics were reported in 2019.12,13 Many new initiatives have also been 

formed, to name for example the Global Antibiotic Research and Development Partnership 

(GARDP), the Combating Antibiotic-Resistance Bacteria (CARB-X) and the AMR Action Fund.14–

16 GARDP for example aims to bring five new antibiotics to the markets by 2025 and AMR Action 

Fund two to four novel antibiotics by 2030.14,16 The efforts are not limited to the scientific 

communities only, the general awareness has also been raised by initiating for example a World 

Antimicrobial Awareness Week, taking place yearly in November since 2015.17 Along this line, the 

WHO has recently published a technical guideline to strengthen the actions for better water, 

sanitation and hygiene (WASH) and wastewater management to reduce the spread of AMR. This 

includes for example better leadership and coordination of the needed hygiene principles with 

increased attention for households, health-care facilities and animal farming as well as an overall 

reduction of antibiotic use to the essential cases. In addition, the wastewater management plays an 

important role to avoid them becoming the spreader of superbugs resistant to the current antibiotic 

treatment options.18 

In the first place, it is important to raise the awareness of the AMR, antibiotic (mis)usage, 

the importance of hygiene to hinder the resistance development to gain extra time for the research of 

new treatment options, although this should not be taken for granted. Evidently, faster diagnostic 

tools to detect (resistant) infections are also crucial in order to enhance treatment efficacy.19 Here, it 

is fundamentally important to look at the synergies of chemical and biological approaches to answer 

the question how to design successful antibiotics. Chapter 1.3 in this thesis introduces the concept of 

bacterial bioavailability that it brings alternative views to antibiotic drug discovery. It is time to start 

thinking about designing antibacterial compounds in a similar fashion as aiming for high oral 

bioavailability as well as to benefit from the assays to measure bacterial bioavailability. In another 

recent review, K. Lewis addresses these overall difficulties of antibiotic drug discovery more broadly 

and urges the community to change from an artistic to a more scientific manner of antibiotic 

development.20 

How to achieve selectivity over mammalian cells and also against the largely important gut 

microbiota represents one of the challenges of antibiotic discovery.21 Especially, the side effects of 

previously often prescribed fluoroquinolones are being debated after warnings about their safety.22 

The human microbiome also suffers from the use of conventional antibiotics lacking selectivity 

between “good and bad” bugs. C. Ribeiro et al. review the negative effects of conventional antibiotics 

on the human microbiome, possibly resulting in an irreversible physiological imbalance.23 Therefore, 
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non-traditional therapy strategies selectively targeting pathogenic bacteria are welcome, including 

for instance antibodies, bacteriophages and antimicrobial peptides.23,24 Where possible, defining the 

bacterial bioavailability specifically for the target pathogens with the definition of Gram-negative 

and Gram-positive bacteria will hopefully support the drug-discovery efforts. Although until now 

the focus here has been on antibiotics, it is important to mention that the term anti-infectives or 

antimicrobials may fit better for future approaches. Boldly defined, an antibiotic is “a compound that 

inhibits the growth or kills bacteria. In recent years, ‘antibiotic’ has become synonymous with 

‘antibacterial’”, as defined by a recent encyclopaedia by the GARDP REVIVE platform.25 On the 

other hand, anti-infective or antimicrobial may refer to “a drug, chemical or other substance that 

kills, inactivates or slows the growth of microbes, including bacteria, viruses, fungi and parasites”.25  

Therefore, novel approaches targeting for example virulence agents would not strictly classify here 

due to their mode of action.26 The antibiotic discovery is at the bridging point, where novel 

approaches and targets, like the MEP pathway and the underexplored target enzyme IspE, are highly 

sought after. 

The term anti-infective covers also the term antimalarials, playing another important role in 

this thesis. Yearly, over 200 million people suffer from malaria and out of them, 400,000 cases being 

deadly.27 Malaria is another major global health problem, occurring mainly in tropical zones with 

ideal humidity and temperature for transmission.28 Malaria is caused by a stitch of an infected 

mosquito carrying Plasmodium parasites.29 There are five identified Plasmodium species; P. vivax, 

P. knowlesi, P. ovale, P. malariae and P. falciparum.28,30 P. falciparum exists predominantly in 

Africa and P. vivax outside of Africa.31 High fever is a frequent symptom of malaria, but non-specific 

symptoms may also occur. Fast parasitological diagnosis is key for survival. Substantial efforts have 

been made to provide rapid diagnostic tools in the highly affected areas, also often with limited 

infrastructure and finance.32 Therapies exist to treat malaria, for example quinolone derivatives, 

artemisinin and antifolates, however, there are concerns about their safety profile, dosing and 

resistance development.30,31 In this light, the open access platform “Guide to Pharmacology” was 

created for continuous exchange about antimalarials and particularly about their pharmacology 

studies.33  

In similar fashion to AMR, the WHO has played an active role by defining the assets against 

malaria; control, elimination and eradication, reinforcing further engagement from research and 

communities.27 The WHO also encourages for novel malaria medication as one of the eradication 

methods with their “test, treat and track” philosophy, being also applicable to AMR to prevent 

infectious diseases spreading.32 
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1.2 MEP Pathway and the Enzyme IspE 

 

The 2-C-methyl-D-erythritol 4-phosphate (MEP) pathway was first discovered in the early 1990s.34 

There are overall seven enzymatic steps resulting in the biosynthesis of the vitally important 

structural building blocks, isopentenyl diphosphate (IPDP) and dimethyl allyl diphosphate 

(DMADP). They are essential for example for cell-wall synthesis and internal signalling. Most 

bacteria, parasites and plants rely on the MEP pathway, whereas humans rely on the mevalonate 

pathway, both shown in Figure 1.2:1.35,36 Amongst bacteria, Gram-negative bacteria use the MEP 

pathway, whereas the Gram-positive mainly rely on the mevalonate pathway.37 The MEP pathway 

consists of several interesting drug targets in clinically relevant pathogens, avoiding selectivity issues 

with human cells. Additionally, the MEP pathway has been validated as a successful target by 

fosmidomycin, being a clinical candidate as a novel antimalarial. It inhibits the second enzyme IspC, 

which is located in the unique organelle apicoplast that hosts the MEP pathway enzymes in 

parasites.38 

 

Figure 1.2:1 - The mevalonate pathway vs the 2-C-methyl-D-erythritol 4-phosphate (MEP) pathway. 
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Several medicinal-chemistry projects have been conducted and in the course of them, a new 

understanding of the MEP enzyme functions has emerged, as reviewed in detail by A. DeColli et al., 

A. Frank et al. and T. Masini et al.39–41 The specific target of this thesis is the fourth enzyme IspE, 

which phosphorylates 4-diphosphocytidyl-2-C-methyl-D-erythritol (CDP-ME) into 4-

diphosphocytidyl-2-C-methyl-D-erythritol-2-phosphate (CDP-MEP) by ATP-dependant catalysis 

(Figure 1.2:1). IspE is a kinase-like enzyme, belonging to the galactose, homoserine, mevalonate and 

phosphomevalonate (GHMP) kinase superfamily, some also being present in humans.42,43 

Considering the potential of the enzyme IspE as a promising anti-infective drug target, rather little 

efforts have been taken hitherto. Substantial efforts have been made within the MEP consortium of 

this thesis to establish high-throughput functional assays.44 Co-crystallisation attempts of inhibitors 

with EcIspE have been unsuccessful until date, but successful co-crystals of the non-pathogenic 

homologue Aquifex aeolicus have provided the needed X-ray structures to support structure-based 

drug design (SBDD). For example, the cytidine mimic 1 (EcIspE IC50 = 590 ± 10 µM) was 

successfully co-crystallised with A. aeolicus  (PDB 2VF3).45 More cytidine and non-cytidine 

derivatives were published by the Diederich group (ETH Zürich) with a focus on inhibition of the 

target enzyme rather than cellular activity for the hits.46,47 Alternatively, N. Tidten-Luksch et al. 

identified compounds 2 (EcIspE IC50 = 160 µM) and 3 (EcIspE IC50 = 1.5 mM) from a simultaneous 

virtual screening with AaIspE (PDB 2V8P) and two high-throughput screening (HTS) hits 4 (EcIspE 

IC50 = 19 µM) and 5 (EcIspE IC50 = 2.5 µM) against EcIspE.48 Similarly, M. Tang et al. performed 

structure-based virtual screenings with EcIspE (PDB 1OJ4), identifying for instance compound 6 

(EcIspE %-inh. = 40%) and a couple of its derivatives to show EcIspE inhibition. M. Tang et al. also 

implemented a selectivity screening against the human galactokinases in the light of potential off-

target kinases from the GMPH superfamily. For example compound 7 originated from a previous 

human galactokinase (GALK1) screening and proved also to cross-inhibit IspE enzymes (EcIspE 

IC50 = 18 µM and Yersinia pestis IspE IC50 = 9 µM).49–51 As an alternative strategy, pharmacophore-

based virtual screenings focusing on the protein–protein interaction (PPI) and the water-mediated 

dimer formation of EcIspE, identified novel scaffold 8 showing binding to EcIspE based on 

measurements with matrix assisted laser desorption/ionisation time-of-flight mass spectrometry 

(MALDI-TOF MS).52 Similarly, a pharmacophore-based virtual screening study focusing on the 

dimer interface resulted in compound 9 and cyclic peptide 10, which were confirmed to interact with 

EcIspE by surface plasmon resonance (SPR) studies.53 It is still debated, how the enzyme IspE, in 

particular E. coli, exists in solution.39,54  

The research around IspE has been heavily focused on EcIspE that is often considered as the 

model organism. Compound 11 is shown to bind Gram-negative Burkholderia thailandensis IspE 

using saturation transfer difference (STD)-NMR, also demonstrating antibacterial activity in Kirby-

Bauer disk diffusion susceptibility tests against its close relative P. aeruginosa (P. aeruginosa 

inhibitory activity at 0.5 mM vs B. thailandensis at 0.1 mM).55,56 Prior to this thesis, the PfIspE 
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enzyme became available within the MEP consortium (the Fischer Group, University of Hamburg). 

Compound 12 and its derivatives were tested against PfIspE showing no inhibition.57,58 The crystal 

structure of the homologue PfIspE still remains unsolved, but homology models for various 

Plasmodium species were reported in 2018, showing high conservation amongst Plasmodium species 

but differing substantially from the other IspE enzymes.59 

 

 

 

 

Figure 1.2:2 - Summary of the reported inhibitors and binders of the enzyme IspE. 
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A comparison of the sequence similarity amongst the Gram-negative ESKAPE pathogens against 

EcIspE shows high similarity and offers a promising space for broad-spectrum inhibitors 

(Table 1.2:1). In particular, Klebsiella pneumoniae and Enterobacter spp. belonging to 

Enterobacterales show a high sequence similarity (~92%). In comparison, P. aeruginosa and its less 

pathogenic derivative B. thailandensis, as examples of Pseudomonales, show lower similarity in 

comparison to EcIspE, but still significant conservation in the catalytic site (Supplementary Material, 

Section 5.1). On the other hand, M. tuberculosis, the causative agent of tuberculosis, P. falciparum 

and B. subtilis as a collective sample of other organisms than Gram-negative show about 50% 

sequence similarity.  

Table 1.2:1. Sequence comparison of the Gram-negative ESKAPE pathogens, Mycobacterium tuberculosis 

and Plasmodium falciparum against the Escherichia coli IspE (PDB 1OJ4). The codes refer to UniProt ID and 

the matching was done via EMBOSS.60–62 

 

  This provides a promising starting point for broad-spectrum inhibitors, or even the possibility 

for a design of tool compounds to further examine the function of IspE. The significance of inhibiting 

the function of IspE in cell-based assays remains a subject for future research. In rice plants, however, 

the shutdown of IspE has cross-effects influencing various genes, for example mevalonate pathway 

genes, photosynthetic genes and mitochondrial genes (Chen et al., Plant Cell Physiol. 2018, 59(9), 

1905–1917). To fill the translational gap between the cellular activity and enzyme inhibitory activity, 

an in vitro metabolomics assay was conducted (Appendix I). In the ideal case, one would be able to 

quantify the enzyme inhibition as well as cellular inhibition from a single well. Where successful, 

this would allow fast translation across the species. For example, throughout the series we used 

Gram-positive bacteria Bacillus subtilis as a positive control for the first indication of target 

engagement, since it relies on both the MEP and the mevalonate pathway.37 For instance, the 

hydrolytic conversion rate of the third MEP enzyme IspD is twice as fast as in B. subtilis than in E. 

coli, suggesting that different dependencies on the MEP pathway exist across the strains.63 This opens 

also another discussion point for further approaches targeting the MEP pathway, and its essentiality 

across the different species.  

EcIspE (Strain from PDB 1OJ4) vs. Percentage Identity (%) Sequence Similarity (%) 

Pseudomonas aeruginosa (P42805) 54.6 68.1 

Burkholderia thailandensis (Q2T1B6) 46.1 60.3 

Acinetobacter baumannii (B7GYQ7) 43.6 63.7 

Klebsiella pneumoniae (A6TAP2) 85.2 91.9 

Enterobacter spp. (A4WBC9) 85.2 91.5 

Mycobacterium tuberculosis (P9WKG7) 36.7 53.2 

Plasmodium falciparum (A0A1B1TK84) 33.3 52.8 

Bacillus subtilis (P37550) 34.6 53.7 
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Abstract: To win the battle against resistant, pathogenic bacteria, novel classes of anti-infectives 

and targets are urgently needed. Bacterial uptake, distribution, metabolic and efflux pathways of 

antibiotics in Gram-negative bacteria determine what we here refer to as bacterial bioavailability. 

Understanding these mechanisms from a chemical perspective is essential for anti-infective activity 

and hence, drug discovery as well as drug delivery. A systematic and critical discussion of in 

bacterio, in vitro and in silico assays reveals that a sufficiently accurate holistic approach is still 

missing. We expect new findings based on Gram-negative bacterial bioavailability to guide future 

anti-infective research. 
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in vitro Assays • Medicinal Chemistry • Drug Delivery • Antimicrobial Resistance 

 

Graphical Abstract:  

 

 

 

 



9 

1. Introduction 

Currently, the treatment of bacterial infections faces a crisis since the current portfolio of antibiotics 

is impaired by increasing numbers of resistant pathogens and simultaneously limited number of 

efforts to find new antibiotics [1,2]. Being not only transported across continents due to the 

movement of people, animals and trading, but also found in wastewater, it becomes clear that 

multidrug-resistant bacteria are unnoticeably surrounding us in daily life [3–6]. In 2017, the World 

Health Organisation (WHO) initiated a wake-up call by announcing a priority list for bacteria running 

out of treatment options – most of them being Gram-negative (Table 1) [7]. Although the widely 

used model organism Escherichia coli is associated with less severe infections, 58% of the clinical 

isolates in the EU/EEA were resistant to the current treatment options in 2018 [6]. 

A more recent report by the WHO states that the current antibiotic pipeline is drying out as most of 

them are “traditional” antibiotics, such as β-lactams, tetracyclines or fluoroquinolones, targeting 

pathogens not found on the priority list [8,9]. In the course of the past decades, the concepts that 

antibiotic drug researchers have followed (e.g., target-based drug design while neglecting membrane 

permeability, screening of growth inhibition, search for broad-spectrum activity) turned out to be 

inappropriate to find structures promising to overcome the preclinical phase [10]. In a rather recent 

evaluation of the (preclinical) pipeline, it was shown that some innovative approaches are emerging 

(e.g., phages, antivirulence agents, antibodies and vaccines). Interestingly, out of these, 40% are 

pathogen-specific rather than broad-spectrum and comparatively large compounds [11–13]. 

Furthermore, the WHO has defined innovative criteria for novel antibiotics, urging that a candidate 

should represent a new class addressing a new target, display a new mode of action and absence of 

within-class cross-resistance [9]. In practice, these claims are difficult to achieve and require a 

thorough understanding. With a likelihood of only one in five phase-1 clinical candidates for 

infectious diseases to be marketed, more (cost)-efficient antibiotic research and stronger cross-

disciplinary collaboration along the classical development pipeline between academia and industry 

are required. Keeping this pipeline better filled and fostering translational science are pivotal to avoid 

the next antibiotic discovery void [14–16].  

Especially, Gram-negative bacteria are known for their intrinsic resistance to a wide range of 

antibiotics being often related to drug uptake and efflux [17]. Additionally, antibiotic resistance 

occurs as a result of different more or less adaptive mechanisms caused by mutations and exchange 

of genetic information, requiring constantly need new antibiotic treatment options.   These adaptive 

mechanisms are modifications on the target biomacromolecule, enzymatic modifications of the anti-

infective compound, or decreased uptake and increased expression and activity of efflux pumps 

[18,19]. The decrease of uptake can be caused by the production of biofilm, reduction of certain 

membrane proteins, or by changes in the composition of other membrane components, such as 
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phospholipids or lipopolysaccharides [17]. Having mentioned the aspect of antibiotic uptake, one 

can easily see, how many factors must be taken into account for optimal drug design. 

Hence, we will first give a brief overview on the underlying biological principles of the Gram-

negative cell envelope and then discuss chemical approaches that have been undertaken to utilise 

them for drug design. As recently pinpointed by A. L. Parkes, the most burning question in antibiotic 

research is “what can we design for?” [20] In order to answer this, we would like to introduce the 

concept of bacterial bioavailability, which will be further detailed in Section 2. A thorough 

understanding of bacterial bioavailability would strongly support antibiotic research from early 

stages up to the clinic. All molecules employed to kill bacteria, hamper their growth or lower their 

virulence are discussed as antibiotics in this review.   

Table 1. The WHO priority pathogens with their commonly associated infections [3,6,21–23]. ESBL = 

extended spectrum β-lactamase   

Level of urgency Pathogen (Gram-type +/-) Resistance Infections 

Critical Acinetobacter baumannii (-) carbapenem-resistant pneumonia, urinary tract, 

bloodstream, wound 

Critical Pseudomonas aeruginosa (-) carbapenem-resistant pneumonia, urinary tract, 

bloodstream, surgical site  

Critical Enterobacteriaceae (-) carbapenem-resistant, 

ESBL-producing 

medical devices, long-term 

antibiotic users  

High Enterococcus faecium (+) vancomycin-resistant bloodstream, endocarditis, 

urinary tract  

High Staphylococcus aureus (+) methicillin-resistant, 

vancomycin-intermediate 

and resistant 

bloodstream, skin, soft 

tissue, bone  

High Helicobacter pylori (-) clarithromycin-resistant gastritis, duodenal, gastric 

ulcer  

High Campylobacter spp. (-) fluoroquinolone-resistant diarrhoea, fever, abdominal 

cramps  

High Salmonella spp. (-) fluoroquinolone-resistant diarrhoea, fever, abdominal 

cramps, bloodstream  
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High Neisseria gonorrhoeae (-) cephalosporin-resistant, 

fluoroquinolone-resistant 

gonorrhoea  

Medium Streptococcus pneumoniae (+) penicillin-non-susceptible pneumonia, meningitis, 

bloodstream, ear, sinus  

Medium Haemophilus influenzae (-) ampicillin-resistant pneumonia, meningitis, 

bloodstream  

Medium Shigella spp. (-) fluoroquinolone-resistant diarrhoea, fever, abdominal 

pain  

 

1.1.The Gram-negative cell envelope  

Bacteria are categorised into Gram-negative or Gram-positive based on their different cell envelope 

structures that H. Gram observed with different dye labelling [24,25]. A comparative overview of 

membrane structures in Gram-positive, Gram-negative and eukaryotic cells is given in Fig. 1. [24]. 

Shown that a major reason for antibiotic inactivity against Gram-negative bacteria is the barrier 

function of their cell envelope, its profound understanding is essential for successful anti-infective 

drug development [26].      

For Gram-negative bacteria, in particular the outer membrane (OM) delimits the intracellular access 

of antibiotics [27]. The OM is asymmetric and features lipopolysaccharides (LPS) on the outer leaflet 

and phospholipids on the inner leaflet. The vicinity of divalent cations leads to the reduction of the 

permeability across LPS, since the cations act as a linker between adjacent phosphorylated 

glucosamine disaccharides of the Lipid A [28]. OM protein channels act as molecular sieves 

(“porins”) and can be subdivided into non-specific and specific ones [26].  

As shown in Table 2, the most abundant porins in Acinetobacter baumannii, E. coli, Klebsiella 

pneumoniae and Salmonella typhimurium seem to have a molecular weight cut-off of 500–700 Da. 

However, even within a single porin, the cut-off should never be considered as an absolute limit, 

since various physicochemical properties of the permeating molecule as well as the electrostatic 

interactions with the porin and its fluctuations in diameter also play a significant role [29]. E. coli 

porins OmpC and OmpF and K. pneumoniae porins OmpK35 and 36 have an hourglass-shaped 

cavity. At their narrowest part (constriction region) opposed negatively and positively charged 

residues of amino acids create a strong transverse electric field influencing drug permeation [29]. 
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Table 2. Selection of outer membrane proteins with channel function (“porins”). n.r.: not reported. 

Species Porin Molecular weight cut-off Selectivity 

Acinetobacter 

baumannii 

OmpAAB ~500 Da [30] Non-selective [30]  

Escherichia  

coli 

OmpF ~600–700 [31] Slightly cation 

selective [32] 

OmpC ~600–700 [31] Non-selective [32] 

PhoE n.r. Anion selective [32] 

Klebsiella 

pneumoniae 

OmpK35 Similar to OmpF [33] Similar to OmpF, 

less selective 

towards larger, 

lipophilic molecules 

[33] 

OmpK36 Similar to OmpC [33] Similar to OmpC 

[33] 

Pseudomonas 

aeruginosa 

OprF ~3000 [34] Non-selective [35] 

OprD n.r. Basic amino acids, 

small peptides, 

carbapenems [36] 

OprP n.r. Phosphate anions 

[34] 

Salmonella enterica ser. 

typhimurium 

OmpF ~600 [37] Non-selective [28] 

Besides, it is important to realise that cut-off numbers not always provide an indication of the degree 

of molecular translocation across porins. Although OprF in P. aeruginosa is known to be the most 

abundant OM protein, which even allows for compounds as large as 3 kDa to permeate, it was found 

that the permeation speed is generally low [38]. OmpAab in A. baumannii also shows remarkably 

slow permeation [30]. Notably, both of these bacterial species belong to order of Pseudomonadales. 

In contrast, E. coli, K. pneumoniae and S. typhimurium belong to Enterobacterales. Furthermore, 

Gram-negative bacteria can also acquire resistance by downregulating porin expression, as has been 

reported for OmpF in E. coli [39], OprD in P. aeruginosa [36] and OmpK35 and OmpK36 in 

K. pneumonia [40]. It must be mentioned that these discussed porins despite their general selectivity 
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for rather small and hydrophilic molecules are regarded as non-specific porins. Porins, such as LamB 

(passive transport of maltose, malto-oligosaccharides) and Tsx (passive transport of nucleosides, 

deoxynucleosides) in E. coli have a much higher substrate specificity and are thus termed “specific 

porins”. Among those, so-called ligand-gated channels, for example FadL (passive transport of long 

fatty acids, E. coli and others) and CymA (passive transport of α-cyclodextrins, K. oxytoca) only 

open in the presence of their substrate [26]. 

 

Fig. 1. Membrane structure of Gram-negative, Gram-positive and mammalian cells. The Gram-negative 

bacterial cell envelope comprises three major compartments: outer membrane (OM), inner membrane (IM), 

murein-containing periplasmic space (PS). Gram-positive bacteria have a thicker murein layer surrounding the 

more permeable plasma membrane (PM), featuring polymers (e.g., teichoic acids) and cell-wall-associated 

proteins. A surface-layer (S-layer) of proteins covers some Gram-positive and -negative species with sieving 

effects for macromolecules [41]. Mammalian membranes consist of a PM with transport, receptor and efflux 

proteins and polysaccharide-protein or -phospholipid conjugates. 
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TonB-dependent transporters (TBDT) are a long-known active uptake pathway that depends on 

adenosine triphosphate (ATP) for chelators of iron (siderophores), cobalt (Vitamin B12), nickel and 

some carbohydrates [42]. Like TBDT, efflux pumps span over the entire envelope and are the major 

excretion pathway of antibiotics. The AcrAB-TolC complex is the most prominent efflux system in 

E. coli. MexAB-OprM, MexCD-OprJ and MexXY-OprM are the dominant efflux pumps in 

P. aeruginosa, whereas AdeABC are typically found in A. baumannii [43]. All of these pumps belong 

to the resistance-nodulation-division (RND) family and span across the IM, OM and periplasm [28]. 

They require energy for compound secretion, which is provided by the proton-motive-force – a force 

that is created as a result of membrane potential and a proton gradient along the inner membrane 

(IM). Apart from those, also ATP-binding cassette transporters were found to efflux macrolides [44]. 

Efflux pumps are also known for mammalian cells (e.g., P-gp) and Gram-positive bacteria (e.g., 

TetK) [45,46]. While efflux pumps of Gram-positive bacteria obtain their energy from the proton-

motive force or ATP [47], respectively, mammalian efflux pumps work only under supply of ATP 

[48]. Like for porins, bacteria can adjust efflux pump function and expression by mutational or 

adaptive changes [49].  

While the OM has become much better understood during the past 30 years, knowledge about the 

IM has been stagnating. Facilitated diffusion systems, as for glycerol translocation, secondary active 

transport systems, such as proton symporters or phosphoenolpyruvate-dependent phosphotransferase 

systems for sugar transport as well as primary active binding protein-dependent transport systems 

energised by ATP are known. The latter type transports sugars, amino acids and ions [50]. 

Whereas mammalian cell membranes contain cholesterol, the membranes of Gram-negative bacteria 

feature structurally similar sterol compounds so-called hopanoids, affecting the permeability and 

fluidity of the cell envelope [51]. The exact functions of hopanoids, however, are still under 

investigations and could relate to bacterial membrane permeability in the same way as cholesterol in 

mammalian cells or liposomes. Moreover, mammalian membranes are mainly composed of 

phosphatidylcholine, while the predominant phospholipid of Gram-negative bacteria is commonly 

phosphatidylethanolamine (PE). Gram-positive cell envelopes have balanced amounts of PE and 

cardiolipin [52]. 

2. Bacterial bioavailability – a new concept for antibiotic research  

Previously, different concepts have emerged to describe the amount of drug within the bacterial cell. 

The term “accumulation” has been used in several publications. However, no clear definition exists, 

making it difficult for the reader to understand which factors contribute to intrabacterial accumulation 

[53–56]. For example, does a drug that was enzymatically modified within the bacterium still account 

for the overall accumulation? While results from mass-spectrometric methods would likely exclude 



15 

these modifications, fluorimetric and UV-vis-spectroscopic methods, due to their lesser selectivity, 

would likely include them.  

Lately, the concept of SICAR (“Structure Intracellular Concentration Activity Relationship”) has 

been created referring to the interplay between compound uptake and efflux and the compound’s 

structure [57]. In addition, another recent review reports ongoing efforts to create a cheminformatics-

based prediction tool for permeation and efflux in Gram-negative bacteria [58]. Here, it seems that 

the factor of enzymatic degradation has been explicitly excluded.  

As a complementary term, we want to introduce “bacterial bioavailability”, which can be understood 

as an extension of the concept mentioned above that takes enzymatic degradation and distribution 

into account. The term bioavailability refers to the rate and extent at which a drug is available at the 

target site. In a patient, it is determined by absorption, distribution, metabolism and excretion, but 

these mechanisms also apply to the compartment of bacterial cells. Moreover, the distribution 

between different bacterial compartments may be of importance, especially in Gram-negative 

bacteria [54,59]. Hence, we regard “bacterial bioavailability” as an appropriate term to describe the 

time-dependent aspects of antibiotic accumulation in bacteria. In classical pharmacokinetics, 

bioavailability calculations are based on plasma concentrations of the host organism. For bacteria, 

the amount of substance per colony forming unit could be used and translated into concentrations 

since the average volume of bacteria can be calculated [60–62].  

Since the biological basis of antibiotic uptake, degradation and efflux in Gram-negative bacteria has 

been extensively reviewed elsewhere [28,63–68], we aim in this section for a better understanding, 

which molecular properties may be beneficial or limiting bacterial bioavailability as a whole. We 

first summarise the key understanding of the physiochemical properties related to bacterial uptake 

and metabolism, distribution and efflux reported until now. In this light, we then compare clinically 

approved antibiotic classes against Gram-negative infections (based on a representative selection of 

antibiotics, see Supplementary Material, Table S1) and discuss the opportunities and risks associated 

with the “rule”-based design. Finally, we report recent approaches from antibiotic drug-discovery 

campaigns with comparison to their physicochemical criteria. 

2.1.1 Bacterial uptake 

Non-ionisable lipophilicity, logP, was first observed during the antibiotic “golden age” between the 

1940s and 1960s to correlate with observed activity differences of antibacterial compounds between 

Gram-negative and Gram-positive bacteria [69,70]. As a result, the ideal logP of compounds against 

Gram-negative bacteria was found to be around 4 and against Gram-positive around 6 [69]. 

Later, O’Shea et al. performed a statistical analysis, concluding that physicochemical properties of 

antibiotics targeting Gram-negative bacteria, in comparison to other drugs, are on average more 
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hydrophilic (clogD7.4 –2.8 vs 1.6) and have a greater polar surface area (PSA) (165 Å² vs 70 Å²). 

Particularly compared to antibiotics against Gram-positive bacteria, they are two log units more polar 

but half as large [71]. Similar trends for clogD7.4 were also observed at AstraZeneca [72]. Although 

target distribution or accumulation were not directly taken into account in these studies, the results 

were in agreement with previous findings by Nikaido and co-workers [32,73]. High hydrophilicity 

favours water-gated porin (e.g., E. coli OmpF) uptake with a size limit of 600 Da [71]. On the other 

hand, they conclude that the uptake of zwitterionic synthetic fluoroquinolones are favourable for 

porin uptake as well as for oral availability due to (un)charged forms. We generally tend to optimise 

for the highest activity in in vitro settings. Environmental settings, such as pH, influence not only the 

state of the compound but also the bacterial behaviour under stress as well as under varying 

physiological conditions at the site of infection [74,75]. These are factors that need to be taken into 

account in the bacterial bioavailability concept. 

Further statistical attempts were undertaken by binning compounds based on their translocation 

pathway into the cytoplasm as passive diffusion or energy-dependent versus their physicochemical 

properties. Compounds taken up by passive diffusion have a lower molecular weight and higher 

clogD7.4 values than actively transported compounds [76]. 

A new direction was given by the so-called “eNTRy rules”: an ionisable amine (N), low globularity 

(≤0.25) as parameter for three-dimensionality (T) and high rigidity (R) in terms of a low number of 

rotatable bonds (≤5) favour accumulation in E. coli [53,77]. M. Richter et al., pointed towards the 

importance of the 3D shape as the measure of globularity (e.g., benzene = 0.0 and adamantane = 1.0). 

By following these rules, the spectrum of several antibiotics was extended towards other Gram-

negative bacteria (see Sections 2.3.4 and 2.3.6) [78,79]. The rules also highlight the need of an 

amphiphilic moment. Amphiphilic moment accounts for hydrophilicity and hydrophobicity as well 

the distance between the hydrophobic part and charged part. It had already previously been used to 

predict ideal conformations and orientations of molecules in biological membranes, using a 

programme called CAFCA (CAlculated Free energy of amphiphilicity of small Charged 

Amphiphiles) [80]. Nikaido et al. also already partially referred to amphiphilic moment earlier, 

highlighting charge as an important factor for OM uptake and hydrophobicity for accumulation 

through the IM [81]. Based on the eNTRy rules, the ionisable amine together with a low globularity 

is needed for the charge–charge interactions in E. coli OmpF porin [53]. Notably, the eNTRy rules 

do not feature any physicochemical parameter related to molecular size. The compounds the group 

selected for their analysis have a molecular weight of <500 Da. Hence, all tested compounds were 

potentially eligible for OmpF-mediated permeation, making the impact of molecular size negligible. 

A platform to check if compounds fulfil eNTRy rules is freely available online (“eNTRy-way”) [82]. 

Calculating these properties using different software may lead to inconsistencies because of different 

underlying settings, such as how rotatable bonds are defined.  
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Whereas eNTRy-way only indirectly suggests good or bad accumulation by showing if eNTRy rules 

are fulfilled, the platform “Open Drug Discovery” by Idorsia employs a machine-learning algorithm 

to predict the permeability of the submitted molecule structures [83]. This machine-learning model 

suggests that compound accumulation in E. coli is determined by a combination of physicochemical 

properties (e.g., symmetric atoms, basic pKa/nitrogens, solubility clogS and non H-atoms) [84]. The 

model was built on data of 13.000 compounds tested on TolC-deficient E. coli, which may give false 

indications in comparison to wild-type E. coli. Comparing favoured physicochemical properties in 

both E. coli strains, may in reverse, help to understand governing properties for efflux. The practical 

use of this submission platform, however, still needs to be demonstrated. 

More recently, Acosta-Gutiérrez et al. used molecular dynamics (MD) to include the 3D shape of 

the compound as well as the porin channel creating a model taking into account electric field and 

electrostatic potential, media osmolarity and the energy barriers of molecules. This new scoring 

function defines if a molecule can permeate through the restriction area of the hourglass-shaped 

porins. This is determined based on molecule’s partial atomic charges, as the count of charge and 

dipole and its minimal projection area, as the measure of size. The higher the partial atomic charge 

and the lower the size, the better the permeability through the dynamic porins [29,85]. The 

attractiveness of the scoring function lies in its transferability across species and mutated porins, 

although the cut-off rules for porin uptake are not clearly listed and not all structures of bacterial 

porins are known [63]. To note, this scoring function defines no functional group specificity in 

contrast to the eNTRy rules. 

A future avenue may be driven by 3D properties. A good example of this was demonstrated by an 

antibacterial compound with a relatively high molecular weight of ca. 700 Da that would normally 

be considered as too large for porin uptake. The antibacterial activity could be explained by its 

favourable 3D volume and shape for permeability [86]. 2D NOESY NMR spectroscopy provided 

experimental support for the minimal rectangle dimensions that would ideally match with the eyelet 

of the E. coli OmpF porin [28]. Cheminformatic methods could reveal the angle for diffusion between 

the dipole moment along the theoretical diffusion axis. This enforces the further evaluation of the 3D 

shapes of anti-infectives, but also evaluation of the permeability or accumulation data in 3D rather 

than in 2D benefitting from the modern computational capabilities. In particular, 3D approaches 

would be of use to examine the favoured pathway of permeation depending on the state of charge. 

For example, zwitterionic compounds might permeate fast across non-specific porins. On the other 

hand, compounds with a single positive charge may follow the same route, but without at least an 

electron-dense counterpart located at a certain distance to the positive charge, their uptake is likely 

to be poor. Hence, fast computational predictions would be welcome to support the design based on 

bacterial bioavailability. However, the concept of the 3D shape needs the support of computational 

methods and it is important to note that the 3D-descriptors have not been in the toolbox of medicinal 
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chemists until today and are rarely used. For simple 3D-parameter calculations, one requires first the 

access to computational programmes as well as know-how of the more advanced cheminformatics. 

The same holds true even for clogD7.4 calculations that are nowadays more often computed rather 

than determined experimentally. 

2.1.2 Intrabacterial distribution  

Since overall subcellular quantification of chemical compounds is possible only very recently 

[54,59], not much data are available to draw general conclusions. Hence, we would like to use this 

section for postulations. Uncharged and non-polar compounds are known to show better partition 

into phospholipid bilayers, and therefore also into the Gram-negative IM and OM [87–90]. However, 

it will be discussed in “2.2.2. Distribution” that this topic might be more complex. Throughout most 

of the compounds investigated so far, it seems that the highest amount is found in the cytoplasm 

rather than the periplasm. This can be rationalised by the larger distribution volume of the cytoplasm 

leading to a sustained concentration gradient between both compartments and hence an extensive 

transport towards the cytoplasm. For small, charged and hydrophilic compounds that take the porin-

mediated pathway or for compounds that are taken up actively across the outer membrane, it can be 

expected that the concentration in the periplasm is much higher than in the cytoplasm. Compared to 

their facilitated translocation across the OM, their translocation across the IM will happen more 

slowly, if facilitated transport mechanisms do not play a significant role. This difference in 

concentration between periplasm and cytoplasm, even though less pronounced, should be found also 

among compounds that are more lipophilic and uncharged, which follow non-facilitated 

transmembrane diffusion across OM and IM. An inverse gradient, showing the highest concentration 

in the periplasm could probably be found, when active transporters are significantly involved in 

translocation across the IM. Since sugars undergo such mechanism [50,91], compounds with sugar 

moieties as for example aminoglycosides or macrolides could show this phenomenon. Thus, looking 

at the membrane distribution may also help to evaluate if compounds follow substantial passive (non-

facilitated) diffusion or active uptake. 

2.1.3 Bacterial metabolism  

 

After passing the OM of Gram-negative bacteria, antibiotics can become exposed to degrading 

enzymes (destructases). Although it is occasionally suggested to consider antibiotic degradation as a 

mechanism that is separate from bacterial metabolism, it seems more plausible to consider also 

destructases as one specialised part of it. After all, also in humans the degradation of toxins is carried 

out by metabolic enzymes and names such as “penicillinase” or “aminoglycoside modifying 

enzymes” may just reflect on our current ignorance to other potential substrates. It is important to be 

aware that not only the commonly known β-lactam structures can become subjected to metabolism, 

but also for example amino groups, hydroxyl groups, esters, lactones and quinoid structures 
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(Table 3). These enzymes usually have a low substrate specificity, which decreases their efficiency 

[92]. Hence, also here, the key could be to design highly permeating compounds with a low efflux 

rate, which may overwhelm these destructases and in this way decrease the impact on this resistance 

mechanism. However, apart from β-lactamases, the quantitative impact destructases have on the 

overall bioavailability is still largely unknown and urgently deserves more research. Simply avoiding 

the structures mentioned above will possibly render it impossible to design new antibiotics. Since 

systematic overviews are so far missing and in order to avoid redundancy, we here refer to the 

extensive set of examples given in section “2.2.3 Metabolism”. 

2.1.4 Bacterial efflux 

 

Efflux pumps are currently considered to be mainly responsible for the elimination of the compounds 

[63,93]. The most common E. coli multidrug efflux pump is AcrAB-TolC (Fig. 1). AcrB is located 

in the IM and AcrA is an elongated channel from the AcrB that pumps the compounds through the 

periplasm to TolC that is located in the OM. This RND-system was thought to exist continuously 

integrated, however, recent studies show that TolC is only recruited when AcrAB is actively pumping 

something out [94]. The presence of AcrAB-TolC is also the key to allow cell-to-cell transfer of 

resistant genes as shown in recent real-time analysis [95,96]. Perhaps there is something about the 

efflux system that we do not yet understand, but something worth further investigating in the search 

of novel efflux pump inhibitors [97]. In spite of recent findings related to efflux-system integrity and 

cell-to-cell transfer of resistant genes [94–96], a general rule-based optimisation of avoiding efflux 

remains difficult.  

 

Earlier studies suggest that hydrophobic compounds are pumped out (clogD7.4 >3), whereas 

hydrophilic, highly charged compounds with a low molecular weight (<400 Da) and polar zwitterions 

with a high molecular weight (~400–600 Da), would avoid efflux, although with some discrepancies 

between E. coli and P. aeruginosa [98]. Machine-learning-based analyses of antibacterial 

compounds in different OM-porin or efflux-deficient E. coli and P. aeruginosa mutants by Cooper 

et al. also show that favoured compound properties differ between pathogens. In P. aeruginosa, 

compounds are more likely to be effluxed, if they are rigid, more lipophilic and bear a high partial 

positive charge. In comparison, lipophilic uncharged compounds are favourably pumped out by 

E. coli. Cooper et al. also showed that a negative partial charge arising from the dipole moment may 

enhance porin permeability in P. aeruginosa and suggests that it may be possible to simultaneously 

avoid efflux and enhance porin-mediated uptake. Optimisation of compounds targeting 

P. aeruginosa should therefore focus on electrostatic properties and surface area, whereas for E. coli, 

topology, physical properties and atom or bond count should be taken into account [99]. The 

limitation of the study is that no clear cut-off limits are given. Earlier studies by the same group 

indicate that chemical properties favourable for different Gram-negative bacteria are so inconsistent 
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that the permeation of compounds is not chemically but biologically driven, as demonstrated by 

hyperporination studies in A. baumannii, P. aeruginosa and Burkholderia spp. [100]. 

 

Based on different machine learning techniques, a very recent publication reports molecular 

properties leading to increased susceptibility to efflux in E. coli [101,102]. Their so-called 

Susceptibility to Efflux Random Forest (SERF) tool reveals that hydrophobic (clogD 1–5), planar 

(the fraction of sp³ carbon atoms, Fsp3 0–0.5), unbranched, compact molecules (hyper-Wiener index) 

with “low” molecular stability (the resonant structure count at pH 7.0 is <4) have greater 

susceptibility to efflux. These parameters are rather unconventional, although for example Fsp3 is 

gaining more attention as a new parameter for drug-likeness [103]. Thus, it will be interesting to see 

if these new parameters prove to be successful also against other Gram-negative bacteria. 

 

2.2. Application of this concept to clinically approved antibiotic classes 

2.2.1 Uptake 

Relevant antibiotic classes for Gram-negative bacterial infections - except for polymyxins - have an 

intracellular target. Most of them follow passive porin-mediated permeation (Table 3). Already in 

1988, R. E. W. Hancock gave an overview about the uptake of the major antibiotic classes into Gram-

negative bacteria [104]. In this review, β-lactams, tetracyclines and some quinolones follow mainly 

passive permeation across porins. These antibiotics have a zwitterionic structure in common, usually 

feature an ionisable amine, are relatively flat, rigid and hence, often fulfil the proposed eNTRy rules. 

Fluoroquinolones tended to become larger in size over the generations, which may have 

compromised permeability. The group of Gameiro showed that 1:1:1 complexation of certain 

fluoroquinolones such as ciprofloxacin and enrofloxacin with Cu2+ and phenanthroline, a commonly 

used coordination ligand, enhances their activity in resistant Gram-negative E. coli strains [105]. 

Since the target remains the same, the enhanced activity should result from enhanced bioavailability. 

The underlying mechanism remains unclear.  

 

Most fluoroquinolones and also tetracyclines exist to some extent in uncharged form at pH 7.4, which 

enables these compounds to permeate passively across the lipid layer of the OM [106,107]. Nalidixic 

acid, the progenitor of fluoroquinolones, has a pKa of 6 for its strongest acidic moiety [108]. This 

leads to a comparatively high amount of roughly 4% uncharged molecules at pH 7.4 resulting in a 

substantial uptake through phospholipid layers [109].  

 

Lately, an alternative route was successfully utilised for β-lactam antibiotics. Cefiderocol, a bulky 

cephem featuring a Fe3+-chelating catechol group, was the first FDA-approved β-lactam that was 

especially designed for enhanced active uptake via TBDT [110,111]. The rifamycin derivative, 
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CGP4832, featuring a morpholino moiety at position 3 of its naphthofuran ring system and a terminal 

piperidine-containing sidechain in exchange for its acetic acid ester, was also reported to have an 

enhanced uptake across FhuA – an E. coli-specific siderophore receptor [112]. The dependency on a 

specific OM, however, makes these antibiotics prone to resistance development. 

 

Regarding β-lactamase inhibitors, only few investigations were undertaken, but without elucidating 

the uptake pathway [113]. Due to their small size, polarity and anionic or zwitterionic nature, 

respectively, as well as further structural similarity to β-lactam antibiotics, we assume a porin-

mediated pathway to be the dominant one.  

  

Notably, the neutral chloramphenicol and negatively charged fosfomycin are also assumed to 

permeate via porins [104,114,115]. For fosfomycin, MD simulations on OmpF revealed that this very 

small molecule moves along a group of positively charged residues (“basic ladder”) to pass the 

constriction region. Chloramphenicol has a nitro group, which might enable it to pass in a similar 

manner. However, MD simulations would provide stronger evidence. Recent experimental studies 

suggest that an uptake pathway exists that is independent of OmpF, OmpC and LamB [86]. Due to 

the small size and the lack of a permanent charge, this molecule might also permeate well across the 

LPS and phospholipid layers. Sulfonamides, as another important compound class for the treatment 

of Gram-negative infections, still completely lack a defined permeation pathway. Closing this gap of 

knowledge is highly desired. A long-known alternative pathway, which is taken by polycationic 

molecules, such as aminoglycosides, is the self-promoted uptake [104]. Polymyxins are assumed to 

use the same mechanism [116]. The presence of neighbouring amine groups enables these molecules 

to displace divalent cations from the outer leaflet and hence, destabilises the barrier of LPS, which 

enhances membrane permeability. The introduction of additional primary amines to circumvent 

porin-dependent uptake may broaden the spectrum of activity also towards P. aeruginosa [117]. As 

for polymyxins, their amphiphilic character may additionally contribute to membrane destabilisation. 

In the case of kanamycin, very recently evidence was provided that it also follows passive permeation 

across non-specific porins significantly contributing to its activity [118]. Liposome-swelling assays 

suggest that also other aminoglycosides may follow this pathway, but further experiments are 

required to confirm this hypothesis [32,119].   

 

2.2.2. Distribution 

When taking the data by Prochnow et al. and calculating the concentrations of tetracycline, 

trimethoprim in addition to ciprofloxacin, it seems that their concentration in the periplasm is higher 

than in the cytoplasm, which due to their porin-mediated uptake is plausible, as detailed in 2.1.2. 

Interestingly, erythromycin, which accumulates very slowly in Gram-negative bacteria, shows a 

higher concentration in the cytoplasm [54]. One may speculate whether this could be due to active 
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transport mechanisms in the IM. Additionally, tetracycline and ciprofloxacin seem to enrich in the 

bacterial membranes, which was not observed for trimethoprim and erythromycin. Considering the 

high polarity and its mainly positive charge (pKa ~ 8.9) at the physiological bacterial pH of 7.2–7.8 

[120], the behaviour of erythromycin is understandable. However, the absence of significant amounts 

of the aniline-like trimethoprim (pKa ~ 7.4) [121] remains unclear, since a considerable amount of 

this substance should also exist uncharged. The enhanced membrane partition of the largely 

zwitterionic tetracycline and ciprofloxacin (pKa ~ 6.0, 8.8) [121] can occur either because a 

considerable uncharged amount exists at the intrabacterial pH range or, as in the particular case of 

ciprofloxacin, additional molecular stacking reduces their polarity [107,122,123]. The absence of 

efflux pumps usually increased the compound concentration in every compartment, but more data 

regarding the extent of enzymatic degradation will be necessary to understand these first systematic 

data better.  

2.2.3 Metabolism 

The most well-known class subjected to enzymatic degradation is the β-lactams, where especially 

penicillins undergo the enzymatically catalysed β-lactam ring opening. Cephamycins and 

cephalosporins of the third generation are also susceptible to enzymatic hydrolysis of the β-lactam 

ring [124]. Cephamycins feature a 7- β -methoxy moiety that together with the amino acyl sidechain 

provides a steric protection of the β-lactam ring on both sides. Third-generation cephalosporins 

feature an oxime ether instead of this methoxy group. Monobactams feature N-substituents and 

methyl groups in addition to their aminoacyl chain, while carbapenems sterically avoid β-lactam 

hydrolysis by trans-configuration of the hydrogens in the α and β positions of the β-lactam ring [125]. 

All these features lead to the same protective effect. However, extended spectrum β -lactamases 

(ESBL) can open this ring. Notably, except for carbapenems, the molecular size and number of 

substituents increased over the course of β-lactam generations, making them less susceptible to 

enzymatic inactivation whilst limiting their access via porins. One solution to this limitation is 

currently extensively worked on: with the development co-administration of further small 

β- lactamase inhibitors similar to tazobactam or clavulanic acid, β-lactams can be designed in a less 

sterically demanding way and still avoid enzymatic degradation. The application of two small 

molecules rather than one larger molecule would enhance translocation of both compounds and 

possibly also reduce their efflux. 

  

Currently, β -lactamase inhibitors can be divided into three generations. Inhibitors of the first-

generation feature a β -lactam ring and irreversibly inhibit certain classes of serine- β-lactamases 

(SBLs; class A and D according to the Ambler classification system of β-lactamases) [126,127]. 

Inhibitors of the second-generation feature a diazabicyclooctane (DBO) scaffold. They inhibit all 

SBLs, by reversible acylation of the serine group under loss of the cyclooctane structure [128]. The 
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Klebsiella SBL KPC-2, however, is also capable of irreversibly hydrolysing the DBO structure. 

Metallo- β-lactamases (MBL; class B) remain unaffected by second-generation β-lactamase 

inhibitors [129]. Regarding β-lactam inhibitors of the third-generation, the carbonyl oxygen of the 

lactam group was replaced by a boronic acid. They are effective inhibitors of all classes of SBLs (A 

and C). The inhibition of SBLs works by nucleophilic attack of the serine hydroxyl group on the 

boron leading to a highly stable sp3-hybridised intermediate [130]. Third-generation β-lactamase 

inhibitors hold potential to inhibit β-lactamases of all classes (“pan-spectrum” β-lactamases). For 

example, taniborbactam has shown to inhibit all SBLs (A, C, D) but also MBLs [131]. It is assumed 

that two features in addition to the boronic acid ester moiety are responsible: An annulated benzoic 

acid cycle (Table 3, highlighted in orange) to the oxaborinane scaffold and a substituent on the amide 

group with a hydrophobic linker (Table 3, highlighted in pink) and polar moiety with a terminal 

amine group (Table 3, highlighted in green) [127]. 

 

Hydroxyl groups, as present in aminoglycosides or chloramphenicol, are also prone to enzymatic 

modification. While acetylation was reported for chloramphenicol, conjugation with adenosine 

monophosphate (AMP) or phosphoric acid was reported for aminoglycosides. In addition, 

aminoglycosides and fluoroquinolones are known to undergo inactivation by N-acetylation. The 

methylation of the amino group as done for example for levofloxacin or ofloxacin might prevent the 

molecule from this enzymatic modification, (perhaps at the expense of permeability). The enzyme 

FosA, whose genes were identified in P. aeruginosa, K. pneumoniae and A. baumannii, catalyses the 

conjugation of thiol group-containing compounds with fosfomycin. Tetracycline-inactivating 

enzymes, as for example TetX, are known to oxidise tetracyclines at different positions leading to 

various products. Especially, positions C1, C2, C3, C11a and C12 are targets for enzymes. These are 

parts of vinylogous carboxylic acid groups. Like for β-lactams, a possible approach could be to co-

administer enzyme inhibitors, such as anhydrotetracycline. Chelocardins, which have been lately 

rediscovered as a basis of novel antibiotic structures, may profit from structural similarities to 

anhydrotetracycline. Both structures share an annulated aromatic ring system and a methyl group on 

C6. For tetracyclines, however, chemical modifications do not seem clinically relevant [110]. 

Sulfonamides were reported to undergo enzymatic degradation in Escherichia spp., Acinetobacter 

spp. and Pseudomonas spp. These data, however, do not originate from clinical strains [132]. 

 

For polymyxins, enzymatic peptide hydrolysis was only reported for Gram-positive Bacillus spp. 

The sequence of some serine proteases in Gram-negative bacteria seems similar to that of Gram-

positives. The clinical relevance for Gram-negative species is, however, questionable, since these 

enzymes would need to be secreted to prevent bacterial killing early enough [133]. 
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Notably, all currently relevant antibiotics for Gram-negative bacteria, are potentially prone to 

enzymatic degradation. A critical evaluation of the clinical relevance of antibiotic inactivation, 

depending on the bacterial species and molecular entities, is still needed. In the ideal case, one would 

be able to predict functional groups prone for bacterial metabolism and avoid thus synthesising them 

unnecessarily by running a quick predictive calculation beforehand - as commonly done for human 

metabolites of drug candidates.  

 

2.2.4 Efflux 

 

As mentioned previously in Section 2.2, Gram-negative bacteria like E. coli, P. aeruginosa, 

S. enterica ser. typhimurium, K. pneumoniae and A. baumannii possess multidrug efflux pumps, 

which have structural similarities, but can have different substrate preferences. β-Lactams, 

fluoroquinolones and tetracyclines are efflux substrates in Enterobacterales (E. coli, Salmonella spp.) 

and Pseudomonadales (A. baumannii and P. aeruginosa), excluding imipenem [65,134]. For 

β- lactams, it has been shown that lipophilic side chains increase the efflux rate. Glycylcyclines – a 

subclass of tetracyclines – feature a glycyl sidechain in the position C9 of the tetracycline scaffold, 

which is supposed to prevent efflux. Despite of this, A. baumannii and P. aeruginosa still succeed in 

eliminating tigecycline by this pathway [65]. 

 

The accumulation of quinolones of the first-generation (e.g., nalidixic acid, flumequine), second-

generation (e.g., ciprofloxacin, fleroxacin, norfloxacin) and fourth-generation (e.g., gatifloxacin, 

gemifloxacin) seems less affected by efflux activity, while fluoroquinolones of the third-generation 

(e.g., sparfloxacin, balofloxacin) are more susceptible. Moreover, an aminopyrrolidine at the C7 

position of the quinolone scaffold instead of a piperazine substituent seems to lower the efflux rate 

of fluoroquinolones in E. coli [64]. 

 

Aminoglycosides are known efflux substrates in A. baumannii, P. aeruginosa, N. gonorrhoeae and 

E. coli [65,135]. In Pseudomonas spp. the impact of the MexXY multidrug efflux pump on microbial 

resistance against aminoglycosides can be assumed as moderate [136]. More detailed structure–

efflux relationships are still missing. 

 

Regarding fosfomycin, not many studies suggest a significant impact of efflux on accumulation. It 

might play a role in A. baumannii [137]. This is in agreement with findings mentioned in Section 

2.1.4, where small, highly charged molecules are less prone to undergo efflux. 

 

Generally, for many antibiotics uptake, degradation and efflux mechanisms are known to occur. 

Their interplay on a quantitative level, however, is still largely unknown. Prospectively, analogously 
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to β-lactamase inhibitors the development and co-application of efflux blockers can be a way to 

further enhance bacterial bioavailability. However, currently available compounds are only 

applicable for experimental purposes in vitro [49]. 

 

Table 3. Main classes of antibiotics for the treatment of Gram-negative infections. 

Name 

Example  

with the key structural motif 

highlighted 

Physicochemical 

properties 
Uptake 

Metabolism 

in bacterio 

Aminoglycosides 

 

Tobramycin 

- polycationic 

- clogD –8.1[a] 

- MW 526 Da[a] 

- N[b] 

Self-promoted 

uptake [104],  

Porin [118] 

N-acetylation, 

O-AMP-

conjugation, 

O-

phosphorylati

on [66]   

Chloramphenicol 

 

- non-ionic 

- clogD 0.86[c] 

- MW 323 Da 

- T[b] 

Porin [104,138] 
O-acetylation 

[139] 

Penicillins 

 

Amoxicillin 

- anionic, zwitterionic 

- clogD –2.4[a] 

- MW 413 Da[a] 

- (N), T, (R)[b] 

Porin [73] 

β-lactam 

hydrolysis 

[140] 

Cephems 

 

Cefuroxim 

- anionic, zwitterionic 

- clogD –3[a] 

- MW 452 Da[a] 

- (N), T, (R)[b] 

Porin [49] 

β-lactam 

hydrolysis 

[140] 

Carbapenems 
 

Imipenem 

- zwitterionic 

- clogD –5.8[a] 

- MW 397 Da[a] 

- (N), T, (R)[b] 

Porin [49] 

β-lactam 

hydrolysis 

[140] 
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Monobactams 

 

Aztreonam 

- anionic, zwitterionic 

- clogD –2.8[c] 

- MW 423 Da[a] 

- (N), T[b] 

(Porin) [141] 

β-lactam 

hydrolysis 

[142] 

-Lactamase 

inhibitors 

 

Tazobactam (1st Gen.) 

- anionic, zwitterionic 

- clogD –3.0[d] 

- MW 262[c] 

- (T), R[b] 

n.r. (porin likely) 

(β-lactam 

hydrolysis) 

[143] 

 

Avibactam (2nd Gen.) 

- anionic, zwitterionic 

- clogD –2.2[d] 

- MW 312[c] 

- (N), (T), (R)[b] 

n.r. (porin likely) 

Carbamate 

hydrolysis 

[129] 

 

Taniborbactam (3rd Gen.) 

- anionic, zwitterionic 

- clogD –1.9[d] 

- MW 343[c] 

- (N), T, (R)[b] 

n.r. (porin likely) n.r. 

Fluoroquinolones[d] 

 

Ciprofloxacin 

- zwitterionic 

- clogD –0.8[a] 

- MW 371 Da[a] 

- (N), T, R[b] 

Porin,  

OM lipids [26] 

N-acetylation 

[139] 

Tetracyclines 
 

Tetracycline 

- zwitterionic 

- clogD –3.6[a] 

- MW 481 Da[a] 

- (N), T, (R) [b] 

Porin, OM lipids 

[26,104] 

Oxidation 

[92,144] 

Fosfomycin 

 

- anionic 

- clogD –3.2[c]  

- MW 138 Da[c] 

- R[b] 

(Porin) [145] 

Nucleophilic 

addition of 

water, 

glutathione,  

L-cysteine or 

bacillithiol 

[146] 
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Sulfonamides[e] 

 

Sulfadiazine 

- non-ionic 

- clogD –0.1[a] 

- MW 273 Da[a] 

- T, R[b] 

Passive, not 

further specified 

[147] 

oxidation of 

sulfanilic acid 

moiety, 

hydrolysis of 

sulfamate 

ester [132] 

Polymyxins 

 

Colistin A 

- polycationic 

- clogD 2.9[c] 

- MW 1176 Da 

- N[b] 

Self-promoted 

uptake, 

membrane 

permeabilisation 

[32,116,148] 

 (proteolysis) 

[149] 

[a] Average values reported by O’Shea and Moser [71]. [b] The fulfilment of eNTRy rules [53,82], N = ionisable amine, T = low three 

dimensionality, R = rigidity. [c] Values generated by StarDrop v. 6.6.1.22652. [d] Values generated by StarDrop version 6.6.4.23412; the 

antibiotic panel used for [b] and [c] shown in the Supplementary Material, Table S1. [e] Fully synthetic. MW = molecular weight, n.r. = 

not reported 

2.3. Novel chemical classes with anti-Gram-negative activity 

New chemical entities, also addressing novel targets, are entering the clinical development. However, 

with the exception of zoliflodacin (against resistant N. gonorrhoea) all of them tend to focus on 

Gram-positive bacteria [150,151]. We therefore just highlighted some recent approaches used in 

antibacterial drug discovery (Table 4) and evaluate how these compounds match the rules discussed 

in Chapter 2.1. We review them with a focus on bacterial bioavailability; further exploration of their 

safety profile is still needed. 

2.3.1 Zoliflodacin 

Being investigated in clinical phase III trials, zoliflodacin is currently the most advanced candidate 

among the compounds with anti-Gram-negative activity and is a representative of a novel antibiotic 

class called spiropyrimidinetrione. Although the structure is new, the target protein is not, since it 

inhibits the DNA synthesis by binding to the GyrB-subunit of bacterial Topoisomerase II (Gyrase) 

as well as Topoisomerase IV, which holds true also for novobiocin, flavonoids and so-called “novel 

bacterial topoisomase inhibitors” [152,153]. However, studies on drug-resistant mutants showed no 

cross-resistance between zoliflodacin and any other gyrase targeting agent, as the mode-of-inhibition 

is different [154,155]. Regarding bacterial bioavailability, no specific studies have been performed. 

Neither the way of uptake is known (although the PorB is assumed to be potentially involved), nor 

any metabolic pathways. Susceptibility studies on Neisseria efflux pump mutants, revealed that 

especially MtrCDE, but also MacAB and NorM play a significant role in decreasing the 

bioavailability [156]. Considering the properties of the molecule with its medium molecular size, 

without charged groups and low globularity, it is likely that it mainly takes the PorB porin pathway 
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as well as to some extent the passive non-facilitated uptake across the OM, which is known to be 

rather unselective and seems to determine the efficacy of other antimicrobials [28,157]. 

2.3.2 Halicin 

A recent study based on a computational deep learning model using a library from Drug Repurposing 

Hub [158,159] resulted in the discovery of nitrothiazole halicin, c-Jun N-terminal kinase inhibitor 

SU3327, as a potential antibacterial compound [160]. With respect to the physicochemical 

parameters, halicin complies with the rules, although it lacks an ionisable amine and is rather non-

drug like, as shown in Table 4. No antibacterial activity was observed for P. aeruginosa and the 

authors in fact refer to possible permeability issues. This pinpoints need for bacteria-specific models 

not only to predict antibiotic activity but also bacterial bioavailability. Where such a model is 

successful, lengthy experimental high-throughput screenings (HTS) may in future be driven using 

computational settings. When repurposing substances, however, it will be of utmost important to 

investigate their history and question why research has been previously discontinued. As for halicin, 

there is some evidence that it may affect mitochondrial function [161]. 

2.3.3 Compound “13e” 

An application of fragment-based drug design was recently illustrated by Ushiyama et al., where 

DNA gyrase inhibitor 8-(methylamino)-2-oxo1,2-dihydroquinoline compound “13e” was 

reassembled successfully from an HTS hit [162]. In general, fragment-based design (compounds with 

molecular weight <300 Da) provides the freedom to design and introduce desired physicochemical 

parameters to the scaffold [163]. However, in this case the design was driven by enzymatic activity. 

The study represents a good example, how difficult it is to balance enzymatic and cellular activity. 

Compound 13e only displays a weak antibacterial activity profile in E. coli (MIC = 64 μg/mL) and 

is potentially prone for efflux, as demonstrated with an increased minimum inhibitory concentration 

(MIC) in presence of an efflux pump inhibitor Phe-Arg-β-naphthylamide (E. coli = MIC ≤ 0.03 

μg/mL with PAβN (200 µL)). Compound 13e has a low molecular weight (337 Da) but is only 

negatively charged with one carboxylic acid and thus, the observations by Brown et al. could predict 

efflux issues [98].  

2.3.4 Debio-1452-NH3 

Debio-1452-NH3 is also a recent example of the application of the eNTRy rules, where its non-amine 

derivative Debio-1452 was converted into a compound active against Gram-negative with the 

introduction of a primary amine. Both inhibitors represent a novel class of benzofuran naphthyridines 

targeting a novel target, namely the enoyl-acyl carrier protein reductase FabI. This study 

demonstrates the power of the eNTRy rules, or particularly the primary amine, by expanding the 

activity profile from Gram-positive into Gram-negative. However, Debio-1452-NH3 shows activity 
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against A. baumannii, K. pneumoniae and E. coli, but not against P. aeruginosa [78]. Several factors 

may be responsible for this, highlighting again the need for bacteria-specific rules of compound 

properties. The non-amine derivative Debio-1452 is already in phase-2 clinical studies to treat skin 

infections caused by Gram-positive Staphylococcus aureus [150]. Time will tell, whether the amine-

modified Debio-1452-NH3 will also make it to clinical studies. An interactive tool by the PEW trust 

can be used to trace the clinical candidates by the Food and Drug Administration (FDA) [150,164]. 

2.3.5 Quorum-sensing inhibitors 

Quorum-sensing inhibitors interfere with the interbacterial communication and thus, inhibit bacterial 

growth and virulence. Since they do not act bacteriostatically or bactericidally, the selection pressure 

is reduced, and resistance formation decelerated. Since substances of many different structural 

classes belong to this group, we will here mainly focus on furanone derivatives, a compound class 

that interfere with quorum sensing of various bacterial species as for example P. aeruginosa and 

S. enterica. One target is the intracellular Quorum-sensing control repressor (QscR). Its inhibition 

indirectly leads to a decrease in the expression of virulence genes. 

Quorum sensing inhibitors of the furanone class are rather small, mostly uncharged and less 

hydrophilic molecules, such as Fur-5 in Table 4 [165–167]. One might question at first glance if such 

compounds can accumulate enough to interact with their intracellular target. It is, however, important 

to consider that for P. aeruginosa the porin pathway is highly challenging due to the low number of 

these OM proteins and their increased specificity. It is likely that such small and less polar 

compounds substantially permeate porin-independently across the OM, as has been previously 

indicated by PqsD inhibitors [109]. Bearing this in mind, the design of small, flat, rigid and 

amphiphilic molecules could lead to better bioavailability and hence activity in P. aeruginosa than 

strictly following the current dogma, which includes enhanced polarity and positive charge. 

Rosmarinic acid has also been shown to inhibit quorum sensing in P. aeruginosa. Notably, this 

molecule features two Fe3+ complexing catechol groups, which may enhance active uptake via TonB-

dependent receptors [168].  

2.3.6 Peptide antibiotics 

Arylomycins are partially cyclic hexapeptides featuring an N-terminal fatty acid. They are primarily 

active against Gram-positive species. In a recent publication structural changes were reported, which 

broadened the spectrum of activity of Arylomycin A-C16. By replacing the linear peptide-fatty acid 

structure by a 2-(4-(tert-butyl)phenyl)-4-methylpyrimidine-5-carboxylic acid – linked 

diaminobutyric acid the compound G0775 was obtained, which showed antimicrobial activity was 

achieved against E. coli and K. pneumoniae. Target molecule is the LepB enzyme located in the IM. 

By adding a nitrile function to the C-terminus, the target affinity was enhanced leading to a further 
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gain of potency. Further addition of ethylene amine groups to its two phenolic OH-functions led to 

significant activity also against P. aeruginosa and A. baumannii [79]. Notably, the activity was 

enhanced by introduction of several primary amine moieties and a more rigid aromatic system. The 

authors reported a porin-independent uptake of this compound, which may be partially facilitated by 

its polycationic nature enabling it for self-promoted uptake. With a molecular mass of 890 Da, it 

seems unlikely that this compound shows fast accumulation. It might rather be the synergism of 

enhanced bioavailability and target affinity, making this compound active and opening the door for 

new potent representatives of this class. 

2.3.7 Nucleic acids and analogues 

 

Fig. 2. Key motifs of RNA and of other polynucleotide analogue 

 

(Poly-)nucleotide and nucleoside analogues are an emerging antibiotic class with high potential. 

Some compounds inhibit enzymes while others interfere with gene expression [169,170]. Especially, 

in the latter case antisense nucleic acids can be tailor-made for virtually every type of target mRNA 

and hence, inhibit the biosynthesis of the respective protein. Apart from designing RNAs, novel 

analogous structures with different backbones such as locked nucleic acids (LNAs) and peptide 

nucleic acids (PNAs) are emerging (Fig. 2) [171]. These are more resistant to nucleases and heat. 

While single nucleotides may still have access to the cell through porins, entire sequences of nucleic 

acids commonly violate many currently considered rules for good bacterial bioavailability, since they 

possess too many H-bond donors and acceptors, are polyanions and exceed upper limits of 

globularity, flexibility and size. Hence, a big issue for nucleic acid activity in Gram-negative bacteria 

is indeed their uptake. Co-administration with membrane-perturbing agents, such as polymyxins or 

cell penetrating peptides as well as conjugation with siderophores, may help to increase bacterial 

bioavailability. 
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Table 4. Recent examples of antibacterial compounds against Gram-negative bacteria 

 

 

 

 

 

 

 

 
Zoliflodacin 

[155] 

Halicin 

 [160] 

“13e”  

[162] 

Debio-1452-

NH3 [78] 

Fur-5  

[165] 

G0775 

[79] 

Target 

Enzyme  

or Mode of 

Action 

DNA gyrase 

and 

topoisomerase 

IV inhibitor 

Dissipator of 

the ΔpH 

Component  

of the Proton 

Motive Force 

DNA gyrase 

inhibitor  

FabI 

inhibitor 

Inhibition of 

QscR 

 Reduction of 

virulence 

factor 

production 

Inhibition 

LepB 

Blockage of 

protein 

translocation 

across IM 

Molecular 

Weight[a] 
487.4 261.3 337.3 390.4 287.1 889.1 

clogD7.4
[a] 1.7 0.9 0.3 0.8 1.9 2.3 

Ionisable 

Amine[b]
 

no no no yes no yes 

Rotatable 

Bonds[b] 
1 3 4 4 3 16 

Globularity[b] 0.095 0.073 0.006 0.033 0.073 0.062 

Minimal 

Projection  

Area (Å2)[c] 

62.52 
33.11 29.87 48.02 38.15 116.93 

 [a] Values generated by StarDrop v. 6.6.1.22652. [b] Calculated in the eNTRy-way [53,82]. [c] Values generated by MarvinSketch 

20.8 [172]. 
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2.4. Opportunities and risks of antibiotic drug design  

It is important to note that most of the antibiotics are natural products, which normally have 

properties that differ largely from synthetic small molecules. On the one hand, these differences give 

a strong hint that some physicochemical features are rather specific to achieve an enhanced bacterial 

bioavailability. On the other hand, producers of natural antibiotics are usually found outside a living 

host (Streptomyces spp. [173,174], Micromonospora spp. [175], Penicillium spp. [176]), which 

means that secreted structures are not adapted to the mammalian organism and hence, some 

unexpected binding or metabolites may lead to adverse effects. 

However, it is necessary to mention that despite the physicochemical differences between antibiotics 

and other drugs with human targets also many similarities can be found. This can be exploited 

towards better oral uptake of antibiotics into the human body, but can bear also a downside, since we 

may unintentionally be tuning our compounds to a higher risk of side effects when focussing too 

much on necessary parameters for Gram-negative uptake. There is evidence that mitochondria have 

evolved from Gram-negative -proteobacteria, which cannot only be observed by genome analysis, 

but also by several features of their membranes (e.g., presence of porins or phospholipid 

composition) [177]. When juxtaposing currently discussed favourable properties for compound 

uptake to “Lipinski’s rules of five” and other properties known to be advantageous for mammalian 

membrane permeability and oral systemic bioavailability (Table 5), it becomes obvious that 

similarities exist, which can affect the selectivity of antibiotic accumulation. As seen in Table 5, anti-

infective compounds with low molecular weight, zwitterionic state, high rigidity and a low number 

of H-bond donors or acceptors, respectively, can potentially also cross mammalian membranes. If 

such compounds also bind to mammalian intracellular structures, this can lead to side effects. In 

addition, aiming for low globularity and high rigidity can enhance the risk for DNA intercalation 

[178], whereas the presence of amines can increase the risk for the human Ether-à-go-go-Related 

Gene (hERG) inhibition and unspecific receptor binding, affected also by 3D shape [179–181]. Flat 

molecules are also often associated with poor solubility [182]. Keeping this in mind, compound 

polarity, charge and the number of H-bond acceptors and donors appear as most crucial 

physicochemical properties to guarantee Gram-negative selectivity and hence, reduce the likelihood 

of side effects. Wisely selecting these limits for compounds may allow to find a compromise between 

sufficient bacterial and oral bioavailability and low, unspecific accumulation in mammalian cells. 

This understanding could also be integrated into computational programmes to support antibiotic 

drug discovery. Especially, zwitterions could be advantageous since they permeate well across 

unspecific bacterial porins, but poorly across phospholipid bilayers. Moreover, they have a good 

bioavailability due to paracellular uptake in the intestine and may avoid hERG inhibition [183].  
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Table 5. Physicochemical properties empirically found to be associated with enhanced accumulation in Gram-

negative bacteria or mammalian cells, respectively. 

 

In contrast to bacterial efflux, the selectivity of mammalian P-gp-mediated efflux is more thoroughly 

understood. P-gp removes a wide range of substances from cancer cells, but also from normal cells, 

such as hepatic cells, endothelial cells along the blood brain barrier (BBB), and the placenta as well 

as cells of the intestinal epithelium [188]. Functional groups, such as primary and secondary amides, 

alcohols, phenols, carboxylic acids and sulfonamides, are often recognised by P-gp. In general, rather 

hydrophobic compounds in a size range of approx. 300 to 4000 Da are recognised by P-gp [189,190]. 

Furthermore, a compound should have H-bond donors (<2) and total PSA below 90 Å2, or ideally 

below 70 Å2, to avoid P-gp efflux [190]. Predictive models exist to support drug design [191]. In the 

ideal case, we would reach the same level of understanding of bacterial efflux. Based on that 

knowledge, compounds could be designed with sufficiently high molecular size, PSA (~165 Å2) and 

an optimal number of H-bond donors to be substrate of P-gp leading to low accumulation in host 

cells but avoid efflux in Gram-negative bacteria to render the drug safer for the host and more active 

Physicochemical 

property 

Favoured accumulation in Gram-

negative bacteria 

Favoured accumulation in 

mammalian cells 

Molecular weight (Da) <600–900 [31,37,71,86,184] 

<500 [185,186]  

(questioned by  

Mazák et al. [187]) 

State of charge 
Zwitterionic [63,73],  

positive (ionisable amine) [53,77] 
Uncharged [183] 

Rotatable bonds ≤5 [77] ≤10 [186] 

PSA ~ 165 Å2 [71] 
~ 70 Å2 [71];  

<140 Å2 [187] 

logP ~ 4.1 [69] <5 [185] 

clogP – 0.1 [71] 2.7 [71] 

clogD7.4 – 2.8 [71] 1.6 [71] 

H-bond donors 5.1 [71] 1.6 [71], ≤5 [185] 

H-bond acceptors 9.4 [71] 4.9 [71], ≤10 [185] 

Globularity ≤0.25 [77] 

Flat molecules associated with 

membrane partition rather than 

permeation [183] 
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against the pathogen. A recent attempt in this direction was made by the multiparameter optimisation 

software StarDrop releasing an antibacterial scoring profile in 2018. The properties of compounds 

active against Gram-negative bacteria were compared to other marketed drugs defining the following 

set of limits, where the resulting score should ideally be in the range of 0.4–0.6; total PSA > 65.68, 

flexibility<0.3656, log solubility (logS)>0.8232, logD<1.793, hERG pIC50<4.938, molecular weight 

>237.1 and BBB category: negative [192]. 

3. How about combining oral and bacterial bioavailability? 

Notably, there is the tendency that rather recently introduced antibiotic compounds against Gram-

negative bacteria (cefiderocol, evaracycline, carbapenems, monobactams) need to be administered 

intravenously since they are too polar to undergo sufficient uptake via the intestinal mucosa. Also 

rifamycin, which is available as oral dosage form against non-invasive E. coli infections, has an oral 

bioavailability of less than 0.1% [193]. Nanoisation and many nanoformulations of drugs (e.g., 

dendrimers [194,195], nanoemulsions [196], liposomes [197]) usually enhance oral bioavailability 

by increasing the solubility, but cannot solve the problem of low trans- or paracellular transport 

across eucaryotic epithelia due to high polarity. The application of (bioadhesive) liposomes or 

chitosan nanoparticles; however, can enhance the dwelling time of the drug at mucosal surfaces and 

hence allow for a better bioavailability [198–201].  

 

Moreover, the application of penetration enhancers is one possible way to enhance uptake through 

the intestinal mucosa. Even though many of these excipients are known to harm the mucosa, there 

are also more biocompatible approaches, such as the use of derivatised bile acids in combination 

with nano-sized delivery systems [202]. Direct ion-pairing of bile acids with positively charged drug 

molecules also reportedly increased oral bioavailability [203]. This strategy can be particularly useful 

for compounds, such as aminoglycosides or the above-mentioned compounds halicin, Debio-1452-

NH3 and G0775.  

 

It is also worth pointing out that several -lactam antibiotics - although being either an- or zwitterions 

- have a high oral bioavailability. For 3rd to 5th generation cephalosporins (e.g., cefpodoxime proxetil, 

ceftaroline fosamil) this could be achieved by conjugating them with hydrophobic moieties leading 

to enhanced passive transmembrane diffusion. β-Amino-benzyl-penicillins, older cephalosporins 

(e.g., cefaclor, cefalexin, cefadroxil), but also some 3rd generation cephalosporins (e.g., cefixime, 

ceftibuten) profit from their dipeptide-like structure and take a specific dipeptide-carrier mediated 

active route across the intestinal mucosa [204–207].  
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Instead of directly mimicking nutrient-like structures, antibiotic compounds can also be conjugated 

with substrates of active transporters actively taken up moieties, such as vitamins [208], amino acids 

(e.g., glycine, lysine, valine) [209,210] and sugars (glycosylation) [67,211]. At the same time, such 

moieties can also act as “recognition handles” for bacteria and hence, enhance both bacterial and oral 

bioavailability. If the conjugated moieties are natural, the release of them into systematic circulation 

may have a fewer side-effects [209].   

 

When optimising drug design for non-facilitated passive diffusion across the bacterial envelope, 

which means the decrease of hydrophilicity and size compared to drugs taking the porin-mediated 

route, the issue of low oral bioavailability may be solved at the same time. Furthermore, it can be 

worthwhile to convert antibiotic compounds with low bioavailability into siderophores, as has been 

done for rifamycin [112]. It must, however, be carefully assessed to what extent these iron chelators 

interfere with the iron metabolism of the patient.  

 

Additionally, the design of the compound should address the potentially difficulties to be faced at 

the site of bacterial infection. One of the problems are biofilms that are often, for example, associated 

with lung infections. Biofilms are even more difficult to penetrate than the planktonic bacteria. 

Within biofilm, bacterial colonies are dormant and have different mode of growth [212].  

 

Overall, we think that a fine balance of the chemical design for ideal bacterial and oral bioavailability 

is needed in future antibiotic discovery. Evidently, it is difficult to address all these points in the 

current in vitro settings. Considering that critical Gram-negative pathogens such as 

Enterobacteriaceae and P. aeruginosa cause nosocomial infections of the gastrointestinal tract or the 

lung, respectively, it is worth considering if novel antibiotics should be administered locally rather 

than systemically. Additionally, hospitalised patients generally have some venous access. In order to 

support the design of antibacterial compounds, we first need more robust assays with meaningful 

assay read-outs to quantify bacterial bioavailability (Section 4). 

4. Assays for determining bacterial bioavailability 

We have not yet reached the ideal set of rules to design compounds that successfully cross any Gram-

negative barrier. Whether the starting molecular entity is a decorated HTS hit or a small fragment, 

such rules may be difficult to realise without meaningful reference assays. Standard MIC assays will 

be partially indicative in this case; however, the activity read-out cannot specify where the problem 

may be. The ideal set of rules would consider the location of the target protein so that the compound 

has the highest chance to accumulate in the needed compartment. Importantly, they would also 

include environmental settings, such as pH, that influence not only the state of the compound but 
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also the bacterial behaviour and physiological conditions at the site of infection [74,75]. It is common 

practice in drug development to assess permeability across mammalian barriers at an early stage. 

Whilst several assays are routinely used to predict oral bioavailability (e.g., PAMPA, Caco–2), 

analogous fast, high-throughput membrane model methods for bacterial bioavailability are urgently 

needed with meaningful parameters for drug optimisation. Over the years, several groups have 

developed cell-based or cell-free assays to understand fundamental bacterial transport processes, of 

which the most important are listed in Table 6. 

4.1. Whole-cell assays 

Nikaido pioneered the accumulation time course of different antibiotics indirectly by incubating 

bacteria with an antibiotic solution and determined the decrease of antibiotic concentration in the 

supernatant by simple spectrophotometry (Fig. 3A) [213]. This easy procedure has been adapted also 

to LC–MS quantification [214] and deserves still further validation and upscaling. Direct compound 

quantification from the bacterium is possible using LC–MS after bacterial lysis [53,109,215], 

fluorimetry [56], RAMAN spectroscopy [216] or radiometry [217]. Especially LC–MS-based 

methods gained popularity and have become considerably quick [218]. LC-MS can be regarded as a 

gold standard to study accumulation, however, the effort in experimental preparation and sample 

purification, must still not be underestimated.   

 

Beside quantifying general accumulation, it is already possible to detect accumulation in a 

subcellular manner either by detecting fluorescence using biorthogonal probes [59] or probe free by 

LC–MS [54]. While the former concept so far only works for compounds with azide moieties, the 

latter method is much more broadly applicable.  

 

Microspectrofluorometry, enabling to study antibiotic accumulation in living bacteria and 

spheroplasts [56,219] may allow in situ colocalisation and uptake studies on upcoming larger 

antibiotic agents, such as peptides, phages, antibodies, nucleic acids and nanoparticles.  

Systematic knock-out and stimulus-triggered expression of proteins involved in specific uptake and 

efflux can also make it possible to compare minimum inhibitory concentrations of different 

antibiotics and allow for studies on structure–permeation relationships, as shown by the so-called 

Titrable Outer Membrane Permeability Assay System (TOMAS) [220].   

Overall, whole-cell assays are recommended as reference systems to directly measure the 

accumulation of antibiotics, because they also cover active uptake and efflux processes. Studies can 

be performed on specific strains and clinical isolates. Blocking or knock-out of diverse uptake, 

degradation and efflux mechanisms moreover allows investigation of the specific factors involved in 

antimicrobial accumulation. Assays with living bacteria, however, are prone to a number of errors 
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[221]. For example, genetic modifications may lead to a general shift in protein expression, as shown 

for ∆TolC mutants [222] The wide use of this strain, however, gives the impression that for 

translocation studies the outcome appears plausible, at least for E. coli, as it is often used to account 

for efflux-issues [169,215,223,224]. Chemosensitisers (e.g., carbonyl cyanide 

m- chlorophenylhydrazine, β-lactamase inhibitors) can either lack specificity and/or unintentionally 

interfere with other bacterial processes. Moreover, living organisms undergo continuous adaptation 

to their environment. Small deviations in the performance of the experiments may have severe effects 

on reproducibility. Lastly, working with living pathogens requires specific safety measures and 

classification. 

4.2. Vesicle-swelling assays 

Alternative cell-free approaches emerged to study specific pathways and to make investigations more 

distinct, faster and easier. Nikaido followed the hypothesis that the access of most anti-infective 

compounds is controlled by porins [32]. He investigated porin-mediated permeation by 

proteoliposomes containing E. coli OmpF [73]. The osmosis-driven compound uptake into the 

liposomes was investigated indirectly by measuring the increase of vesicle size (Fig. 3B). Ferreira et 

al. performed similar studies employing OM vesicles (OMVs) of E. coli K-12 instead [225]. 

Transferring this approach to other species, however, cannot be generally recommended as the 

membrane composition of OMVs does not always represent the original OM composition [226].  

4.3. Electrophysiology 

Nestorovich et al. studied the interactions of ampicillin with OmpF by electrophysiological methods 

(Fig. 3C) [227]. However, such studies lack evidence whether blocking events on the membrane 

channels are indeed reflecting molecular translocation across the membrane [85]. Recently, Wang et 

al. introduced OmpF channels featuring a cysteine moiety to quantify permeating molecules [228].  

4.4. Membrane-permeation assays 

To predict bacterial accumulation measuring the transport rates across surrogate membranes can be 

used. Permeable well-plate inserts can be coated with phospholipids [229] or multiple layers of 

biomaterials [109] resembling the overall Gram-negative bacterial envelope (Fig. 3D). For molecules 

<300 Da, these models seem to deliver results consistent with intrabacterial activity. Permeation data 

obtained for compounds >300 Da were only consistent for antibiotics following porin-independent 

passive permeation. A more recent approach employs a slightly acid-degraded starch hydrogel 

coating to mimic mainly porin-dependent drug permeation. Interestingly, permeation data obtained 

from this simple approach correlated quite well with intrabacterial accumulation data for a variety of 

representatives from different antibiotic classes [215]. 
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Fig. 3. Overview over approaches to study compound accumulation, uptake or efflux. 

4.5 Efflux assays 

Notably, efflux studies are much more challenging, since it is an active transport driven by the proton-

motive force and depends on a complex of proteins. Zgurskaya et al. created proteoliposomes of 

E.  coli AcrAB (Fig. 1) and embedded fluorescent phospholipids [230]. These proteoliposomes were 

assembled with unlabelled, unloaded liposomes. By creating a proton gradient across the liposomal 

membrane, they could activate the pumping complex, which then pumped fluorescent cargo from 

proteoliposomes into plain liposomes. Verchère et al. expanded this approach to two P. aeruginosa 

efflux pump subunits inserted in separated groups of liposomes (Fig. 3E) [231]. 

4.6. In silico methods 

4.6.1 Molecular dynamics (MD) simulations 

MD simulations describe atom movements within a system of molecules based on laws of classical 

mechanics [232]. As a result, this method can be used not only to study conformational changes, 

ligand binding and (macro-)molecular folding, but also membrane permeation. Regarding drug 

permeation in particular, it is possible to predict interactions between the permeating compound and 

various membrane structures, such as phospholipids, porins or membrane receptors (Fig. 3F) [233]. 

First MD simulations on parts of porins were reported as early as in 1994 [234], while first MD 

studies between OmpF and antibiotic molecules were published in 2002 [227]. Since then, the 

translocation of numerous antibiotics was studied across different porins [235]. Cramariuc et al. 

studied the permeation of ciprofloxacin across a phospholipid bilayer using MD simulations and 

confirmed energetically that the uncharged species of fluoroquinolones is the major permeating 

species across phospholipid membranes. Moreover, they proposed a mechanism of permeation where 

the loss of polarity, resulting from molecular stack formation among zwitterionic fluoroquinolones, 

favours the penetration into the membrane followed by neutralisation due to intermolecular transfer 
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of protons [107]. Furthermore, models of the asymmetric outer membrane [236], LPS [237], IM 

proteins [238] and also of TBDT [239] have been developed. These could be optimised towards a 

better understanding of antibiotic permeability.  

 

MD can be considered sophisticated in several ways: it requires an abstract understanding of 

underlying simulation processes and the adequate adjustment of parameters (number of simulated 

molecules, starting conformation, molecular parameterisation, equations for intermolecular 

interactions, etc.). Moreover, high performing graphic processors are required. Depending on the size 

of the simulated system, the size of the permeating molecule and the computer infrastructure, a full 

analysis of a permeation process may take weeks to months. Coarse-grained models, where groups 

of atoms are merged to one “grain” can improve the computational performance [240], but lead to a 

loss of atomistic details about molecular interactions. To further reduce processing time of a 

permeation event, enhanced sampling techniques can be employed, such as metadynamics or 

umbrella sampling [235,241]. MD is a complementary method to experimental investigations, as for 

example electrophysiological assays, X-ray crystallography or Foerster resonance energy transfer 

(FRET) and can either be used to develop hypothesis to be experimentally investigated or explain 

experimental data [221,242].  

4.6.2 Machine-learning 

As previously mentioned in Sections 2.1.1 and 2.1.4, different types of machine-learning or deep 

learning have not only been employed to identify compounds with antibacterial activity 

[160,243,244], but also for investigations of bacterial membrane permeability [245], accumulation 

[53] and efflux [99,101]. Here, we want to give a brief introduction to the commonly used 

approaches:  

Naïve Bayes (NB) is a rather simple supervised machine-learning method, which is used by the later 

mentioned Shared Platform for Antibiotic Research (SPARK). This method assumes independency 

of the training parameters (“dimensions”). Hence, it is less affected by the so-called “curse of 

dimensionality” and can also deal well with data sets that feature only a small overall sample number 

or a small number of “good” samples. This is of great advantage, since regarding Gram-negative 

bacterial bioavailability one can expect a much larger number of compounds with low bioavailability 

(“bad samples”) than there are with good bioavailability. As a drawback, it cannot detect synergistic 

patterns of physicochemical parameters.  

Random-forest (RF) analysis is another example for supervised machine-learning and so far the most 

often reported technique to resolve chemical questions on antibiotic translocation phenomena 

[53,99,215]. RF analysis works by creation of multiple decision trees by applying a training data set. 
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When performing the analysis on a test set of data, these decision trees “vote” for the outcome (Fig. 

3G). Depending on the selection of RF classification or regression, qualitative or quantitative 

predictions are possible. The results are comparatively easily interpretable. It is advantageous that 

RF also allows for the analysis of data sets, which contain incomplete information and parameters of 

different nature (e.g., shift between logP and logD or logD and molecular weight). This is helpful, 

since data sets from different groups were usually generated under different conditions while 

investigating different parameters. 

More sophisticated than NB and RF is the use of Gradient Boosted Trees (GBT) as offered by the 

website “Open Drug Discovery” by Idorsia [84]. GBT work by sequential building of a high number 

of small decision trees. Each newly built tree is created based on the prediction error of the previous 

ones. As in RF, data sets may be incomplete. However, also as in RF the number of sample data must 

be exponentially larger than the number of training parameters. Comparatively high computational 

power is required. 

Deep artificial neural networks (ANN) belong to the most complex machine-learning approaches. 

To the best of our knowledge these have not been reported so far for investigating aspects of bacterial 

bioavailability, but rather antibacterial activity [160]. An overview of the various types of ANN and 

current applications in drug discovery, design and delivery is given by Puri et al. [245]. Their current 

lack of application with respect to bacterial drug delivery is understandable, since deep ANN require 

a large amount of sample data, usually millions; a sophisticated computer infrastructure and 

comparatively long learning time. Once sufficiently large amounts of data are available, deep ANN 

can become the most powerful tools to predict antibiotic permeability and to elucidate structure-

accumulation relationships, however at the same time resilience to noisy data and overfitting still 

needs to be improved [246]. 

Generally, the performance of machine-learning models is only as good as their training data set: the 

higher the quality, quantity and versatility the better. 

4.6.3 Shared Platform for Antibiotic Research and Knowledge (SPARK) 

The interactive and free SPARK platform, created by the PEW charitable trusts, holds high potential 

for future research on enhanced bacterial drug permeation, efflux, bioavailability and efficacy [247]. 

Researchers are invited to share their data on antibacterial activity or bacterial bioavailability on this 

platform. The platform provides statistical and visual applications. In addition, it offers a Bayesian 

statistical modelling option [248], where models can be trained using structural fingerprints (FCFP6) 

of the selected compounds to predict biological parameters as for example mean inhibitory 

concentration or accumulation [249–251]. Although the platform features a large master set of IC50 

and MIC data for example from Novartis, it would still profit from more physicochemical properties 
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provided along with the biological data. The database also features information on marketed drugs; 

however, comparability of different data sets and structures is currently complicated. For future 

antibiotic discovery, this platform can become a powerful tool. It can help to overcome the 

publication bias towards active compounds. In return, the platform can benefit from old clinical data, 

including for example insights of resistance development. 

Table 6. Selection of assays for studies on bacterial accumulation and related processes.  

Assay class Method Advantages Disadvantages Applicable for 

Whole-cell 

assays 

Indirect compound 

quantification via 

supernatant 

[213,252] 

+ low equipment 

requirements 

+ easy quantification 

- no distinction between 

molecule accumulation, 

adhesion, partition 

- more extensive 

validation 

Accumulation, 

(permeability) 

 Intracellular 

quantification by  

-LC–MS [53,54] 

+ highly specific 

+ suitable for automation 

- compound purification 

- sophisticated 

equipment 

- comparably slow 

Accumulation  

 -Spectrofluorimetry 

[56] 

As in LC–MS, but  

+ less sophisticated 

equipment 

- only fluorescent 

compounds 

Accumulation, 

(permeability)  

 -Fluorescence 

microscopy [56] 

+ accumulation-time course  

+ upscalable/automation  

- only fluorescent 

compounds 

- high resolution 

required 

Accumulation,  

partition studies, 

(permeability) 

 Titrable Outer 

Membrane 

Permeability Assay 

System (TOMAS) 

[220] 

+ upscalable 

+ information about efficacy 

+ less sophisticated 

equipment 

- does not monitor 

accumulation directly 

- sophisticated 

biotechnological 

preparation of bacterial 

strains 

Accumulation, 

permeability 

studies  

Vesicle-

swelling 

assays 

Liposome- 

[253]/OMV-[225] 

swelling assay 

+ less sophisticated 

equipment 

+ covers lots of aspects of 

passive permeation across 

OM (using OMV’s) or 

specific ones (using 

proteoliposomes) 

- only for known 

membrane proteins 

- isolation of membrane 

proteins/OMV’s 

necessary 

- only highly soluble 

compounds 

- lack of precision 

Permeability 
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Electrophysio

logy 

Black lipid 

membrane-based 

[221] 

+ translocation of single 

molecules 

+ adjustable to different 

bacterial strains by OMV 

- migration along 

electric field instead of 

concentration gradient 

- susceptible to 

disturbances 

Structure–

permeability 

relationship 

studies on single 

substances  

Membrane-

permeation 

assays 

Lipid-coated filter 

supports [109,229] 

+ upscalable 

+ easy-to-handle 

- unspecific 

- expensive reagents 

Direct 

measurement of 

permeability  

Efflux assay Liposome assembly 

[230,254] 

+ study of efflux pump 

function 

+ mimicry of active transport 

mechanisms 

- preparation and 

loading of 

proteoliposomes 

Characterisation 

of single efflux 

systems 

In silico Molecular dynamics 

[235] 

+ detailed elucidation of 

structure–membrane 

interaction in course of 

permeation  

+ strain and structure specific 

- computation is time 

consuming and 

resource-demanding  

- requires background in 

physics and experience 

with simulation 

programs 

Hypothesis 

testing 

regarding 

different uptake 

routes 

 Machine-learning 

[53] 

+ fast 

+ mechanistic insights 

+ predictive 

- large experimental 

data sets 

- expertise in statistics 

and programming 

required 

Prediction of 

accumulation 

and related 

factors; 

investigation of 

structural 

relations 

 

5. Conclusions 

Our current knowledge reveals that over the past five decades, overall findings of different 

generations of scientists have been complementary and consistent. Discrepancies, however, do 

appear when neglecting the individuality of Gram-negative species, their cell envelope, compound-

dependent uptake pathways and other important aspects of bacterial bioavailability. Species 

belonging to Enterobacterales (Escherichia, Salmonella and Klebsiella spp.) usually feature “non-

specific” porins as major Omp class, which allow for fast drug translocation. Here, designing drugs 

for porin-dependent uptake is a promising strategy. Favourable properties are low molecular weight, 

low minimal projection area, a strong dipole moment or zwitterionic structure, hydrophilicity, high 

rigidity and low globularity. This optimisation may, however, lead to limited oral bioavailability.  

Until today, most rules are based on the structure of approved, active compounds. Would a second 

look at the many compounds, discontinued either for lacking activity or prohibitive adverse effects, 
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provide additional insights? Sources to obtain these data could be the Community for Open 

Antimicrobial Drug Discovery (CO-ADD) [255], SPARK [247] and the REVIVE hub by the Global 

Antibiotic Research & Development Partnership (GARDP) [256].  

To characterise and better understand bacterial bioavailability of new antibiotics, we propose to 

define a small set of standardised assays, which preferably provide kinetic data, as for example 

permeability coefficients or concentration per colony forming units over time. Data obtained from 

these assays could be used to train machine-learning models, which could then accurately predict 

antibiotic accumulation in different bacterial compartments over time without further experimental 

effort and help the translation of effective antibiotics to the market. Clinical data should also be 

considered for future validation of bacterial bioavailability assays, also enabling the translation of 

the concept to Gram-positive bacteria. We envision that more candidates will make it to the clinics, 

if we master the early discovery stages and understand why we often fail to “translate” the activity 

from the bacterial assays to animal models and beyond. To achieve this goal, we need to work even 

more closely together by bridging chemistry, biology, microbiology, bio/cheminformatics and 

pharmaceutical sciences. 
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2. Aims of the Thesis 

 

There is a high need for novel anti-infective targets and here the target enzyme IspE represents one 

of the many possibilities in the MEP pathway. A small number of inhibitors of the target enzyme 

IspE, namely inhibiting EcIspE, have been published. However, a chemical class with confirmed 

target engagement and cellular activity is still missing. Most of the reported inhibitors lack substantial 

cellular activity or such has not been reported at all for them, making them less attractive starting 

points for further medicinal-chemistry optimisation. Therefore, to tackle this dilemma, the focus of 

this thesis was to apply multidisciplinary methods to expand the selection of the inhibitors of the 

enzyme IspE, ideally also possessing the highly sought-after cellular activity. For this thesis, the 

isolated IspE enzymes of E. coli and P. falciparum and their corresponding functional assays were 

available within the MEP consortium by the Fischer Group, University of Hamburg. The bacterial 

assays were conducted in-house at HIPS and P. falciparum cell-based assays were performed at 

Swiss TPH by M. Rottmann. 

To address the lack of antibacterial activity of the previous EcIspE inhibitors, a virtual 

screening with EcIspE (PDB 1OJ4) was completed and as the novelty, the “eNTRy” rules were 

applied for the filtering (3.1. Chapter A). Here, the aim was to ensure a promising starting point 

inhibiting EcIspE as well as showing antibacterial activity, resulting in the so-called “primary amine 

series”. After hit selection, the objectives for the newly synthesised derivatives were improving the 

target engagement, increasing the antibacterial activity and reducing the cytotoxicity, while 

understanding the overall structure–permeation relationships around the primary amine series.  

Prior to the thesis, a first enzymatic high-throughput screening (HTS) with PfIspE was 

completed within the MEP consortium, resulting in a promising 2-aminothiazole series (unpublished 

results from the consortium). From this series, two amide-modified reference compounds were 

selected as suitable starting points for amino-acid modifications and thereby the aim was to assess, 

whether the implementation of the reported Gram-negative rules guarantees antibacterial activity 

regardless of the starting point, whilst screening for EcIspE and PfIspE in vitro activity (3.2. Chapter 

B). Independently from the latter series, the original PfIspE 2-aminothiazole lead compound turned 

out to suffer from decomposition in DMSO stock solution, surprisingly resulting in increased activity 

against the enzyme PfIspE and the cellular target PfNF54 (3.3. Chapter C). Therefore, rather than 

expanding the SAR for this series, the objective was to understand the decomposition as well as to 

isolate and characterise the active decomposition products.   
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3. Results 

3.1 Chapter A: 

 

Novel Class Inhibitors of Escherichia coli IspE Originating from a Virtual Screening 

 

This chapter is being prepared as a manuscript for which H.-K. Ropponen is the first author. 
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Introduction 

As the globe is facing the COVID-19 pandemic, the severity of the lack of novel antibiotics to treat 

bacterial infections is also becoming more apparent. Viral and bacterial infections can be difficult to 

distinguish as they can occur simultaneously, particularly in intensive-care units.5,64 Up to now, it is 

still being debated, whether the COVID-19 pandemic worsens or, in fact, slows down the 

development of the antimicrobial resistance.65,66 As seen with the COVID-19 pandemic, it is 

evidently too late to start with the early research steps, when the problem is already present. The 

bottleneck of discovering new antibiotics already arises from the early research steps with the 

difficulty to find novel compounds and targets circumventing cross-resistance, as defined by the 

innovative criteria set by the WHO.13 Over the past years, several rules have been developed to speed 

up the discovery of the ideal antibiotic candidates, particularly for Gram-negative pathogens. 

(Publication 1, H.-K. Ropponen et al., ADDR, 2021, DOI:10.1016/j.addr.2021.02.014) Additionally, 

in another recent review A. L. Parkers raised the most fundamental question in antibiotic research 

“what can we design for?”67 There are contradicting opinions on which ones of the rules are of actual 

importance. Successful antibiotic drug design should be guided by the recently introduced bacterial 

bioavailability that is a holistic balance of bacterial uptake, distribution, metabolic and efflux 

pathways. (Publication 1, H.- K. Ropponen et al., ADDR, 2021, DOI:10.1016/j.addr.2021.02.014) 

The outer membrane of Gram-negative bacteria represents an extra hurdle for compounds to enter 

the cells in comparison to their Gram-positive bacteria counterparts. Essentially, compounds can be 

actively transported through membrane porins and pumps or pass passively through the phospholipid 

layers.68 In 2017, Richter et al. reported the so-called eNTRy rules aiming for a good accumulation 

into Gram-negative Escherichia coli. The eNTRy rules state that a well-accumulating compound 

needs an ionisable amine (N), preferably a primary amine, low globularity (≤0.25) (T=three-

dimensionality) and rotatable bonds (≤5) (R=rigidity). Based on the eNTRy rules, the ionisable 

amines provide better accumulation due to a key salt-salt interaction with the outer membrane porin 

F (OmpF).69,70 Although this LC-MS-based accumulation study focused only on Gram-negative E. 

coli, the follow-up studies have also shown the applicability of the rules for other Gram-negative 

bacteria, namely Acinetobacter baumannii and Klebsiella pneumoniae.71–75 The activity against the 

less permeable Pseudomonas aeruginosa, however, is often lacking 76 and we questioned the overall 

applicability of the rules in an amino acid modified series. (Publication 2, H.-K. Ropponen et al., 

RSC Med. Chem., 2021, DOI:10.1039/d0md00409j) 

Good accumulation and permeability into the cytoplasm is important in order to achieve 

good enzymatic activity for intracellular targets. In this study, we focus on evaluating the cytoplasmic 

2-C-methyl-D-erythritol 4-phosphate (MEP) pathway that is vital for the biosynthesis of universal 

isoprenoid precursors.40 Since the same isoprenoid precursors are synthesised via the distinct 

mevalonate pathway in humans, the bacterial MEP-pathway is a rich source of attractive drug 
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targets.41 As validation of the druggability of the MEP-pathway, fosmidomycin, an inhibitor of 1-

deoxy-D-xylulose-5-phosphate reductoisomerase (DXR or IspC), is in clinical trials to treat 

malaria.77,78 It is also shown to inhibit multi-drug resistant bacterial strains, such as P. aeruginosa 

and A. baumannii.79 However, to the authors’ knowledge, as advanced success stories with other 

compounds targeting the bacterial MEP pathway have not yet been reported. 

In the search for novel inhibitors of the MEP pathway, we focused on the fourth enzyme 

IspE that phosphorylates the natural substrate 4-diphosphocytidyl-2-C-methyl-D-erythritol (CDP-

ME) to afford 4-diphosphocytidyl-2-C-methyl-D-erythritol 2-phosphate (CDP-MEP) in the presence 

of ATP. Most of the previously reported IspE inhibitors against Gram-negative E. coli have low-

micromolar enzyme activity but report no activity in cell-based assays.39,41 (+Publication 2, H.-K. 

Ropponen et al., RSC Med. Chem., 2021, DOI:10.1039/d0md00409j) To address this translational 

gap, we embarked on an in silico virtual screening (VS) of a SPECS library of 106,801 compounds 

using the crystal structure of EcIspE (PDB 1OJ4) and in particular, applying the eNTRy rules in the 

filtering process to obtain hits with a high E. coli accumulation.   

 

Virtual Screening Workflow          

We selected the catalytic, phosphorylating site of EcIspE as the binding pocket for the VS based on 

the druggability assessment using DogSiteScorer.80,81 The druggability score accounts for instance 

for an ideal volume, surface and depth of the binding pocket and it should be in the range of 0.80–

1.00.81 Under this assumption, the selected binding pocket has a good druggability score of 0.81 

(Supplementary Material, Section 5.2.1). The hydrophobic pocket extending from CDP-ME had 

been examined previously but the cavity on the left-hand side remains underexplored (Figure 

3.1:1).45 Previous EcIspE inhibitors addressing the same catalytic site have been published within 

the consortium and other VS campaigns have also been conducted using EcIspE (1OJ4).45,47,48,50 

However, most of these inhibitors lack the needed antibacterial cell activity and to best of our 

knowledge, they have not been further developed. Thus, by implementing the eNTRy rules into the 

filtering process of the VS, we aimed to find a hit with both cellular activity against E. coli and 

enzymatic inhibitory activity against EcIspE. 
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Figure 3.1:1 - The used binding pocket for the virtual screening with EcIspE (PDB 1OJ4) and summary of the 

workflow. The figure was created with SeeSAR 8.2.82 

The VS campaign was completed using BioSolveIT software, where LeadIT was used for 

docking and SeeSAR for scoring (Supplementary Material, Section 5.2.1).82,83 After scoring, the 

compounds were filtered and only compounds with estimated HYDE-affinity (<1 mM), torsional 

angles (green or orange) and a total number of poses (≥2) were selected further. In total, 13,128 

compounds passed through these filters. After the final inspection of the poses and clustering 

compound classes in StarDrop, we purchased 24 compounds and tested them against EcIspE, E. coli 

wild-type K12 and mutant strain ∆tolC. The selection included a mixture of compounds with 

different degrees of ionisation of the ionisable amine (Supplementary Material, Table S5.2.1:1–

S5.2.1:6). In addition, we also selected a few compounds simply with the highest estimated HYDE-

binding affinities and a few compounds based on a novel antibacterial scoring profile developed by 

StarDrop.84           

 The original research paper of the eNTRy rules pinpoints that most of the commercially 

available libraries do not contain many primary amines, concluding this to be one of the reasons for 

unsuccessful screening campaigns in the search for novel antibacterial candidates.69 Overall, this 

particular SPECS library consisted of 70 compounds with a primary amine and we decided to test 

twelve additional primary amines that had not passed through the VS filters. They were also tested 

against E. coli and out of them, three compounds showed moderate inhibition (e.g., HIPS5407 E. coli 

K12 %-inh. = 81 ± 0 and E. coli ∆tolC = 50 ± 8, HIPS5415 E. coli K12 %-inh. = 76 ± 16 and E. coli 

∆tolC MIC = 98 ± 11 and HIPS5422 E. coli K12 %-inh. = 57 ± 4 and E. coli ∆tolC = 79 ± 1, 

Supplementary Material, Table S5.2.2.4:1).  
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Hit Selection 

Disappointingly, out of the 24 compounds none displayed E. coli IspE inhibition and even those 

showing slight EcIspE inhibition also undesirably inhibited the auxiliary enzymes pyruvate kinase 

and lactate dehydrogenase (PK/LDH) in the coupled enzyme assay (Supplementary Material, Table 

S5.2.1:1–S5.2.1:6).44 Nevertheless, we made a top-three hit selection based on the cellular activities. 

The compounds in the top-three selection were all structurally different and included primary, 

secondary and tertiary amines, HIPS5242, HIPS5254 and HIPS5255, respectively. They all had a 

promising cellular activity profile inhibiting E. coli K12 and ∆tolC, measured as percentage 

inhibition at the highest solubility, where no minimum inhibitory concentration (MIC) could be 

measured. They were also tested against the more pathogenic and less susceptible Gram-negative 

strains, P. aeruginosa and A. baumannii, as well as against Gram-positive Staphylococcus aureus 

and Bacillus subtilis (Table 3.1:1).  
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Table 3.1:1 - Top-three hits of the virtual screening based on the cellular activities. 

 

 

 

 HIPS5242 HIPS5255 HIPS5254 

Enzyme activity 

Docking Pose in  

E. coli IspE 1OJ4[d] 

   

EcIspE IC50 (µM) >500 356* >500 

PK/LDH IC50 (µM) n.d. n.d. n.d. 

Tm(°C) (∆Tm (°C)) 50.42 ± 0.09 (–1.1) 50.81 ± 0.09 (–0.7) 51.23 ± 0.09 (–0.3) 

MST - Kd ~ 700 µM n.d. n.d. 

Bacterial Minimum Inhibitory Concentration (MIC) or Percentage Inhibition @ 100 µM 

E. coli ∆tolC 99 ± 2 (MIC) 74 ± 4% 33 ± 16 (MIC) 

E. coli K12 97 ± 4 (MIC) 71 ± 6% >50 (MIC) 

P. aeruginosa 52 ± 10% 25 ±11% >100 (MIC) 

A. baumannii 100 ± 0 (MIC) 41 ± 28% >50 (MIC) 

S. aureus 47 ± 8% 4 ± 1% >50 (MIC) 

B. subtilis >100 (MIC)[a] >100 (MIC)[a] 91 ± 4% 

Cytotoxicity Inhibitory Concentration (IC50) or Percentage Inhibition 

HepG2 IC50 = 21 ± 1 µM IC50 = 25 ± 2 µM 85 ± 1% @50 µM 

Hek293 IC50 = 14 µM* IC50 = 20 µM* 81 ± 0% @50 µM 

A549 IC50 = 29 µM* IC50 = 42 ± 2 µM 22 ± 13% @50 µM 

Calculated Properties 

clogD (pH 7.4)[b] 2.5 2.6 4.6 

clogP[b] 3.5 4.0 4.9 

Ionisable amine (pKa)
[b] 1° amine (9.1) 2° amine (8.4) 3° amine (9.3) 

Rotatable bonds[b] 5 3 5 

Globularity[c] 0.11 0.06 0.08 

Amphiphilic moment[c] 4.7 4.5 2.6 

[a] Anomalous kinetics, (Section  5.2.2.5). [b] Calculated with StarDrop v. 6.5.1 or 6.6.7. [c] Calculated with MOE 2018.01 for the docked pose. [d] The 

poses were generated in SeeSAR 8.1 and the figures were created in StarDrop 6.5.1.82 *Value of a single measurement. 

 

The MEP pathway is mainly present in Gram-negative bacteria and only exists in some 

selected Gram-positive bacteria including for example B. subtilis.37 Therefore, the Gram-positive 

strains, S. aureus and B. subtilis, were used as a negative and positive control, respectively, for a first 

indication of target engagement with the enzyme IspE. Both HIPS5242 (%-inh. = 47 ± 8% 
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@100 µM) and HIPS5255 (%-inh. = 4 ± 1% @100 µM) showed poorer activities against S. aureus 

than E. coli K12. However, with B. subtilis we observed anomalous kinetics in overnight cultures for 

the two hits, HIPS5242 and HIPS5255, and another VS hit HIPS5250 was included as a negative 

control, (Figure 3.1:2 and SI, Section 5.2.2.5). 

  

  

Figure 3.1:2 - Anomalous growth kinetics of B. subtilis overnight cultures treated with HIPS5242, HIPS5250 

and HIPS5255. 

 

Abnormally, the replication of the cells increased for the first few hours when treated with a 

compound concentration close to its MIC, but decreased back to the control DMSO levels over time 

for HIPS5242 and HIPS5255. On the contrary, a similar effect was lacking for HIPS5250. Since 

B. subtilis relies on both the MEP and the mevalonate pathways37, we hypothesised when the MEP 

pathway becomes suppressed in the presence of an inhibitor, a “switch-on” mechanism would turn 

on the mevalonate pathway as a protecting response, resulting in increased cell replication. Similar 

studies showed for Gram-negative Chlamydia trachomatis that inhibition of the MEP pathway by 

fosmidomycin itself is not lethal, but causes induced persistence by inhibiting the synthesis of the 

vital isoprenoid bactoprenol disturbing follow-up peptidoglycan precursor assembly and subsequent 

cell division.85 HIPS5242 and HIPS5255 were therefore tested against mutants with repressed IspC 

(kd-dxr) or IspE (kd-ispE) in B. subtilis. In the overnight cultures, similar anomalous kinetics were 

not observed, but the cell morphology examined by phase contrast microscopy suggested some 

bulging effect (Supplementary Material, Section 5.2.2.5).  

 

Hit Validation 

Overall, the primary amine derivative HIPS5242 possessed the most promising starting point for 

further optimisation due to its fragment-likeness (MW=261.7 g/mol). After resynthesis and 

validation of the hit compound, we evaluated its binding affinity using microscale thermophoresis 

(MST) showing weak binding to EcIspE (Kd ~ 700 μM) (Supplementary Material, Section 5.2.3.2). 

We also confirmed its binding with EcIspE using saturated transfer difference (STD)-NMR 

(Supplementary Material, Section 5.2.3.3). However, it was clear that IspE inhibition was not the 
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only target based on the lack of in vitro activity, although it is still generally unclear how strong 

target engagement of the MEP pathway is needed for cellular inhibition. Due to the its fragment-

likeness, we decided to proceed with the primary amine hit HIPS5242 to evaluate its potential to 

increase the affinity for EcIspE and in parallel, focusing on understanding the structure–permeation 

relationship for antibacterial activity through subtle handle modifications. The resynthesis of 

HIPS5242 began from the corresponding phenolic derivative followed by introduction of the handle 

via an SN2 reaction (Scheme 3.1:1). In order to evaluate the need for the primary amine, we tested 

all the synthetic derivatives, the phenolic core and the nitrile-handle derivatives, HIPS5435 and 

HIPS5436 respectively, and confirmed that the primary amine indeed boosted the activity against 

the wild-type E. coli K12 (Supplementary Material, Table S5.2.2.4:3). These slight modifications in 

the handle, hereafter called the “activity handle”, further encouraged us to move on with the series 

aiming to evaluate the molecular causes leading to differentiating antibacterial activities. This was 

further supported by similar phenolic compounds reported to show antibacterial activity and used as 

disinfectants.86–89 In addition, a similar ethanolamine handle was used for arylomycin derivative 

G0775 to increase antibacterial activity against a panel of Gram-negative bacteria, also against 

P. aeruginosa.72 

 

Scheme 3.1:1 – Resynthesis of the hit HIPS5242. 

 

Follow-up Synthesis 

As the next step, we investigated several close derivatives of HIPS5242 mainly focusing on different 

modifications of the ethanolamine. The handle modifications were tested against E. coli strains as 

well as the target enzyme EcIspE (a comprehensive list given in the Supplementary Material, Table 

S5.2.2.4:2). None of the handle modifications exhibited EcIspE activity, however, thioether 

compound HIPS5411 showed slight inhibition (EcIspE IC50 = 447 µM, from a single measurement), 

whereas its close derivative HIPS5419 bearing the hydroxy in ortho-position showed no inhibitory 

activity but slight decrease in the melting point (Tm = 51.10 ± 0.08 (–0.4) °C). Given that the sulfoxide 

derivative HIPS5412 showed no activity and also due to the fact that thioether may oxidise to the 

sulfoxide in cellulo, we decided not to pursue in this direction.  

 

 



64 

Table 3.1:2 - Summary of the ordered thioether core linkers. 

 

  

 

 

 

 

 

 

  We also screened some of the handle-modified compounds against the E. coli mutant strains 

to identify potential permeability or efflux issues (Table 3.1:3). The nitrile-handle HIPS5436 and 

the other activity handle modifications with hydroxyl HIPS5423 or amide HIPS5418 could further 

support the hypothesis that a primary amine is necessary, as all the other derivatives without an 

ionisable amine proved to be inactive against the E. coli K12 wild-type. Most of them only showed 

E. coli ∆tolC activity, suggesting efflux issues may account for the lack of activity against E. coli 

K12. In addition, the activities dropped against the lipopolysaccharide (LPS) mutated D22, proposing 

the overall scaffold also to play key interactions with the LPS layer. Nevertheless, we could 

demonstrate that the activity against the E. coli porin-knockdown mutant omp8 with HIPS5242 

suffered a 10% decrease in activity (%-inh. = 87 ± 7% @100 µM), suggesting that HIPS5242 finds 

an alternative uptake mechanism despite the primary amine being present. Interestingly, the drop in 

activity for the amide derivative HIPS5418 (%-inh. = –6 ± 7% @50 µM) was more drastic, 

unexpectedly hinting it relies more on porin uptake than the corresponding amine HIPS5242 in 

disagreement with the eNTRy rules (Table 3.1:3). 

 

  

 

 

 

 
 

 

 

 

 
 

 HIPS5411 HIPS5412 HIPS5419 

EcIspE 

EcIspE IC50 (µM) 447* >500 >500 

PK/LDH IC50 (µM) n.d. n.d. n.d. 

Tm(°C) (∆Tm (°C)) 50.82 ± 0.12 (–0.7) 51.52 ± 0.10 (0.0) 51.10 ± 0.08 (–0.4) 

Bacterial Minimum Inhibitory Concentration (MIC) or Percentage Inhibition @ 100 µM 

E. coli ∆tolC  47 ± 20% 7 ± 2% 57 ± 7 (MIC) 

E. coli K12 33 ± 4% 12 ± 1% 48 ± 3% 

Cytotoxicity Inhibition Concentration or Percentage Inhibition @ 100 µM 

HepG2 IC50 = 45 ± 6 –4 ± 20% 91 ± 2% 

n.d. = not determined. *Value of a single measurement. 
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Table 3.1:3 - Comparison of the different activity handles in different Escherichia coli mutant strains. 

 

 

Given that some of the investigated derivatives showed some antibacterial activity, we tested 

the best handle modifications against the more pathogenic A. baumannii and P. aeruginosa 

(Supplementary Material, Table S5.2.2:8). Interestingly, the piperidine handle HIPS5417 showed 

slightly better %-inhibition against P. aeruginosa wild-type (%-inh. = 43 ± 9 @100 µM) than E. coli 

wild-type (%-inh. = 13 ± 11 @100 µM), although it lacks the chlorine atom in 4-position. The general 

trend is that most of the compounds active against E. coli lose potency when moving to the more 

pathogenic bacteria. We also had the capability to test the most promising compounds HIPS5242 

and HIPS5417 and the amide-handle derivative HIPS5418 as a negative control against other 

Pseudomonas mutant strains to evaluate the potential efflux or permeability issues with outer 

membrane porin mutants ∆oprF and ∆omph, and efflux pump mutants ∆mexB and ∆mexA.90–92 

Surprisingly, we did not observe such striking activity differences as we had seen for the E. coli 

mutants, mainly with ∆tolC (Table 3.1:4). This could, however, suggest that there are other molecular 

properties governing the uptake and efflux ratios in P. aeruginosa.  

 

 

 

 

   
 

 

 HIPS5242 HIPS5436 HIPS5423 HIPS5418 HIPS5380 

Bacterial Minimum Inhibitory Concentration (MIC) or Percentage Inhibition @ 100 µM 

E. coli K12 99 ± 2(MIC) 13 ± 2% 27 ± 3% 8 ± 8% 31 ± 5% 

E. coli ∆tolC 97 ± 4(MIC) 38 ± 1 (MIC) 50 ± 0 (MIC) 88 ± 11 (MIC) 41 ± 0% 

E. coli ∆acrB 95 ± 0 (MIC) 54 ± 5% 103 ± 3 (MIC) 30 ± 12%@50µM 42 ± 1% 

E. coli D22 105 ± 7 (MIC) 35 ± 5 22 ± 4% 34 ± 6%@50 µM –3 ± 19% 

E. coli Omp8 87 ± 7% n.d. 104 ± 2 (MIC) –6 ± 7%@50 µM 3 ± 1% 

P. aeruginosa 52 ± 10% 9 ± 5% 5 ± 2% 1 ± 4%@50 µM –2 ± 4% 

A. baumannii 100 ± 0 2%* @50 µM –2 ± 3 @50 µM 2 ± 1%@50 µM 22 ± 1% 

S. aureus 47 ± 8% 18 ± 24% 32 ± 21% 13 ± 19% 11 ± 7% 

Cytotoxicity  Inhibition Concentration or Percentage Inhibition @ 100 µM 

HepG2 IC50 = 21 ± 1  80 ± 3% 78 ± 13% 48 ± 4% 88 ± 5% 

n.d.: not determined, *Value of a single measurement. 
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Table 3.1:4 - Comparison of HIPS5242, HIPS5418 and HIPS5417 against the panel of mutant strains of 

Escherichia coli and Pseudomonas aeruginosa. 

 

 

 

 

 

 

 

 

 

As with the commercially available derivatives we could not see a great increase in activity, 

neither cellular nor enzymatic, we next focused on altering the amphiphilic moment, as also 

described in the original eNTRy rules.93 The amphiphilic moment is the distribution of or distance 

between the hydrophilic and hydrophobic parts of a compound.94 In the hit structure HIPS5242, there 

is a high amphiphilic moment between the chlorine and the free amine (vsurf_A = 7.1). In simplicity, 

one can consider that charge is necessary to get through the outer membrane porins favourably and 

lipophilicity for passive uptake through the lipophilic polysaccharide bilayers either in the outer or 

the inner membrane, as earlier hinted by H. Nikaido et al.95 Therefore, to modify the amphiphilic 

moment, we synthesised a so-called halogen series, where the chlorine in 4-position was substituted 

by different halogens. The calculated amphiphilic moment increased when going down the halogen 

row in the periodic table. The unsubstituted derivative HIPS5380 was commercially available and 

we synthesised other halogen derivatives from the diphenolether derivatives via an adapted 

Fries/Duff rearrangement (Scheme 3.1:2)96, followed by the handle introduction via an SN2 reaction 

with either chloroacetonitrile or the N-Boc handle (Scheme 3.1:2). The reduction of the nitrile group 

failed with the bromine HIPS5608 and iodine HIPS5606 derivatives, resulting in the de-halogenated 

derivative HIPS5380. Therefore, we selected the N-Boc handle as an alternative for the follow-up 

synthesis (Scheme 3.1:2).  

 

 

 
  

  HIPS5242 HIPS5418 HIPS5417 

 Bacterial Minimum Inhibitory Concentration (MIC) or Percentage Inhibition @ 100 µM 

Wild-type E. coli K12 99 ± 2 (MIC) 8 ± 8% 27 ± 3% 

Efflux pump mutant E. coli ∆tolC 97 ± 4 (MIC) 88 ± 11 (MIC) 85 ± 8% 

Efflux pump mutant E. coli ∆acrB 95 ± 0 (MIC) 30 ± 12% @50 µM 108 ± 4 (MIC) 

Porin mutant E. coli Omp8 87 ± 7% –6 ± 7% @50 µM 58 ± 8% 

 Bacterial Minimum Inhibitory Concentration (MIC) or Percentage Inhibition @ 100 µM 

Wild-type PA 14 52 ± 10% 2 ± 1% @50 µM 43 ± 9% 

Porin mutant PA 14 ∆mexB 33 ± 9%  0.2 ± 0.4% @50 µM 35 ± 21%  

Porin mutant PA 14 ∆mexA 49 ± 25%  4 ± 1% @50 µM 43 ± 10%  

Efflux pump mutant PA 14 ∆oprF 59 ± 27%   20 ± 10% @50 µM 48 ± 8%  

Efflux pump mutant PA 14 ∆omph 48 ± 5%  2 ± 7% @50 µM   31 ± 16%  

n.d. = not determined 
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Scheme 3.1:2 - Synthetic route to the halogen and dichloro-series. 

We confirmed that the increased amphiphilic moment boosted the activity with a very clear 

trend when moving down the periodic table (Table 3.1:5). The iodine derivative led to a two-fold 

decreased MIC value against E. coli K12 and increased activity against A. baumannii and 

P. aeruginosa. The engagement of a possible halogen bonding interaction with EcIspE still needs to 

be confirmed.  

Table 3.1:5 - Summary of the biological results for the halogen series. 

 

 
    

 

 HIPS5380 HIPS5604 HIPS5242 HIPS5636 HIPS5638 HIPS5504 

Amphiphilic 

moment[a] 6.1 6.5 7.1 7.1 7.8 5.0 

Most basic pKa
[b] 9.3 9.3 9.1 9.1 9.1 9.1 

Bacterial Minimum Inhibitory Concentration (MIC) or Percentage Inhibition @ 100 µM 

E. coli K12 31 ± 5% 38 ± 2% 99 ± 2 (MIC) 90 ± 0 (MIC) 53 ± 4 (MIC) 29 ± 2% 

E. coli ∆tolC 41 ± 0% 48 ± 6% 97 ± 4 (MIC) 93 ± 4 (MIC) 88 ± 4 (MIC) 24 ± 7% 

E. coli ∆acrB 42 ± 1% 44 ± 11% 95 ± 0 (MIC) 94 ± 0 (MIC) 84 ± 5 (MIC) 29 ± 20% 

E. coli D22 –3 ± 19% n.d. 105 ± 7 (MIC) n.d. n.d. 1 ± 8% 

E. coli Omp8 3 ± 1% 8 ± 3% 87 ± 7% 94 ± 1 (MIC) 75 ± 10 (MIC) –14 ± 0% 

P. aeruginosa –2 ± 4% n.d. 52 ± 10% 70 ± 3% 52 ± 6% n.d. 

A. baumannii 22 ± 1% 11 ± 1% 100 ± 0 (MIC) n.d. 28±13@50µM n.d. 

S. aureus 11 ± 7% 10 ± 5% 47 ± 8% 79%* n.d. 3 ± 2% 

Cytotoxicity Inhibition Concentration or Percentage Inhibition @ 100 µM 

HepG2 88 ± 5% IC50 = 55 ± 4 IC50 = 21 ± 1 98 ± 1% IC50 = 17 ± 1 48 ± 7% 

[a] Calculated with MOE 2018.01. [b] Calculated with StarDrop v. 6.6.7. n.d. = not determined. * Value of a single measurement. 
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Next, we evaluated HIPS5504 with a central diaryl ether linker and an aniline-linked activity 

handle, but without any halogen. As expected based on the low calculated amphiphilic moment 

(vsurf_A = 5.0), the compound lacked cellular activity. Since the cytotoxicity of the halogen series 

was another problem, we further opted for a series with the central, diaryl ether linker supported by 

the previous thioether results (Table 3.1:2). We designed the dichloro derivative HIPS5675 (Scheme 

3.1:2) using structure-based drug design (SBDD) using E. coli IspE (PDB 1OJ4). During the VS, 

several compounds including HIPS5255 were observed to have a similar dichloro-motif in the 

hydrophobic site interacting with Arg72 from the other monomer. 

 

 

 

 

 

 

 

 

Figure 3.1:3 - Binding site with HIPS5675 showing the possible interaction with the Arg72 from the other 

monomer in its predicted docking pose and demonstrating the possibility for the covalent inhibitor with Lys186 

or Tyr25. Molecular modelling was done in SeeSAR 10.3 and the figure was created in StarDrop 6.6.7.82 

 

This dichloro-motif was introduced on the right-hand side phenyl ring and for the first time, 

the series also showed EcIspE inhibitory activity (IC50 = 159 ± 4 µM) with an increased binding 

affinity determined by MST (Kd ~ 60 µM). STD-NMR studies further confirmed the binding with 

EcIspE. Based on the SBDD, the interaction of this dichloro-motif could disturb the dimerisation of 

EcIspE by interacting with the residue Arg72 from the other monomer, potentially destabilising the 

enzyme, which could lead to a decreased melting point in a thermal shift assay (TSA).97 The ether 

HIPS5675 was also tested in TSA, where we in fact observed a decreased melting point                     

(∆Tm = –1.9 °C) in comparison to the native EcIspE (Tm = 51.52 ± 0.14 °C), being in the previously 

reported range.54 In comparison, the natural substrate CDP-ME shows as increased melting point 

(∆Tm = +0.8 °C). This was the first indication supporting the binding of HIPS5675 in the 

hydrophobic pocket, possibly disturbing the dimerisation, although it is not yet fully confirmed, 

whether EcIspE enzyme really exists as a dimer in solution.39,54 
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In the N-Boc deprotection step, we observed the formation of a side product HIPS5676 that 

turned out to be an even more potent EcIspE inhibitor (IC50 = 4 ± 1 µM). The structure suggests that 

the 4-position of the left-hand side phenyl ring could also be metabolically labile, but also confirms 

that there is space to grow in this direction. Nevertheless, it shows no inhibition against wild-type 

E. coli K12, pointing to permeability issues. We also tested it against B. subtilis showing low 

micromolar activity (MIC = 22 ± 18 µM). Next, we compared the effect of HIPS5676 on B. subtilis 

cells with that of IspE (or Dxr) depletion. To this end, exponential B. subtilis wild-type cells treated 

with 6.25 µM HIPS5676 as well as the B. subtilis mutant strains kd-ispE or kd-dxr with repressed 

IspE or Dxr expression, respectively, were imaged (Supplementary Material, Section 5.2.2.5). For 

both HIPS5676 exposure as well as for IspE (or Dxr) depletion, we observed a reduced cell number 

due to cell lysis after 90 minutes, which was often preceded by a characteristic bulging phenotype. 

We also calculated the sequence similarity between E. coli and B. subtilis IspE to be 54%, being the 

most conserved in the catalytic site as used for the VS (Supplementary Material, Section 5.2.2.5). 

All synthetic derivatives of the dichloro-series were tested against EcIspE and we could confirm that 

the free amine HIPS5675 selectively inhibits EcIspE, whereas the phenol derivative HIPS5673 and 

N-Boc handle HIPS5674 also inhibit the auxiliary enzymes PK/LDH (Table 3.1:6). This was a key 

information for our further optimisation of the series and to minimise the potential cytotoxicity 

effects. As we had seen activity changing between E. coli and P. aeruginosa with different activity 

handles, HIPS5242 vs HIPS5417, we synthesised the dichloro-derivative using a piperidine handle 

HIPS6016 aiming to increase the bacterial activity selectively for P. aeruginosa. The piperidine 

handle HIPS6016 displays the highest antibacterial of the series against P. aeruginosa (MIC = 107 

± 12 µM), showing also activity against E. coli wild-type (MIC = 98 ± 6 µM), but suffering 

simultaneously from efflux (E. coli ∆tolC MIC = 41 ± 2 µM). In comparison, no MIC could be 

determined for the corresponding primary amine derivative HIPS5675 against P. aeruginosa wild-

type (%-inh. = 63 ± 8% @100 µM). 
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Table 3.1:6 - Summary of the dichloro-series. 

 

Attempts to unravel the cytotoxicity issue 

With the dichloro-series, we could obtain activity against EcIspE and increase the antibacterial 

activity, without being able to decrease the cytotoxicity. We also tested the mono-halogenated 

derivatives of the hit HIPS5242 lacking the right-hand side. They show no antibacterial activity, 

confirming the right-hand side is essential for the activity, although their amphiphilic moment is 

rather high, yet increasing going down the halogen derivatives (Table 3.1:7). No toxicity was 

observed for the chloro-derivative HIPS5679 (HepG2 %-inh. = 9 ± 1 @100 µM) or iodo-derivative 

HIPS5681 (HepG2 %-inh. = –5 ± 3 @100 µM). Therefore, the cytotoxicity seems to stem from the 

subtle balance between lipophilicity and the basicity of the primary amine. This is slightly surprising, 

as such diaryl ethers are common building blocks in drug candidates, as shown in a recent review.98 

 

 
  

 
 

 

 HIPS5673 HIPS5674 HIPS5675 HIPS5676 HIPS6016 

Amphiphilic 

moment[a] 5.4 3.1 5.6 5.3 5.7 

Most basic pKa
[b] n.d. n.d. 9.0 9.1 9.4 

EcIspE 

EcIspE IC50 (µM) 40 ± 6 130 ± 20 159 ± 4 4 ± 1 n.d. 

PK/LDH  

IC50 (µM) 
46 ± 1 >500 >500 >500 n.d. 

Tm(°C)  

(∆Tm (°C)) 
n.d. 

51.31 ± 0.08  

(–0.2) 

49.60 ± 0.20  

(–1.9) 

49.75 ± 0.34  

(–1.8) 
n.d. 

MST - Kd n.d. n.d. ~ 60 µM n.d. n.d. 

Bacterial Minimum Inhibitory Concentration (MIC) or Percentage Inhibition @ 100 µM 

E. coli K12 58 ± 6% @50 µM –2 ± 5% @50 µM 85 ± 6 (MIC) 16 ± 13% @50 µM 98 ± 6 (MIC) 

E. coli ∆tolC 3 ± 0 (MIC) 3 ± 0% @50 µM 41 ± 2 (MIC) 20 ± 6 (MIC) 11 ± 0 (MIC) 

E. coli ∆acrB n.d n.d. 44 ± 1 (MIC) 20 ± 5 (MIC) n.d. 

E. coli D22 n.d n.d. 86 ± 4 (MIC) n.d. n.d. 

E. coli Omp8 n.d n.d. 45 ± 2 (MIC) n.d. n.d. 

P. aeruginosa n.d –1 ± 4% @50 µM 63 ± 8% 13%* @50 µM 107 ± 12 (MIC) 

A. baumannii n.d 22 ± 0% @50 µM 64 ± 2 (MIC) 21%* @50 µM 33* (MIC) 

S. aureus 5 ± 0 (MIC) 33 ± 8% @50 µM 99 ± 6 (MIC) n.d. n.d. 

B. subtilis n.d n.d 46 ± 1 (MIC) 22 ± 18 (MIC) n.d. 

Cytotoxicity Inhibition Concentration or Percentage Inhibition @ 100 µM 

HepG2 IC50 = 33 ± 2 55 ± 3% IC50 = 15 ± 3 95% @50 µM* 97 ± 0 

[a] Calculated with MOE 2018.01. [b] Calculated with StarDrop v. 6.6.7. n.d. = not determined. *Value of a single measurement. 
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Additionally, other halogenated diphenylic structures, such as triclosan, (5-chloro-2-(2,4-

dichlorophenoxy)-phenol), and its derivatives, have been described in the literature targeting the 

enoyl-acyl carrier protein reductase (ENR) essential for the bacterial type II fatty acid 

biosynthesis.99,100 One of the other cellular targets for our series could indeed also be related to ENR 

inhibition. In the best case, our series could dually inhibit two of the key isoprenoid-related 

biosynthetic pathways, which could be a successful approach to overcome resistance development, 

as recently seen in cancer research.101,102  

Table 3.1:7 - Summary of the biological results of the mono-halogenated left-hand side fragments. 

 

 

 

 

 

 

 

Addressing the Cytoxicity 

To solve the cytotoxicity issues, we next focused on a series using the central phenolic linker whilst 

changing the activity handle to an aniline derivative. The best parts including the iodo-motif on the 

left-hand side of HIPS5638 and the dichloro-motif on the right-hand side of HIPS5675 were 

combined into HIPS5933 (Scheme 3.1:3). Due to the synthetic accessibility, the activity handle was 

now introduced via a coupling with N-Boc-glycine, affording the amide derivative that was kept 

considering the long-term metabolic stability over the aniline handle. The compound showed a 

notable increase in binding affinity (Kd ~ 20 µM) and a clear drop in the melting point (∆Tm = 

–3.9 °C). It also showed better antibacterial profile (E. coli K12 MIC = 47 ± 2 µM), but 

disappointingly still suffered from a high cytotoxicity against the HepG2 cell line (IC50 = 9 ± 1 µM).  

 

Scheme 3.1:3 – Synthetic route to HIPS5933. 

 

 
    

 HIPS5677 HIPS5678 HIPS5679 HIPS5680 HIPS5381 

Amphiphilic 

moment[a] 5.6 5.0 6.3 6.4 6.7 

Most basic pKa
[b] 9.6 9.2 9.3 9.3 9.5 

Bacterial Minimum Inhibitory Concentration (MIC) or Percentage Inhibition @ 100 µM 

E. coli K12 3 ± 3 4 ± 1 5 ± 0 –1 ± 6 –3 ± 1 

E. coli ∆tolC 9 ± 7 9 ± 4 5 ± 3 8 ± 1 10 ± 5 

E. coli ∆acrB n.d. n.d. 11 ± 3 n.d. 18 ± 2 

Cytotoxicity Inhibition Concentration or Percentage Inhibition @ 100 µM 

HepG2 n.d. n.d. 9 ± 1 n.d. –5 ± 3 

[a] Calculated with MOE 2018.01. [b] Calculated with StarDrop v. 6.6.7. n.d. = not determined.  
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We therefore explored similar commercially available aniline derivatives, having halogens 

in different substitution patterns. None of the aniline derivatives without the activity handle, even the 

precursor of HIPS5933, HIPS5845, however, showed substantial antibacterial activity against 

E. coli K12 (Table 3.1:8). 

Table 3.1:8 - Summary of the core compounds with different substitution patterns. 

 

  Nevertheless, HIPS5850 showed a strong activity against E. coli ∆tolC (MIC = 45 ± 1 µM) 

and interestingly, no cytotoxicity (HepG2 %-inh. = –16 ± 9 @100 µM), which further encouraged 

us to introduce the activity handle to this core. Additionally, one of the first commercial compounds 

HIPS5425 with a similar substitution pattern to HIPS5850 showed lower cytotoxicity (HepG2 %-

inh. = 51 ± 8 @100 µM). This opened up a new direction to introduce the activity handle via amide 

couplings, (Scheme 3.1:4). The primary amine handle HIPS6027 showed activity against E. coli and 

the piperidine handles HIPS6017 and HIPS6074 against P. aeruginosa, as seen with HIPS6016 in 

the dichloro-series. Compound HIPS5990 with the dicationic handle, obtained from a side reaction, 

however, retained the cytotoxicity issues, reinforcing the high basicity of the primary amine to be 

the cause of the cytotoxicity (Table 3.1:9). On the contrary, the primary amine handle HIPS6027 

with an ideal pKa (7.5) and amphiphilic moment (8.2) finally showed a safer cytoxicity-profile 

(%- inh. HepG2 = 77 ± 20% @100 µM) vs E. coli K12 (MIC = 48 ± 1 µM). As the overall activity 

loss in the porin mutant omp8 for the initial hit HIPS5242 was minimal, we also investigated a 

replacement of the primary amine bioisosterically with a more metabolically stable difluoromethyl 

handle, inspired by a recent publication by X. Zeng et al.103 The difluoromethyl-handle modified 

HIPS6065 was accessible in a single synthesic step via an amide coupling, following the protocol 

from Scheme 3.1:4. HIPS6065 improved the cytotoxicity-profile even more than HIPS6027 (%-inh. 

HepG2 = 65 ± 6% @100 µM), however, the preliminary results suggest efflux issues (E.  coli K12 

% -inh. 25 @50 µM vs E. coli ∆tolC MIC = 11 µM, both from single measurements). Further analysis 

of its influence on bacterial uptake and exretion is ongoing. As HIPS6065 also showed low MIC 

against the porin mutated omp8 (E. coli omp8 MIC = 35 µM, from a single measurement), further 

 

      

 HIPS5845 HIPS5847 HIPS5848 HIPS5849 HIPS5850 HIPS5502 

Bacterial Minimum Inhibitory Concentration (MIC) or Percentage Inhibition @ 100 µM 

E. coli 

K12 
10 ± 7%@50 µM 27 ± 5% 21 ± 0% 4 ± 5% 28 ± 8% 12 ± 6% 

E. coli 

∆tolC 
45 ± 7%@50 µM 100 ± 0 (MIC) 29 ± 5% 27 ± 6% 45 ± 1 (MIC) 13 ± 4% 

Cytotoxicity Inhibition Concentration or Percentage Inhibition @ 100 µM 

HepG2 IC50 = 15 ± 8 20 ± 8% 92 ± 18% 51 ± 7% –16 ± 9% 45 ± 4% 
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derivatives should be optimised with lower clogD7.4 to circumvent efflux issues (HIPS6065 

clogD7.4 = 4.8) and simultaneously increase the amphiphilic moment (HIPS6065 vsurf_A = 5.8). 

  

 

Scheme 3.1:4 - Summary of the synthesis with the new core HIPS5850. 

Table 3.1:9 - Summary of the biological data for the derivatives featuring new core. 

 

  

 

 
    

 HIPS5933 HIPS5990 HIPS6027 HIP5425 HIPS6065 

Amphiphilic 

moment[a] 
6.5 6.1 8.2 7.8 5.8 

Most basic 

pKa
[b] 

7.8 9.3 7.5 9.4 N/A 

clogD7.4
[b] 2.8 2.2 1.7 0.8 4.8 

EcIspE 

EcIspE IC50 

(µM) 
n.d. n.d. n.d. >500 n.d. 

PK/LDH  

IC50 (µM) 
n.d. n.d. n.d. n.d. n.d. 

Tm(°C)  

(∆Tm (°C)) 

48.38 ± 0.29 

(–3.1) 

47.58 ± 0.31 

(–3.9) 
n.d. n.d. n.d. 

Bacterial Minimum Inhibitory Concentration (MIC) or Percentage Inhibition @ 100 µM 

E. coli K12 47 ± 2 (MIC) 98 ± 6 (MIC) 48 ± 1 (MIC) 41 ± 9% 25%* @50 µM 

E. coli ∆tolC 46 ± 1 (MIC) 46 ± 1 (MIC) 36 ± 11 (MIC) 45 ± 15% 12* MIC 

P. aeruginosa 64 ± 7% n.d. 95* (MIC) 12 ± 1% 44%* @50 µM 

A. baumannii 43 ± 4 (MIC) n.d. n.d. 13 ± 4% n.d. 

S. aureus 87 ± 7% n.d. 100* (MIC) 6 ± 10% 105* (MIC) 

Cytotoxicity Inhibition Concentration or Percentage Inhibition @ 100 µM 

HepG2 IC50 = 9 ± 1 96 ± 2% 77 ± 20% 51 ± 8% 65 ± 6% 

Hek293 n.d. n.d. 92 ± 6% n.d. 83 ± 5% 

A549 n.d. n.d. 91 ± 6% n.d. 68 ± 7% 

[a] Calculated with MOE 2018.01. [b] Calculated with StarDrop v. 6.6.7. N/A = not applicable, n.d. = not determined. * Value of a single measurement. 
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Table 3.1:10 - Summary of the biological data for the new core HIPS5850 with piperidine handles. 

 

 

 

 

 

 

 

 

 

Attempts to Confirm the Binding Site 

As the first attempt, a benzophenone photoaffinity probe was designed into the core of HIPS5242.104 

Due to its reactivity with the presence of formic acid salt after preparative HPLC, the probe reacted 

in situ to a [f][1,4]-oxazepine core. We did not further pursue this route, however, the reaction could 

be of general interest for the research dealing with oxazepines considered as a privileged scaffold in 

medicinal chemistry with a broad range of biological activities and continuous attempts to find new 

synthetic pathways are explored, as listed by S. Shaabani et al.105,106 The equilibrium conditions shall 

be examined more closely either resulting in synthesis or in an application of dynamic combinatorial 

chemistry.  

 

Figure 3.1:4 - Summary of the designed probes to study the binding sit for the series. Benzophenone probe 

leading to the formation of [f][1,4]oxazepine. 

As an alternative approach to confirm the binding site for the series, a commercially available 

4-phenoxybenzenesulfonyl fluoride HIPS5893 warhead was used as a tool compound. In the close 

proximity of the binding site, residues Lys186 or Tyr25 are ideally located for a nucleophilic attack 

 

  

 HIPS6017 HIPS6074 

Amphiphilic 

moment[a] 6.9 7.5 

Most basic pKa 
[b] 9.6 9.4 

clogD7.4
[b] 2.6 2.8 

Bacterial Minimum Inhibitory Concentration (MIC) or Percentage Inhibition @ 100 µM 

E. coli K12 97 ± 2 (MIC) 94* (MIC) 

E. coli ∆tolC 45 ± 1 (MIC) n.d. 

P. aeruginosa 86 ± 14% 92* (MIC) 

A. baumannii 86%* n.d. 

S. aureus n.d. n.d. 

Cytotoxicity Inhibition Concentration or Percentage Inhibition @ 100 µM 

HepG2 97 ± 0% 96 ± 0% 

[a] Calculated with MOE 2018.01. [b] Calculated with StarDrop v. 6.6.7. n.d. = not determined. * Value of a single measurement. 
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using sulfur(VI)-fluoride exchange (SuFEx) chemistry (Figure 3.1:4).107 Monitoring the reaction by 

MS, showed covalent addition of the SuFEx probe to EcIspE enzyme (Supplementary Material, 

Section 5.2.4). TSA measurements also revealed the decreasing effect on the melting point  (∆Tm 

=   –1.2 °C), as seen for the whole series, suggesting a similar binding mode. In parallel to target 

engagement approach, co-crystallisation attempts are ongoing to confirm the binding site. 

Conclusions 

We completed a VS using EcIspE (PDB 1OJ4) and applied the eNTRy rules in the filtering process. 

The primary amine hit HIPS5242 was selected as the hit due to its promising antibacterial profile 

and its fragment-likeness, although suffering from a low target engagement and cytotoxicity. Follow-

up optimisation supported by the amphiphilic moment and SBDD resulted in a diaryl ether compound 

class with low micromolar binding affinities for EcIspE. The frontrunners show an improved 

cytotoxicity profile and low micromolar MIC values against E. coli wild-type strain. In addition, 

piperidine handles were shown to induce better activity against P. aeruginosa than the corresponding 

primary amine handles. Further optimisation of the series is ongoing, aiming to find the balance 

between cytotoxicity and antibacterial activity as well as increase the EcIspE selectivity and 

understand the mode of action. Furthermore, we aim to extend the activity of the class to more 

pathogenic Gram-negative bacteria focusing on the highly conserved catalytic site of the IspE 

enzymes amongst the other pathogens. 
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3.2 Chapter B:  

Assessment of the Rules Related to Gaining Activity against Gram-Negative Bacteria 

Publication 2 

 

H.-K. Ropponen, E. Diamanti, A. Siemens, B. Illarionov, J. Haupenthal, M. Fischer, M. Rottmann, 

M. Witschel and A. K. H. Hirsch 

This part of the thesis was accepted for publishing in RSC Medicinal Chemistry, 2021, DOI: 

10.1039/d0md00409j, in press. 

Copyright retained by the authors and reused here acceptably in accordance to RSC guidelines. 
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3.3 Chapter C: 

Search for the Active Ingredients from a 2-Aminothiazole DMSO Stock Solution with 

Antimalarial Activity 

 

H.-K. Ropponen, C. D. Bader, E. Diamanti B. Illarionov, M. Rottmann, M. Fischer, M. Witschel,  

R. Müller and A. K. H. Hirsch 

This part of the thesis has been submitted to ChemMedChem. 

*This part of the thesis was later accepted for publishing in ChemMedChem, 2021, DOI: 

10.1002/cmdc.202100067. 

Copyright retained by the author to reuse here acceptably in accordance to Wiley guidelines. 

 

Abstract: Chemical decomposition of DMSO stock solutions is a common incident that can mislead 

biological screening campaigns. Here, we share our case study of 2-aminothiazole 1, originating from 

an antimalarial class that undergoes chemical decomposition in DMSO at room temperature. As 

previously measured biological activities observed against Plasmodium falciparum NF54 and for the 

target enzyme PfIspE were not reproducible for a fresh batch, we tackled the challenge to understand 

where the activity originated from. Solvent- and temperature-dependent studies using HRMS and 

NMR spectroscopy to monitor the decomposition led to the isolation and in vitro evaluation of 

several fractions against PfIspE. After four days of decomposition, we successfully isolated the 

oxygenated and dimerised compounds using SFC purification and correlated the observed activities 

to them. Due to the unstable nature of the two isolates, it is likely that they undergo further 

decomposition contributing to the overall instability of the compound.  

 

Keywords: Antiprotozoal Agents • Decomposition • Drug Discovery • IspE • SFC  

Graphical Abstract:  
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In the search for novel antimalarial compounds targeting the kinase IspE of the 2-C-methyl-D-

erythritol 4-phosphate (MEP) pathway, we identified a new 2-aminothiazole class via an enzymatic 

high-throughput screening (HTS) campaign (unpublished results from the consortium). The MEP 

pathway is a key biosynthetic route for the production of universal isoprenoid precursors.[1] The HTS 

yielded compound 1 as a hit that was followed up due to its promising screening profile (Table 1), 

which was supported by some previously reported 2,4-substituted thiazoles with antiplasmodial 

activity.[2,3] 

For a newly synthesised batch and the corresponding freshly prepared stock solution of 

compound 1, no activity against Plasmodium falciparum (Pf) IspE was detected and cell-based 

activity against the plasmodial strain PfNF54 resulted in a 20-fold reduction in activity (Table 1). 

Previous samples originated from older plates stored in DMSO, which had undergone several 

thawing cycles from –20 °C storage. First evidence of the decomposition was visually observed due 

to a change in colour of the compound’s stock solution from clear to dark. However, this colour 

change would only be obvious to someone familiar with the original colour of the parent compound. 

If such plates are sent to collaboration partners responsible for biological assays, as is often the case 

in medicinal chemistry projects, such alterations may not necessarily be observed or questioned. 

DMSO is a widely used solvent due to its amphiphilic nature, enabling higher solubility of many 

compounds and high viscosity improving the reproducibility in pipetting. Nevertheless, stability 

issues of chemical compounds kept as stock solutions in DMSO are also acknowledged and 

spontaneous reactions, such as oxidation, cyclisation and hydrolysis, in stock solutions may affect 

the biological activity.[4–6]. Although reactivity of 2-aminothiazoles has not been directly ascribed to 

DMSO, we were concerned about it. 2-Aminothiazoles are frequently-hitting fragments in 

biophysical binding assays, as the so-called promiscuous 2-aminothiazoles (PrATs), and some sub-

categories are classified as Pan-Assay Interference Compounds (PAINS).[7–9] The observed activity 

on target in vitro and in whole-cell systems prompted us to elucidate the structural changes of 

compound 1 in DMSO that accounted for the increased inhibitory activity. 

 

Table 1. Starting point for the non-reproducible results of compound 1. 
 

 

 

 

 

  

 PfIspE IC50 (µM) PfNF54 IC50 (µM) 

Old batch[a] 

(decomposed) 
8.0 ± 2.8 0.43 ± 0.01 

Fresh batch >500 7.3 ± 0.8 

[a] Cytotoxicity profile of the old sample before becoming aware of 

the decomposition; %-inh A549 = –0.3 ± 4, HEK293 = 28 ± 13 and 

HepG2. = 44 ± 7, all @100 µM.  Pf: Plasmodium falciparum 
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Firstly, we performed a temperature-dependent decomposition study of compound 1 at 10 mM 

concentration in DMSO at room temperature (RT), +4 °C and –20 °C (SI, Section 2.3). After seven 

days, 64% of the sample stored at RT had decomposed (SI, Table S1). Besides visual inspection of 

the colour changes of the test sample (see Table 2), the decomposition was monitored by HRMS and 

NMR spectroscopy. The sample that was incubated at –20 °C underwent only minimal 

decomposition, whereas, the sample kept at RT was fully decomposed after two weeks (SI, Figure 

S10). Furthermore, all three samples were tested for their inhibitory activity against PfIspE after the 

incubation period. Only the samples incubated at RT and +4 °C showed measurable inhibitory 

activity in the PfIspE assay, which was not observable for the freshly prepared compound 1 (Table 

2). This fact correlated with the degree of chemical transformation of compound 1 (Table S1). In the 

IspE assay, the activity of the target enzyme is coupled to the oxidation of NADH (which can be 

followed spectrophotometrically at 340 nm) via a cascade of the auxiliary enzymes pyruvate kinase 

and lactate dehydrogenase (PK/LDH).[10] Therefore, we next confirmed, whether the effects observed 

in the IspE assay are due to inhibition of the target enzyme or of the auxiliary enzymes. Three samples 

of compound 1 were tested in PK/LDH assay (Table 2). The resulting IC50 values of 34 µM and 

45 µM for compound 1 incubated at RT and +4 °C, respectively, are only about three times higher 

than the IC50 values determined in the PfIspE assay (12 µM and 16 µM, respectively). From these 

results, it was impossible to evaluate the influence of inhibition of auxiliary enzymes on the IC50 

values determined in the PfIspE assay. 

Another approach to address this issue is to perform the IspE assay with one or several 

orthologues of PfIspE. The inhibitory potency of samples incubated at different temperatures of 

compound 1 against Escherichia coli (Ec)IspE are shown in the Table 2. The IspE assay setup was 

identical for both Pf and EcIspE orthologs except for the target enzyme used. One of the setup 

requirements was that the enzymatic activity of the auxiliary enzymes PK/LDH exceeded the activity 

of the target enzyme IspE not less than a factor of ten.[10] We investigated, if the inhibition of the 

auxiliary enzymes may substantially influence the IC50 values obtained from the coupled IspE assay. 

The IC50 values for the active batches (“RT” and “+4 °C”) of compound 1 observed in the EcIspE 

assay are eight- and three-fold less active in comparison to those observed in the PfIspE assay (Table 

2). The fact that the inhibition of auxiliary enzymes in the EcIspE assay did not give rise to equally 

low IC50 values in comparison to those from PfIspE assay means that the inhibition of auxiliary 

enzymes influenced only marginally the IC50 values measured in the PfIspE assay.  
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Table 2. Temperature-dependent decomposition of compound 1. 

 

Activity measured after 

3 months 
RT[b] +4 °C[b] –20 °C[b] 

1 - Old 

sample[c]  

PfIspE IC50 (µM)[a] 12 ± 4 16 ± 7 >500 10 ± 3 

PK/LDH IC50 (µM)[a] 34 ± 4 45 ± 6 n.d. 40 ± 4 

EcIspE IC50 (µM)[a] 101 ± 14 71 ± 10 >500 32 ± 6 

Degradation 

after 2 months 
100% 79% 18% N/A 

[a] Errors given as formal standard error. [b] HRMS chromatograms measured 

shortly before the assay are given in SI, Figure S7. [c] The control values for the old 

decomposed sample run at the same time. n.d.: not determined, N/A: not applicable, 

PK/LDH: pyruvate kinase and lactate dehydrogenase, Pf: Plasmodium falciparum, 

Ec: Escherichia coli, RT: room temperature.  

 

  Secondly, we analysed if spontaneous chemical transformation of compound 1 may depend 

on the solvent used for the preparation of its stock solutions. We incubated 10 mM stock preparations 

of compound 1 in DMSO, acetonitrile (ACN) and methanol (MeOH) at RT. Aliquots were taken 

during 16 days of incubation and tested against the enzyme PfIspE (Table 3). Interestingly, no PfIspE 

inhibitory activity for the ACN or MeOH aliquots was observed, meaning that no chemical 

transformation of compound 1 took place in ACN or MeOH, as supported by the HRMS and NMR 

data (SI, Section 2.4). For further decomposition incubation of compound 1, only DMSO was used 

as solvent.  

Table 3. Time-dependent decomposition of compound 1 at room temperature.  
 

 PfIspE   

IC50 (µM)[a] 

PK/LDH  

IC50 (µM)[a] 

Days of 

incubation 
DMSO ACN MeOH DMSO 

0 >500 >500 >500 n.d. 

5 19 ± 7 >500 >500 n.d. 

7 24 ± 9 >500 >500 48 ± 16 

9 10 ± 4 >500 >500 57 ± 22 

12 1 ± 1 >500 >500 2 ± 1 

14 10 ± 4 >500 >500 50 ± 11 

16 11 ± 4 >500 >500 86 ± 17 

Solvent Blank >500 >500 >500 n.d. 

[a] Errors given as formal standard error. PK/LDH: pyruvate kinase and lactate 

dehydrogenase, Pf: Plasmodium falciparum. n.d.: not determined 
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The HRMS chromatographic profile of the analytical sample of compound 1 after 16 days of 

incubation at RT showed decomposition into several peaks, as seen in the chromatographic profiles 

of the samples previously used for the biological testing (SI, Figure S13). For further analysis, we 

repeated the incubation in DMSO on a larger scale for two weeks and fractionated the mixture by 

semipreparative HPLC into 29 fractions. The inhibitory activities of the fractions were determined 

against PfIspE (SI, Table S2). In the preparative sample, a peak (m/z: 426.12607) was detected and 

interestingly, the sample incubated in DMSO-d6 included a peak at 4.86 min with the likely addition 

of the deuterated methyls to the mass (m/z: 432.16534), which initially attracted our attention due to 

a possible reaction with DMSO itself. However, this peak was isolated from the DMSO sample as 

fraction 4 in the semipreparative HPLC and it did not show any inhibitory activity against PfIspE 

(SI, Table S2). Out of the isolated fractions, most of the active degradation products are very non-

polar and poorly separable by rp-HPLC, showing dimerised masses as well as a mass of 380.10302 

// 380.2 Da. The previous HRMS studies revealed that these signals appeared already after a couple 

of days of incubation at RT. In particular, we could observe that two peaks (m/z: 380.10257 and 

m/z: 365.11542) appeared after 15 hours and the latter becomes more prominent after four and a half 

days (SI, Figure S20).  

Thus, we performed another round of large-scale decomposition in DMSO at RT for five days 

and optimised the semipreparative HPLC conditions (SI, Table S3). A second purification step with 

supercritical fluid chromatography (SFC) (SI, Section 2.6) finally yielded two main active 

degradation products in sufficient amount for NMR analysis: decomposition product (DP1) with the 

m/z value of 380.10376 [M+H]+ or [M]+, corresponding to the sum formula of C18H16F3N3OS or 

respectively C18H17F3N3OS+ (PfIspE IC50= 199 ± 26 µM) and DP2 with the m/z of 365.11542 

[M+2H]2+, corresponding to the sum formula of C36H35F6N6S2
+

 (PfIspE IC50= 59 ± 4 µM) (Table 4, 

Figure 1).  
 

Table 4. The biological data of the SFC-separated compounds and analytical samples over four days. 
 

 

 IC50 (µM)[a]  

Days of 

incubation 
PfIspE[b] EcIspE PK/LDH PfNF54 

0 >500 >500 n.d. n.d. 

1 >500 >500 n.d. n.d. 

2 >500 >500 n.d. 3.5 ± 0.3 

3 486 ± 20 397[c] n.d. n.d. 

4 99 ± 23 75 ± 16 95 ± 21 2.7 ± 0.3 

DP1 “380” 199 ± 26 n.d. >500 n.i. (>20) 

DP2 “365” 59 ± 4 n.d. 37 ± 4 2.1 ± 0.2 

[a] All compounds were dissolved in methanol shortly before the assay. [b] Freshly 

dissolved compound 1 (PfIspE IC50 = >500 µM). [c] Error given as formal standard 

error.  n.d.: not determined, n.i.: no inhibition at the highest concentration tested, 

PK/LDH:  pyruvate kinase and lactate dehydrogenase, Pf: Plasmodium falciparum, 

Ec: Escherichia coli, DP: decomposition product. 
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Figure 1. Characterised compounds isolated from the decomposition mixture. The shown chromatographic 

traces are base peak chromatograms generated with supercritical fluid chromatography. 

 

DP1 has a very distinct orange colour, supporting the formation of the formed oxygenated 

thiazolone core (UVmax = 196, 223 and 457 nm), (SI, Figure S30). The addition of the oxygen atom 

was evident based on the MS data and the exact position was confirmed by the disappearance of the 

characteristic –CH proton signal of the thiazole position 5 at 6.54 ppm in the 1H NMR spectrum (SI, 

Table S4, Figure S22–S23) supported by a change in chemical shift of the neighbouring carbon atom 

in 4-position from 141.3 ppm to 172.5 ppm. In the parent compound 1, HMBC correlation of the 

thiazole carbon in 4-position (141.3 ppm) with the proton 5-position (6.52 ppm) is clear, whereas in 

the DP1, the thiazole carbon in 4-position (172.5 ppm) correlates with the nearest methyl of the 

pyrrole (2.83 ppm) (SI, Figure S26–S27). Detection by UV afforded a single peak, which, however, 

underwent isomerisation into a more polar derivative over time. In fact, the long-term stability of 

DP1 became questionable as different stabilities were observed in acetone, MeOH, ACN, DMSO 

and CDCl3, (SI, Figure S31–35). Chloroform induces addition of chlorine as evidenced by the 

isotopic pattern, (m/z: 462.0 and 464.0 for 35Cl and 37Cl, respectively, Figure S33). The compound 

was most stable in acetone, in which we recorded NMR spectra and identified a mixture of 

compounds, as predicted based on the noticeable shift of the retention time in LCMS. The bond 

between the imine of the thiazolone core and the phenyl ring can rotate, as indicated in Figure 1, and 

thus, it is likely that DP1 exists as either E or Z isomer. We calculated the energies of the lowest–

energy conformations, pointing towards an E configuration of the isolated DP1 (+29.4 for E vs 

+33.2  kcal/mol for Z). Additionally, the appearance of a broad singlet at 5.84 ppm for -NH and the 

changes in the pyrrole shifts supports the formation of a charged pyrrolium species that can also exist 

either as E or Z isomer (+66.1 vs +62.8 kcal/mol). Considering the overall reactivity of the 2,4-

thiazole substitution, tautomerisation into a more stable conjugated form can occur due to the slightly 

Compound 1 

m/z: 366 
Peak (DP2) 

m/z: 365 

Peak (DP1) 

m/z: 380 

Day 0 

Day 1 

Day 2 

Day 3 

Day 4 
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acidic and dipolar nature of DMSO. This would mean that we measure the charged form in the HRMS 

as 380.10376 [M]+. Due to the overall stability of DP1, further experiments to confirm the exact 

isomeric mixtures are cumbersome and were not pursued. Nevertheless, the oxygenated DP1 in its 

isomeric mixture from the SFC separation showed moderate, yet selective, inhibitory activity against 

PfIspE (IC50 = 199 ± 26 µM) without PK/LDH inhibition (IC50 = >500 µM), but showed no inhibition 

in the Pf cell-based assay at the highest tested concentration (IC50 > 20 µM). Importantly, the cellular 

assay occurs over a longer time (72 hours) than the enzymatic assay (30 min), which may influence 

the overall stability of the compound. 

Structure elucidation by NMR spectroscopy showed that the mass of DP2 fits in fact to a dimer 

of 1 (Figure 1). We observed most often the doubly protonated species with m/z 365.11542 [M+2H]2+ 

more intensely than the charged mass [M]+: 729.22633. With aid of the SFC, we found out that an 

isomer of DP2 starts to form over the four days of incubation, as seen by the appearance of the minor 

peak, as highlighted in the green box in Figure 1. NMR measurements revealed its non-symmetry as 

one of the characteristic -CH peaks corresponding to the thiazole position 5 disappeared and a new 

peak appeared at 3.96 ppm, integrating for -CH2 (SI, Table S5). This led us to question how the 

dimerisation would occur. Based on the NMR and MS data, we propose that an N–N bond formation 

occurs between the linker amines, as represented in the proposed reaction (SI, Scheme S1). N–N 

bonds are generally unstable, however, rather commonly occur in biological complexes.[11] Due to 

the slightly acidic nature of DMSO, it is likely that the conjugated pyrrolium species is present and 

the imine N, as in tautomer of compound 1, is attacked by the nucleophilic linker amine forming the 

N–N bond. The charged pyrrolium may also undergo isomerisation between E and Z isomers as 

observed in the SFC conditions, (SI, Figure S36). Z being slightly more stable than E (+144.7 vs 

+148.5 kcal/mol), hampering the exact assignment of the pyrrolium NMR peaks. For DP2, we could 

reach a similar enzymatic activity profile as for the initial decomposed starting points (PfIspE IC50 

= 59 ± 4 µM), although also inhibiting the auxiliary enzymes (PK/LDH IC50 = 37 ± 4 µM). The 

antimalarial activity (PfNF54 IC50 = 2.1 ± 0.2 µM) is also corresponding to an overall increase in 

activity as the decomposition occurs (Table 4). The dimerisation via N–N bond formation could also 

occur at other nitrogen atoms, supporting the other dimerised masses measured after the first rp-

HPLC (SI, Table S2).  

Lastly, we investigated, whether the decomposition would also occur in CyreneTM, similarly 

dipolar and aprotic as DMSO, yet a green solvent.[12] Disappointingly, clear decomposition occurred 

even after one day incubation at RT, although showing different masses to the DMSO samples (SI, 

Figure S16). Interestingly, dominating peak (m/z: 476.16010, potentially with the addition of 

CyreneTM and  a loss of water) occurred at 4.68, where we previously observed the peak with DMSO 

(m/z: 426.12607) and DMSO-d6 (m/z: 432.16534). This may be ascribed to the general reactivity of 

compound 1 and CyreneTM, which may, nevertheless, still be an interesting choice for other 

compounds.  
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In conclusion, we analysed the collected data to understand what causes the antimalarial activity 

that evolved from compound 1 stored in DMSO. The PfIspE activity can be partly ascribed to 

dimerised DP2, although it also inhibits PK/LDH. On the other hand, the oxygenated DP1 may also 

play a role when in its active isomeric form. The isolated degradation products themselves are 

unstable. They undergo further degradation, leading to a mixture that may also account for the 

observed activities. Additionally, our study underlines the importance of appropriate storage 

conditions of DMSO stock solutions of 2-aminothiazoles. Based on the temperature-dependent 

studies, we confirmed that decomposition hardly occurs at –20 °C over two months in DMSO. For 

the future, blocking the 5 position of the thiazole ring with a fluorine atom could be a feasible strategy 

to reduce the reactivity.[13] However, to avoid decomposition, working with such a class requires 

preparation of fresh stock solutions prior to biological assays. Furthermore, multiple freeze-thaw 

cycles should be avoided and alternative solvents should be considered. With this communication, 

we wish to remind the medicinal-chemistry community again that what is in the test well, might not 

be the compound one thought. 

Experimental Section 

Details for chemical syntheses, analytical and biological methods together with characterisation data 

are described in the Supporting Information. 
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4. Conclusions and Outlook 

Various drug-discovery approaches were applied in this study to yield novel inhibitors of Ec and 

PfIspE that serve as potential starting points for further optimisation. Although directly comparable 

cell- and enzyme-based activities are still being investigated for the presented series, this study has 

taken a step forward in the exploitation of the enzyme IspE, and the MEP pathway in general. 

Multidisciplinary methods were applied to bridge this translational gap and the study reports first 

attempts to approach this in a holistic way. The learnings from this study are hoped to bring new 

insights for future anti-infective drug-discovery campaigns focusing on the enzyme IspE. Going 

beyond the medicinal-chemistry focus, various chemical side reactions resulted in interesting 

findings, for instance [1,4]oxazepine and N–N bond formation, with the potential for further research 

in the light of synthesis. For each of the experimental chapters, the detailed conclusions and outlook 

are covered separately.   

  Beside the experimental studies, the literature research focusing on the Gram-negative 

bacteria led to the new concept of bacterial bioavailability. It urges to change the views of current 

anti-infective drug discovery to look at the target bacteria in a holistic way combining uptake, 

distribution, metabolism and efflux, as we regard oral bioavailability. We hope that it will spark 

future research to build suitable predictive experimental assays and computational models to speed 

up anti-infective drug discovery. 

Chapter A: The virtual screening with EcIspE provided a fragment-like hit that was further 

optimised to improve the antibacterial profile and increase the target engagement. The disadvantage 

of the series was its strong cytotoxicity. We suspected the primary amine selected using the eNTRy 

rules to be the cause, although further analysis demonstrated that the influence of the substituents of 

the diaryl ether and the positioning of halogens could have equally caused the cytotoxicity. In 

comparison, the secondary amine within the piperidine handle was shown to increase the activity 

against P. aeruginosa, which again pinpoints towards bacteria-specific uptake rules. Nevertheless, 

the halogen series provided the proof of concept of altering the amphiphilic moments in order to 

increase bacterial activity, as previously proposed by the eNTRy rules.70 To examine the influence 

of the primary amine on different cell lines, for example the transformed human liver epithelial 

(THLE) cell line could be used that is less prone to acidic and neutral than to basic compounds. On 

the contrary, the same study reports HepG2 cells being more sensitive to basic compounds.108 

Furthermore, E. Lee et al. report primary amines to be less promiscuous in vitro and to cause less 

issues in vivo toxicity in comparison to secondary or tertiary amines.109 We also observed this with 

the latest compounds, where the secondary amine HIPS5990 (HepG2 IC50 = 23 ± 4 µM) proved to 

be more toxic than the primary amine HIPS6027 (HepG2 %.-inh. = 77 ± 20% @ 100 µM). The latest 

results with HIPS6027 in fact show that the ideal amphiphilic moment is around 8 that should be 

taken into account together with an ideal pKa value around the physiological pH ~ 7.4 to balance out 

the cytotoxicity of the primary amine. This approach is already showing promising results of reduced 
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cytotoxicity with the ongoing follow-up series of HIPS6027. How the novel difluoromethyl handle, 

as a primary amine bioisoster, will influence bacterial uptake is still under investigation. 

Additionally, follow-up derivatives should aim for low clogD7.4. In contrast, compounds with 

amphiphilic moment well below ~8 seem to be more likely to undergo efflux in E. coli. Synthetic 

derivatives to decrease the pKa of the more basic piperidine handle with, for instance fluorinated 

derivatives, could also circumvent its cytotoxicity, while retaining the activity against 

P. aeruginosa.110 Additionally, the various handle derivatives could be tested more extensively 

against A. baumannii, which could help the design of an ideal broad-spectrum activity handle. The 

series also gathered many data against different E. coli mutant strains and human cell lines that could 

be of use to train future prediction models, in particular, in the light of the introduced bacterial 

bioavailability concept. Further studies with P. aeruginosa mutant strains could also provide 

interesting insights of the piperidine handles towards structure–permeation relationships whilst 

comparing the compound properties to recently reported predictive efflux rules of P. aeruginosa.111 

On the other hand, the physiological conditions of the infection site need to be taken into account in 

later optimisation. Further optimisation of the newly substituted diaryl core is ongoing beside co-

crystallisation attempts. Based on a preliminary docking study, the new amide activity handle 

HIPS6027 may provide a new binding mode to grow into the underexplored cavity, as illustrated 

with an example (Figure 4:1). The potential atropisomers of the follow-up diaryl derivatives should 

also be taken into account in future synthesis and their respective variation accounting for target 

engagement, keeping in mind the potential dual inhibition with ENR.112 

 

 

Figure 4:1 - The follow-up series modelled in the binding site in EcIspE, occupying the underexplored cavity 

on the left-hand. Molecular modelling was performed in SeeSAR 10.3, and the figure was created in StarDrop 

6.6.7.82  The key optimisation strategies are summarised for HIPS6027. 

Based on the destabilising effect on the melting point throughout the series, the mode of 

action is hypothesised to interfere with dimer formation by binding in the hydrophobic cavity. 

Successful crystallisation attempts could confirm the binding mode and provide new insights on the 

molecular recognition of the inhibitor by IspE. As seen in Figure 4:1, the cavities form a V-shaped 

Hydrophobic cavity 

Bacteria-specific 

 handle New substituents addressing 

the underexplored site 

Expand core options 

Discover the SAR 

around the left-hand side 
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opening that could suggest that this gate is opened when requested by a correct molecular interaction. 

Alternatively, the previously reported MALDI-TOF MS52 or SPR53 assays could be used to confirm 

the interference of the PPI in the dimer interface. If the predicted binding site turns out to be in the 

catalytic site, there is a high chance to retain the activity for the series in other IspE enzymes of 

Gram-negative pathogens, as the sequence similarity is the highest in the catalytic site (red region 

highlighted in Figure 4:2). In order to move to the more pathogenic bacteria, it is also necessary to 

establish robust functional assays or to develop the metabolomics assay further (Appendix I). The 

metabolomics assay would open up the field to explore the necessity of the MEP pathway between 

fermenting or non-fermenting bacteria. The screening of future IspE inhibitors should also include 

testing against the GHMP kinase superfamily, to avoid selectivity issues. In addition, a first field-

based virtual screening with the natural substrate CDP-ME was initiated. If successful, these ligands 

may also serve as interesting starting points to evaluate the translation across the IspE enzymes 

(Appendix II). Water-ligand observed via gradient spectroscopy (WaterLOGSY) based NMR 

screening could be of use to examine their interactions in the highly water-filled catalytic site.113,114 

 

 

 

 

 

 

 

 

Figure 4:2 - The Gram-negative ESKAPE pathogens from Table 1.2:1 overlaid onto EcIspE (PDB 1OJ4) 

showing high structural similarity, (red=1, white=0.6 and blue=0.2). The zoom-in shows the high conservation 

of the amino acid residues in the catalytic site. The figures were created in Chimera 1.15.115 

Chapter B: We designed the underlying antimalarial compound class into a series with amino 

acids applying the rules, to gain antibacterial activity against Gram-negative bacteria. Although the 

series in general lacked antibacterial activity against wild-type E. coli, clear differences were 

observed between the Boc-protected and the corresponding free amine derivatives in the screening 

against E. coli mutant strains. In the enzyme assay testing against both PfIspE and EcIspE, the Boc-

derivatives turned out to inhibit the IspE enzymes better than the free amines. These results could be 

used to examine the binding modes more closely between the two enzymes, implementing for 

example the established TSA assay to evaluate differences in (de)stabilisation of the protein. In 

addition, two of the Boc-derivatives turned out to also show comparable cell-based activity against 
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PfNF54. Future studies should be conducted to understand, whether such amino acid handles could 

be used as recognition handles for cellular uptake in Gram-negative bacteria, which could be of equal 

interest in malaria parasites. Simultaneously, to understand the potential influence of the amino acid 

modifications on efflux, the compounds could be screened using recent computational tools to predict 

efflux issues.116,117 

Chapter C: False positives are unfortunately part of medicinal-chemistry workflows. In 

Chapter C, we faced a decomposition issue with the parent inhibitor of PfIspE. The 2-aminothiazole 

compound underwent chemical decomposition in a DMSO stock solution. Interestingly, this 

decomposition mixture led to both increased activity against the enzymatic target PfIspE and in cell-

based assays against PfNF54. We made substantial efforts to isolate and characterise decomposition 

products causing the activity. Although these efforts did not result in a drug-like series, the 

investigation makes an important addition to the research on novel antimalarials targeting the 

underexplored enzyme IspE of the MEP pathway. It also reminds the medicinal-chemistry 

community to be always cautious of the stability of the compounds in DMSO stock solutions. 

Additionally, this study highlights the use of supercritical fluid chromatography (SFC) as an 

alternative to the traditional preparative HPLC. 
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5.) Supplementary Material 

5.1 Supplementary Material of Introduction 

5.1.1 Section 1.2 

The strain codes refer to the UNIPROT codes, unless specified, and the analysis was done in EMBOSS.60–62 

 

Reference strain E. coli IspE118  

>1OJ4_1|Chains A,B|4-DIPHOSPHOCYTIDYL-2-C-METHYL-D-ERYTHRITOL 

KINASE|ESCHERICHIA COLI (217992) 

 

MRTQWPSPAKLNLFLYITGQRADGYHTLQTLFQFLDYGDTISIELRDDGDIRLLTPVEGVEHEDNLIVRAARL

LMKTAADSGRLPTGSGANISIDKRLPMGGGLGGGSSNAATVLVALNHLWQCGLSMDELAEMGLTLGADVPVFV

RGHAAFAEGVGEILTPVDPPEKWYLVAHPGVSIPTPVIFKDPELPRNTPKRSIETLLKCEFSNDCEVIARKRF

REVDAVLSWLLEYAPSRLTGTGACVFAEFDTESEARQVLEQAPEWLNGFVAKGVNLSPLHRAML 

 

 

E. coli IspE vs P. aeruginosa IspE 

 

sp|P42805|ISPE_PSEAE 4-diphosphocytidyl-2-C-methyl-D-erythritol kinase 

OS=Pseudomonas aeruginosa (strain ATCC 15692 / DSM 22644 / CIP 104116 / 

JCM 14847 / LMG 12228 / 1C / PRS 101 / PAO1) OX=208964 GN=ispE PE=3 SV=2 

MSVRLSLPAPAKLNLFLHILGRRDDGYHELQTLFQFLDHGDELHFEARQDGQVRLHTEIA 

GVPHDSNLIVRAARGLQEASGSPQGVDIWLDKRLPMGGGIGGGSSDAATTLLALNHLWQL 

GWDEDRIAALGLRLGADVPVFTRGRAAFAEGVGEKLTPVDIPEPWYLVVVPQVLVSTAEI 

FSDPLLTRDSPAIKVRTVLEGDSRNDCQPVVERRYPEVRNALILLNKFVSARLTGTGGCV 

FGSFPNKAEADKVSALLPDHLQRFVAKGSNISMLHRKLETLV 

 

 

# Aligned_sequences: 2 

# 1: E. coli (PDB 1OJ4) 

# 2: P. aeruginosa (P42805) 

# Matrix: EBLOSUM62 

# Gap_penalty: 14 

# Extend_penalty: 4 

# 

# Length: 282 

# Identity:     154/282(54.6%) 

# Similarity:   192/282(68.1%) 

# Gaps:           6/282 (2.1%) 

# Score: 750 
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E. coli IspE vs A. baumannii IspE 

 

>sp|B7GYQ7|ISPE_ACIB3 4-diphosphocytidyl-2-C-methyl-D-erythritol kinase 

OS=Acinetobacter baumannii (strain AB307-0294) OX=557600 GN=ispE PE=3 

SV=1 

MIRVPSPAKLNLFLHITGRRENGYHELQTIFQLIDLYDWMTFTPISEDEIQIEGLGEVQL 

EQNLIYRAAQILRPHAQNPCGLHIKIEKNIPMGAGLGGGSSNAATTLIVLNQLWQCGLTE 

EQLAQFGVKLGADVPIFIYGLNAWAEGIGEHLSFIDLDQKQFIVLKPDCFISTQLLFSQK 

TLTRDSKPTTFCAYQLEPSNFGNNFEPLARELYPEVEEAMQYLDQFGHAKLTGTGACVFA 

EVTDEMNVDDILKHAPCKAYLVHSLKESPLRHFKVAS 

 

 

# Aligned_sequences: 2 

# 1: E. coli (PDB 1OJ4) 

# 2: A. baumannii (B7GYQ7) 

# Matrix: EBLOSUM62 

# Gap_penalty: 14 

# Extend_penalty: 4 

# 

# Length: 259 

# Identity:     113/259 (43.6%) 

# Similarity:   165/259 (63.7%) 

# Gaps:           9/259 (3.5%) 

# Score: 505 

 

 

 

 

 

 

 

 

E. coli IspE vs K. pneumoniae IspE 

 

>sp|A6TAP2|ISPE_KLEP7 4-diphosphocytidyl-2-C-methyl-D-erythritol kinase 

OS=Klebsiella pneumoniae subsp. pneumoniae (strain ATCC 700721 / MGH 

78578) OX=272620 GN=ispE PE=3 SV=1 

MMTRWPSPAKLNLFLYITGQRADGYHTLQTLFQFLDYGDTLTIEPRTDGQLRLLTPVAGV 

PDEENLIVRAARLLMHAASESDRLPAGSGADISIDKRLPMGGGLGGGSSNAATVLVALNH 

LWGCGLSEDELATLGLQLGADVPVFVRGHAAFAEGVGEILTPVEPEEKWYLVAHPGVSIP 

TPIIFRDPELPRNTPRRSINTLLNCEFSNDCELIARKRFREVDAALSWLLEYAPSRLTGT 

GACVFAEFNTESAARQVLDTAPAWLNGFVARGVNLSPLKQALL 

 

# Aligned_sequences: 2 

# 1: E. coli (PDB 1OJ4) 

# 2: K. pneumoniae (A6TAP2) 

# Matrix: EBLOSUM62 

# Gap_penalty: 14 

# Extend_penalty: 4 

# 

# Length: 283 

# Identity:     241/283 (85.2%) 

# Similarity:   260/283 (91.9%) 

# Gaps:           0/283 (0.0%) 

# Score: 1271 
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E. coli IspE vs Enterobacter sp. IspE 

 

 

>sp|A4WBC9|ISPE_ENT38 4-diphosphocytidyl-2-C-methyl-D-erythritol kinase 

OS=Enterobacter sp. (strain 638) OX=399742 GN=ispE PE=3 SV=1 

MMTQWPSPAKLNLFLYITGQRADGYHTLQTLFQFVDYGDTISIEPRQDGEIHLLTPVDDV 

ASEDNLIVRAARLLVQAAANSGRLPEHYGADIGVEKRLPMGGGLGGGSSNAATVLVALNH 

LWGCGFSQDELATLGLTLGADVPVFVRGHAAFAEGVGEILTPVDPPEKWYLIAHPGVSIP 

TPVIFNDPELPRNTPVRSIETLLKCEFGNDCEVIARKRFRKVDAALSWLLEYAPSRLTGT 

GSCVFAEFDTESAARQVLEQAPEWLHGFVARGMNTSPLQQTILAQTEFR 

 

 

# Aligned_sequences: 2 

# 1: E. coli (PDB 1OJ4) 

# 2: Enterobacter sp. (A4WBC9) 

# Matrix: EBLOSUM62 

# Gap_penalty: 14 

# Extend_penalty: 4 

# 

# Length: 283 

# Identity:     241/283 (85.2%) 

# Similarity:   259/283 (91.5%) 

# Gaps:           0/283 (0.0%) 

# Score: 1275 

 

 

 

 

 

 

 

E. coli IspE vs B. thailandensis IspE 

 

>sp| |ISPE_BURTA 4-diphosphocytidyl-2-C-methyl-D-erythritol kinase 

OS=Burkholderia thailandensis (strain ATCC 700388 / DSM 13276 / CIP 

106301 / E264) OX=271848 GN=ispE PE=3 SV=1 

MTDTTRSLRDCLAPAKLNLFLHITGRRPDGYHELQSVFQLLDWGDRLHFTLRDDGKVSRK 

TDVPGVPEETDLIVRAASLLKAHTGTAAGVDIEIDKRLPMGAGLGGGSSDAATTLLALNR 

LWKLDLPRATLQSLAVKLGADVPFFVFGKNAFAEGIGEALQAVELPTRWFLVVTPRVHVP 

TAAIFSEKSLTRDSKPITITDFLAQQDCNTGWPDSFGRNDMQPVVTSKYAEVAKVVGWFY 

NLTPARMTGSGASVFAAFKSKAEAGAAQAQLPAGWDSAVAESLGEHPLFAFAS 

 

# Aligned_sequences: 2 

# 1: E. coli (PDB 1OJ4) 

# 2: B. thailandensis (Q2T1B6) 

# Matrix: EBLOSUM62 

# Gap_penalty: 14 

# Extend_penalty: 4 

# 

# Length: 282 

# Identity:     130/282 (46.1%) 

# Similarity:   170/282 (60.3%) 

# Gaps:          16/282 (5.7%) 

# Score: 543 
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E. coli IspE vs M. tuberculosis IspE 

 

>sp|P9WKG7|ISPE_MYCTU 4-diphosphocytidyl-2-C-methyl-D-erythritol kinase 

OS=Mycobacterium tuberculosis (strain ATCC 25618 / H37Rv) OX=83332 

GN=ispE PE=1 SV=1 

MPTGSVTVRVPGKVNLYLAVGDRREDGYHELTTVFHAVSLVDEVTVRNADVLSLELVGEG 

ADQLPTDERNLAWQAAELMAEHVGRAPDVSIMIDKSIPVAGGMAGGSADAAAVLVAMNSL 

WELNVPRRDLRMLAARLGSDVPFALHGGTALGTGRGEELATVLSRNTFHWVLAFADSGLL 

TSAVYNELDRLREVGDPPRLGEPGPVLAALAAGDPDQLAPLLGNEMQAAAVSLDPALARA 

LRAGVEAGALAGIVSGSGPTCAFLCTSASSAIDVGAQLSGAGVCRTVRVATGPVPGARVV 

SAPTEV 

 

# Aligned_sequences: 2 

# 1: E. coli (PDB 1OJ4) 

# 2: M. tuberculosis (P9WKG7) 

# Matrix: EBLOSUM62 

# Gap_penalty: 14 

# Extend_penalty: 4 

# 

# Length: 158 

# Identity:      58/158(36.7%) 

# Similarity:    84/158(53.2%) 

# Gaps:           8/158 (5.1%) 

# Score: 207 

 

 

E. coli IspE vs P. falciparum IspE 

 

>tr|A0A1B1TK84|A0A1B1TK84_PLAFA 4-diphosphocytidyl-2c-methyl-D-erythritol 

kinase OS=Plasmodium falciparum OX=5833 GN=IspE PE=3 SV=1 

MNQFLNLKCVLFYFFCTHLFFLHVITKHNLKKEKGYIIRNDYKCKRKRKNNNLKKRSFFI 

ICKNCRPNNNKFYIINNKGGENIYNVKKKKACGYVRLNNEANVEKNNVVNTNKEIEKLLL 

DVLDNRNNWYDSKYFSPAKINLFLRLKEKKETYNEVSTLMHSLNLGDDIFIRALKKEDQN 

KLRHFLHPCESGDFLTIVRMEDKNRDKETLKEDCKIDVINKSDKDLFKHMKEDIIIQEHE 

KLPYEYNDYPINNDNIIIKVLKRYREEFNISDDIRFLIHVNKRIPIFSGVGGGSSNGATV 

FYFLENIFYKYFKGDNIKANEFLKTIGSDISFFSSSGFAYCTDKGNNVTDLKNIEANIKD 

KDIYLFKIDEGLSSKLVYKNVDYKRIIQYNPVNLLKCLINTSNDDIIKQIEEKEKKFANT 

FISLDNRDNLQNVFVNDLEHSAFYLIKKLQDLKEYLRSQNMFDVVSMSGSGSSLFALSNK 

KTQTHEISSSFQNERIKKLISDIKIKFNMNVRVYLCDALRKGLDVWYDPIKLAHEFK 

 

# Aligned_sequences: 2 

# 1: E. coli (PDB 1OJ4) 

# 2: P. falciparum (A0A1B1TK84) 

# Matrix: EBLOSUM62 

# Gap_penalty: 14 

# Extend_penalty: 4 

# 

# Length: 72 

# Identity:      24/72 (33.3%) 

# Similarity:    38/72 (52.8%) 

# Gaps:           2/72 (2.8%) 

# Score: 91 
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5.1.2 Section 1.3 

 

Supplementary Material to the Publication 

 

 

Mastering the Gram-Negative Bacterial Barrier – Chemical Approaches to Increase 

Bacterial Bioavailability of Antibiotics  

Henni-Karoliina Ropponen*, Robert Richter*, Anna K. H. Hirsch#, Claus-Michael Lehr# 

Abstract: To win the battle against resistant, pathogenic bacteria, novel classes of anti-infectives and targets 

are urgently needed. Bacterial uptake, distribution, metabolic and efflux pathways of antibiotics in Gram-

negative bacteria determine what we here refer to as bacterial bioavailability. Understanding these mechanisms 

from a chemical perspective is essential for anti-infective activity and hence, drug discovery as well as drug 

delivery. A systematic and critical discussion of in bacterio, in vitro and in silico assays reveals that a 

sufficiently accurate holistic approach is still missing. We expect new findings based on Gram-negative 

bacterial bioavailability to guide future anti-infective research. 

# E-mail: Anna.Hirsch@helmholtz-hips.de or Claus-Michael.Lehr@helmholtz-hips.de   
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2.2. Application of this concept to clinically approved antibiotic classes  

Table S1. Classes of antibiotics for the treatment of Gram-negative infections and representatives 

 

Antibiotic class  Panel 

Aminoglycosides 

 Streptomycin,  
Tobramycin,  
Kanamycin,  
Amikacin 

Penicillins 

 Ampicillin, Amoxicillin 
Piperacillin, Sultamicillin, 

Pivampicillin, 
Bacampicillin 

Cephems 

 Cefuroxime, 
Ceftibuten, 
Flomoxef, 
Cefminox, 
Loracarbef 

Carbapenems 

 Imipenem, 
Meropenem, 
Ertapenem, 
Doripenem, 

Thienamycin 

Monobactams 

 Tabtoxin, 
Aztreonam, 
Carumonam 

Nocardicin A, 
Tigemonam 

 
1st  

Generation 

Clavulanic acid 
Enmetazobactam 

Sulbactam 
Tazobactam 

-Lactamase inhibitors 2nd Generation 

Avibactam 
Durlobactam 
Nacubactam 
Relebactam 
Zidebactam 

 
3rd  

Generation 
Taniborbactam 
Vaborbactam 

Fluoroquinolones 

 Ciprofloxacin, 
Sparfloxacin, 
Gemifloxacin, 
Garenoxacin, 
Clinafloxacin, 
Prulifloxacin 

Tetracyclines 

 Tetracycline, 
Minocycline, 
Tigecycline, 

Meclocycline, 
Lymecycline 

Sulfonamides 

 Sulfamethoxazole, 
Sulfaguanidin, 
Sulfadimidin, 

Sulfadoxin 

Polymyxins 

 Colistin A,  
Colistin B, 

Polymyxin A, 
Polymyxin B 
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5.2.1. Structure-Based Virtual Screening 

5.2.1.1 General Workflow 

Prediction of Druggable Pockets 

DoGSiteScorer was used to identify druggable pockets for Escherichia coli IspE (PDB 1OJ4).119,120 

Overall, only P_0 with the druggability score of 0.81 was above the ideal druggability score (>0.80). 

Thus, pocket P_0 was selected as the binding pocket, occupying the main catalytic region in 

monomer A (Figure 3.1:1).   

 

Descriptors of the P_0 pocket 

Size and shape descriptors 

volume = 809.93 Å³ 

surface = 1210.48 Å² 
depth = 18.80 [Å] 

ellipsoid main axis ratio c/a = 0.17 

ellipsoid main axis ratio b/a = 0.43 
enclosure = 0.16 

Element descriptors 

# pocket atoms =163 

# carbons = 108 

# nitrogens = 27 
# oxygens = 27 

# sulfurs = 1 

# other elements = 0 

Functional group descriptors 

# hydrogen bond donors = 23 

# hydrogen bond acceptors = 55 

# metals = 0 
# hydrophobic interactions = 65 

hydrophobicity ratio = 0.45 

Amino acid composition 

apolar amino acid ratio = 0.39 

polar amino acid ratio = 0.41 
positive amino acid ratio = 0.12 

negative amino acid ratio = 0.07 

Amino acid descriptors 

# ALA = 3 

# ARG = 0 

# ASN = 1 

# ASP = 2 

# CYS = 1 
# GLN = 1 

# GLU = 1 

# GLY = 9 
# HIS = 2 

# ILE = 1 

# LEU = 5 
# LYS = 3 

# MET = 0 

# PHE = 2 
# PRO = 2 

# SER = 1  

# THR = 3 
# TRP = 0 

# TYR = 1 

# VAL = 3 



107 

Virtual Screening Compounds 

 

The compound library was obtained from SPECS containing in total 106, 801 compounds. The 

library consisted of compounds with MW 250–500 Da fulfilling the Lipinski’s rule of five121 and any 

promiscuous compounds were filtering out by applying PAINS122 and Eli Lilly rules.123,124 

Additionally, only compounds that were available (>2 mg) at the time of the library creation were 

included. 

 

Protein Preparation 

 

The crystal structure of Escherichia coli IspE (PDB 1OJ4)118 in the absence of the co-crystallised 

ligands, ATP and CDP-ME, was used for the virtual screening. The binding pocket was defined by 

selecting the following amino acids manually, as obtained in the druggability assessment: LYS10, 

ASN12, LEU15, GLN20, GLY24A, TYR25A, HIS26A, LEU28, THR30, PHE32, PRO99, GLY101, GLY102, 

GLY103, LEU104, GLY105, LEU136, GLY139, ALA140, ASP141, VAL144, ALA153, VAL156, GLY157, 

GLU158, LEU160, HIS174, VAL177, SER178, ILE179, THR181, PRO182, PHE185, LYS186, GLY239, 

THR240, GLY241, ALA242, CYS243, LYS76 (chain B) and ASP80 (chain B). 

 

 

Virtual Screening   

 

The KNIME Analytics Platform125,126 was used to run the virtual screening workflow using the 

following nodes (Generate 3D Coordinates, LeadIT, SeeSAR) from BioSolveIT. First, the 3D-

coordinates were generated and then compounds were docked by using LeadIT (version 2.3.2).83 The 

default settings were used for docking and for each molecule, ten poses were calculated. The resulting 

poses were then scored using the HYDE function in SeeSAR (version 8.1).82 The compounds were 

filtered based on binding affinities, torsional angles and number of poses. Compounds with red-

flagged torsional angles and compounds having a low binding affinity (>1 mM) were filtered out. 

For the remaining set of compounds, compounds only with a single pose fulfilling the stricter criteria 

were removed.  

 

Filtering based on the eNTRy rules and StarDrop Antibacterial Scoring Profile  

 

Globularity and amphiphilic moment of the compounds was calculated using MOE (Molecular 

Operating Environment, version 2018.1). The compound filtering was completed using StarDrop 

(version 6.5.1) with the additional functions to calculate the number of rotatable bonds and filters to 

identify ionisable amines were performed in StarDrop. Compounds with high number of rotatable 

bonds (>5) and high globularity (>0.25) were filtered out. All 3D parameters were calcutated for the 

docked poses. The Antibacterial Scoring Profile84 was calculated in StarDrop and compounds with a 

score of 0.4–0.6 were considered ideal.  
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Visual Inspection 

 

Using the SeeSAR evaluation node in StarDrop, the poses were analysed visually for ideal 

interactions and consistency of the binding modes. Additionally, compounds were screened for 

PAINS and compounds with high similarity of CHEMBL (>0.9) and PDB (>0.7) were filtered out. 

The best compounds were clustered and a final selection of total 24 compounds was made. The 

compounds were purchased from SPECS and used for biological testing without further purification 

in DMSO stock solutions. The compound purchased were in >90% purity.  

 

Table S5.2.1.1:1 - The purchased compounds in their categories. 

 

Category Number of Compounds 

Ionisable primary amine/globularity/rotatable bonds (1ry amine) 3 

Ionisable secondary amine/globularity/rotatable bonds (2ry amine) 2 

Ionisable tertiary amine/globularity/rotatable bonds (3ry amine) 3 

Non-ionisable primary amine/globularity/rotatable bonds (-sNH2) 7 

Scoring Profile (0.4–06) (Scoring) 4 

High HYDE Affinity (≤500 nM) (HYDE) 6 
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5.2.1.2 Summary of Purchased Compounds 

 
Table S5.2.1.2:1 - Virtual screening hits – Section 1. 

 

 
 

   
  

 HIPS5241 HIPS5242 HIPS5243 HIPS5244 HIPS5245 

Virtual Screening      

SPECS ID 
AK-968/ 
41926654 

AO-080/ 
43442029 

AP-970/ 
43482379 

AP-970/ 
42444960 

AS-871/ 
43477312 

Filter category HYDE 1ry amine HYDE HYDE HYDE 

HYDE estimated 

affinity lower 

boundary (nM)[a] 

58.3 88.7 104.3 120.3 198.9 

HYDE estimated 

affinity upper 

boundary (nM)[a] 

5794 8809 1.036e+04 1.196e+04 1.976e+04 

Torsion Quality[a] yellow yellow yellow yellow yellow 

Docking E total[a] –20.31 –13.53 –22.7 –25.45 –24.8 

Globularity[b] 0.1321 0.1085 0.1478 0.0800 0.0544 

Rotatable bonds[c]  6 5 4 6 7 

Ionisable amine[c] N/A 1ry amine N/A N/A 3ry amine 

Amphiphilic 

Moment[b] 
0.8374 4.7429 4.6133 2.8772 3.4566 

Gram-negative 

antibacterial scoring 

profile_Score[c] 

0.0001381 1.073e-08 0.01162 0.01887 0.1664 

Enzyme Activity      

EcIspE IC50 (µM) >500 >500 >500 144 ± 7 >500 

PK/LDH IC50 (µM) n.d. n.d. n.d. 39 ± 19 n.d. 

Tm(°C) (∆Tm (°C)) [d] n.d. 50.42 ± 0.09 (–1.1) n.d. 51.31 ± 0.37 (–0.2) n.d. 

Antibacterial Activity (Minimum Inhibitory Concentration or Percentage inhibition @ 100 µM) 

E. coli K12 >50 99 ± 2 >100 >50 >50 

E. coli ∆tolC >50 97 ± 4 >100 >50 >50 

B. subtilis >50 >100[e] >100 >50 >50 

S. aureus n.d. 47 ± 8% n.d. n.d. n.d. 

P. aeruginosa n.d. 52 ± 10% n.d. n.d. n.d. 

A. baumannii n.d. 100 ± 0 n.d. n.d. n.d. 

Cytotoxicity      

HepG2 n.d. IC50 = 21 ± 1 µM n.d. n.d. n.d. 

Hek293 n.d. IC50 =14 µM* n.d. n.d. n.d. 

A549 n.d. IC50 = 29 µM* n.d. n.d. n.d. 

[a] BioSolveIT (LeadIT 2.3.2 and SeeSAR 8.1) [b] MOE 2018.01 [c] StarDrop v. 6.5.1 [d] See reference Table S5.2.3.1:1 for the blank protein.  [e] Anomalous 

kinetics. Refer to Section 5.2.2.5 for more details. [f] Klebsiella pneumonia MIC = 100 ± 0.0 µM, measured at MINS-HIPS. n.d.: not determined, N/A: not 

applicable.  * Value of a single measurement. 
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Table S5.2.1.2:2 - Virtual screening hits – Section 2. 

 

 
 

   
  

 HIPS5246 HIPS5247 HIPS5248 HIPS5249 HIPS5250 

Virtual Screening      

SPECS ID 
AT-057/ 

43313800 

AG-670/ 

11098007 

AO-990/ 

15068150 

AN-329/ 

43465228 

AO-476/ 

43417219 

Filter category 3ry amine Scoring (0.4–0.6) HYDE HYDE 3ry amine 

HYDE estimated 

affinity lower 

boundary (nM)[a] 

416.8 741.2 7.529 11.24 516.3 

HYDE estimated 

affinity upper 

boundary (nM)[a] 

4.141e+04 7.364e+04 748 1117 5.13e+04 

Torsion Quality[a] green green yellow yellow yellow 

Docking E total[a] –19.26 –26.96 –21.8 –19.66 –27.74 

Globularity[b] 0.03966 0.2713 0.08249 0.09595 0.07712 

Rotatable bonds[c]  5 3 5 6 5 

Ionisable amine[c] 3ry amine N/A 3ry amine N/A 3ry amine 

Amphiphilic 

Moment[b] 
3.1070 5.1538 2.7088 1.5968 3.7062 

Gram-negative 

antibacterial scoring 

profile_Score[c] 

1.224e-09 0.5045 1.609e-09 0.00199 0.005626 

Enzyme Activity      

EcIspE IC50 (µM) >500 >500 >500 >500 239 ± 7 

PK/LDH IC50 (µM) n.d. n.d. n.d. n.d. >500 

Tm(°C) (∆Tm (°C)) [d] n.d. n.d. n.d. n.d. 50.75 ± 0.08 (–0.8) 

Antibacterial Activity (Minimum Inhibitory Concentration or Percentage Inhibition @ 100 µM) 

E. coli K12 >50 >100 >50 >50 10 ± 3% 

E. coli ∆tolC >50 >100 >50 >50 49 ± 6% 

B. subtilis >50 >100 >50 >50 >100 

S. aureus n.d. n.d. n.d. n.d. n.d. 

P. aeruginosa n.d. n.d. n.d. n.d. n.d. 

A. baumannii n.d. n.d. >50 n.d. n.d. 

Cytotoxicity      

HepG2 n.d. n.d. n.d. n.d. n.d. 

Hek293 n.d. n.d. n.d. n.d. n.d. 

A549 n.d. n.d. n.d. n.d. n.d. 

[a] BioSolveIT (LeadIT 2.3.2 and SeeSAR 8.1) [b] MOE 2018.01 [c] StarDrop v. 6.5.1 [d] See reference Table S5.2.3.1:1 for the blank protein. n.d.: not determined, 

N/A: not applicable.   
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Table S5.2.1.2:3 - Virtual screening hits – Section 3. 

 
 

 

 

 

 

 

 HIPS5251 HIPS5252 HIPS5253 HIPS5254 HIPS5255 

Virtual Screening      

SPECS ID 
AG-205/ 

40649878 

AS-871/ 

43475260 

AK-968/ 

41017405 

AS-871/ 

43477283 

AN-465/ 

43411641 

Filter category -sNH2 -sNH2 -sNH2 3ry amine 2ry amine 

HYDE estimated 

affinity lower 

boundary (nM)[a] 

790.8 808.7 1301 1608 1938 

HYDE estimated 

affinity upper 

boundary (nM)[a] 

7.857e+04 8.035e+04 1.292e+05 1.597e+05 1.925e+05 

Torsion Quality[a] green yellow green green green 

Docking E total[a] –21.06 –31.89 –22.87 –21.27 –15.52 

Globularity[b] 0.0849 0.02412 0.1226 0.07662 0.05732 

Rotatable bonds[c]  2 5 2 5 3 

Ionisable amine[c] N/A N/A N/A 3ry amine 2ry amine 

Amphiphilic 

Moment[b] 
2.5254 7.1005 2.9562 2.6410 4.5464 

Gram-negative 

antibacterial scoring 

profile_Score[c] 

0.02025 0.1208 0.05725 7.622e-09 4.249e-09 

Enzyme Activity      

EcIspE IC50 (µM) >500 29 ± 5 >500 >500 356* 

PK/LDH IC50 (µM) n.d. 21 ± 6 n.d. n.d. n.d. 

Tm(°C) (∆Tm (°C)) [d] n.d. 51.79 ± 0.12 (+0.3) n.d. 51.23 ± 0.09 (–0.3) 50.81 ± 0.09 (–0.7) 

Antibacterial Activity (Minimum Inhibitory Concentration or Percentage inhibition @ 100 µM) 

E. coli K12 >100 >50 >100 >50 71 ± 6% 

E. coli ∆tolC >100 >50 >100 33 ± 16 (MIC) 74 ± 4% 

B. subtilis >100 >50 >100 91 ± 4% >100[e] 

S. aureus n.d. n.d. n.d. >50 13 ± 16% 

P. aeruginosa n.d. n.d. n.d. >100 25 ± 11% 

A. baumannii n.d. n.d. n.d. >50 41 ± 28% 

Cytotoxicity      

HepG2 n.d. n.d. n.d. 
% inh. 85 ± 1  

@ 50 µM 
IC50 25 ± 2 µM 

Hek293 n.d. n.d. n.d. 
% inh. 81 ± 0  

@ 50 µM 
IC50 20 µM* 

A549 n.d. n.d. n.d. 
% inh. 22 ± 13  

@ 50 µM 
IC50 42 ± 2 µM 

[a] BioSolveIT (LeadIT 2.3.2 and SeeSAR 8.1) [b] MOE 2018.01 [c] StarDrop v. 6.5.1 [d] See reference Table S5.2.3.1:1 for blank protein. [e] Anomalous kinetics. 

Refer to Section 5.2.2.5 for more details. n.d.: not determined, N/A: not applicable.  *Value of a single measurement. 
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Table S5.2.1.2:4 - Virtual screening hits – Section 4. 

 
 

 

 
   

 HIPS5256 HIPS5257 HIPS5258 HIPS5259 HIPS5260 

Virtual Screening      

SPECS ID 
AP-970/ 

41518174 

AK-968/ 

40064644 

AE-641/ 

11517590 

AT-417/ 

43484814 

AQ-149/ 

43285071 

Filter category -sNH2 Scoring (0.4–0.6) Scoring (0.4–0.6) -sNH2 1ry amine 

HYDE estimated 

affinity lower 

boundary (nM)[a] 

2936 3447 5527 6472 9195 

HYDE estimated 

affinity upper 

boundary (nM)[a] 

2.917e+05 3.425e+05 5.492e+05 6.43e+05 9.136e+05 

Torsion Quality[a] green green green yellow green 

Docking E total[a] –27.46 –15.34 –23.68 –18.23 –15.51 

Globularity[b] 0.01951 0.1926 0.05019 0.102 0.0847 

Rotatable bonds[c]  5 2 3 2 4 

Ionisable amine[c] N/A N/A N/A N/A 1ry amine 

Amphiphilic 

Moment[b] 
4.1186 5.6843 3.4603 5.2405 4.6577 

Gram-negative 

antibacterial scoring 

profile_Score[c] 

0.02997 0.4238 0.4706 6.881e-09 0.08908 

Enzyme Activity      

EcIspE IC50 (µM) >500 >500 >500 349* >500 

PK/LDH IC50 (µM) n.d. n.d. n.d. n.d. n.d. 

Tm(°C) (∆Tm (°C)) [d] n.d. n.d. n.d. 51.23 ± 0.13 (–0.3) n.d. 

Antibacterial Activity (Minimum Inhibitory Concentration or Percentage inhibition @ 100 µM) 

E. coli K12 >100 >100 >100 >50  >50 

E. coli ∆tolC >100 >100 >100 
>50  

(91% @ 100 µM*) 
>50 

B. subtilis >100 >100 >100 >50 >50 

S. aureus n.d. n.d. n.d. n.d. n.d. 

P. aeruginosa n.d. n.d. n.d. n.d. n.d. 

A. baumannii n.d. n.d. n.d. n.d. n.d. 

Cytotoxicity      

HepG2 n.d. n.d. n.d. n.d. n.d. 

Hek293 n.d. n.d. n.d. n.d. n.d. 

A549 n.d. n.d. n.d. n.d. n.d. 

[a] BioSolveIT (LeadIT 2.3.2 and SeeSAR 8.1) [b] MOE 2018.01 [c] StarDrop v. 6.5.1 [d] See reference Table S5.2.3.1:1 for blank protein. n.d.: not determined, 

N/A: not applicable  
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Table S5.2.1.2:5 - Virtual screening hits – Section 5. 

 
 

  
 

 

 HIPS5261 HIPS5262 HIPS5263 HIPS5264 

Virtual Screening     

SPECS ID 
AC907/ 

34104030 

AN-329/ 

41437602 

AJ-292/ 

41083380 

AE-848/ 

34162059 

Filter category -sNH2 -sNH2 Scoring (0.4–0.6) 1ry amine 

HYDE estimated 

affinity lower 

boundary (nM)[a] 

1.108e+04 1.795e+04 1.291e+04 1.487e+04 

HYDE estimated 

affinity upper 

boundary (nM)[a] 

1.101e+06 1.784e+06 1.283e+06 1.477e+06 

Torsion Quality[a] not rotatable green green green 

Docking E total[a] –12.67 –17.13 –23.13 –14.23 

Globularity[b] 0.01404 0.02625 0.05944 0.0717 

Rotatable bonds[c]  0 1 5 3 

Ionisable amine[c] N/A N/A N/A 1ry amine 

Amphiphilic 

Moment[b] 
4.3979 5.8192 1.1035 4.2183 

Gram-negative 

antibacterial scoring 

profile_Score[c] 

3.216e-08 2.54e-08 0.5087 3.398e-08 

Enzyme Activity     

EcIspE IC50 (µM) >500 >500 >500 >500 

PK/LDH IC50 (µM) n.d. n.d. n.d. n.d. 

Tm(°C) (∆Tm (°C)) [d] n.d. n.d. n.d. n.d. 

Antibacterial Activity (Minimum Inhibitory Concentration or Percentage inhibition @ 100 µM) 

E. coli K12 >100 >100 >100 >100 

E. coli ∆tolC >100 >100 >100 >100 

B. subtilis >100 >100 >100 >100 

S. aureus n.d. n.d. n.d. n.d. 

P. aeruginosa n.d. n.d. n.d. n.d. 

A. baumannii n.d. n.d. n.d. n.d. 

Cytotoxicity     

HepG2 n.d. n.d. n.d. n.d. 

Hek293 n.d. n.d. n.d. n.d. 

A549 n.d. n.d. n.d. n.d. 

[a] BioSolveIT (LeadIT 2.3.2 and SeeSAR 8.1) [b] MOE 2018.01 [c] StarDrop v. 6.5.1 [d] See reference Table S5.2.3.1:1 for blank 

protein. n.d.: not determined, N/A: not applicable 
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5.2.2. Biological Assays 
 

5.2.2.1 General Procedure for IspE Enzymatic Assay  

 

The assay was performed as in Publication 2 (H.-K. Ropponen et al., RSC Med. Chem., 2021, 

DOI: 10.1039/d0md00409j.) 

 

5.2.2.2 General Procedure for Antibacterial Assays 

 

Assays regarding the determination of the minimum inhibitory concentration (MIC) were performed 

as described previously.127 The experiments were based on a variety of E. coli strains/mutants (K12, 

D22, ΔtolC, ΔacrB and BL21(DE3)omp8) as well as B. subtilis, S. aureus (Newman strains), 

P. aeruginosa (PA14, ∆oprF, ∆omph,, ∆mexB and ∆mexA) and A. baumannii (DSM30007). In the 

case, no MIC value could be determined due to activity reasons, percentage (%) inhibition at 100 µM 

(or lower, depending on the solubility of the compounds) was determined. While for these general 

MIC determinations the OD at 600 nm was determined after a final time point (16 h after inhibitor 

addition), we additionally recorded a time curve for B. subtilis. For this purpose, ODs were measured 

every 400 s over a period of 17 h in a CLARIOstar Platereader (BMG Labtech, Ortenberg, Germany), 

followed by a graphical representation made with Python 3.8.3 using Matplotlib 3.2.2, NumPy 1.18.5, 

xlrd 1.2.0 and re 2.2.1 functions.128 See Section 5.2.2.5. 

 

5.2.2.3 General Procedure for Cytotoxicity Assay  

 

Cytotoxicity assays based on the human hepatocellular carcinoma (HepG2), human embryonic 

kidney (Hek293) and human lung adenocarcinoma (A549) cell lines were performed as described 

previously.129  
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5.2.2.4 Summary of Biological Results 
 

 

Table S5.2.2.4:1 - Other ordered primary amines from the SPECS library. 

 

 

 Percentage Inhibition @ 100 µM 

Structure and 

HIPS code 

SPECS 

ID 

EcIspE 

IC50 (µM)[a] 

PK/LDH 

IC50 (µM) 

E. coli 

 K12 

E. coli  

∆tolC 
P. aeruginosa A. baumannii 

 
5405 

AG-205/ 

14785177 
>500 n.d. 21 ± 10 28 ± 3 12 ± 4 14 ± 1 

 
5406 

AG-690/ 

15435945 
>500 n.d. 4 ± 1 40 ± 6 n.d. 6 ± 1 

 
5407 

AE-641/ 

06348040 
>500 n.d. 50 ± 8 81 ± 0 23 ± 9 34 ± 4 

 
5408 

AE-848/ 

30721050 
>500 n.d. 4 ± 7 6 ± 2 n.d. n.d. 

 
5409 

AS-871/ 

43475867 
>500 n.d. 9 ± 12 23 ± 5 n.d. n.d. 

 
5410 

AE-641/ 

00601040 
>500 n.d. 4 ± 0 14 ± 4 n.d. n.d. 

 
5413 

AS-871/ 

43387350 
>500 n.d. –1 ± 6 6 ± 3 n.d. n.d. 
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5414 

AP-970/ 

43492176 
>500 n.d. 6 ± 11 14 ± 1 n.d. n.d. 

 
5415[b] 

AS-871/ 

43475210 
>500 n.d. 76 ± 16 

MIC 

98 ± 11 
16 ± 4 

9 ± 4  

(@ 50 µM) 

 
5420 

AG-690/ 

13702538 
>500 n.d. 7 ± 4 66 ± 6 8 ± 4 2 ± 0 

 
5421 

AE-641/ 

30115007 
>500 n.d. 8 ± 1 13 ± 3 n.d. n.d. 

 
5422 

AE-641/ 

30153055 
>500 n.d. 57 ± 4 79 ± 1 24 ± 11 24 ± 3 

[a] Where EcIspE activity was measured as IC50 >500 µM, no replicate or pyruvate kinase and lactate dehydrogenase (PK/LDH) inhibition was determined. [b] 

HIPS5415 HepG2 IC50 = 19 ± 3 µM and S. aureus MIC = 26 ± 1 µM. n.d.: not determined. 
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Table S5.2.2.4:2 - Summary of biological data for the commercially available derivatives. 

 

 Percentage Inhibition @ 100 µM or Minimum Inhibitory Concentration (MIC) 

Structure and 

HIPS code 
E
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P
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S
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a
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H
ep

G
2
 

 
5380 

Ambinter 

6870079 
>500 n.d. 31 ± 5 41 ± 0 42 ± 1 –3 ± 19 3 ± 1 22 ± 1  –2 ± 4 11 ± 7 88 ± 5 

 
5381 

 

Ambinter 

8604646 
>500 n.d. 17 ± 8 

MIC 

48 ± 4 

MIC  

95* 
40%* n.d. 25 ± 5 5 ± 10 35 ± 16 94 ± 4 

 
5382 

Ambinter 

8612987 
>500 n.d. 83 ± 4 

MIC 

80 ± 14 

MIC 

80 ± 0 

MIC 

93 ± 4 
n.d. 

MIC 

100 ± 0 

MIC 

95 ± 0 

MIC 

103 ± 4 
93 ± 5 

 
5383 

Ambinter 

8612833 
>500 n.d. 16 ± 7 

MIC 

80 ± 7 

MIC 

95* 
35%* n.d. 14 ± 4 15 ± 5 33 ± 13 93 ± 4 

 
5411 

SPECS 

AE-641/ 

30177026 

447 ± 

95* 
n.d. 33 ± 4 47 ± 20 n.d. n.d. n.d. 18 ± 2 5 ± 4 15 ± 8 

79 ± 12 

(IC50 = 

45 ± 6) 

 
5412 

SPECS 

AE-641/ 

30177033 

>500 n.d. 12 ± 1 7 ± 2 n.d. n.d. n.d. 8 ± 0 3 ± 1 4 ± 5 –4 ± 20 

 
5416 

SPECS 

AP-124/ 

43382853 

>500 n.d. 28 ± 5 40 ± 4 n.d. n.d. n.d. 12 ± 0 10 ± 8 –2 ± 2 85 ± 5 

 
5417 

SPECS 

AN-329/ 

43448394 

>500 n.d. 13 ± 11 85 ± 8 
MIC 

108 ± 4 
67 ± 4 58 ± 5 14 ± 6 43 ± 9 20 ± 10 

93 ± 3 

(IC50 = 

21 ± 4) 



118 

 
5418 

SPECS 

AO-080/ 

43441925 

>500 n.d. 8 ± 8 
MIC 

88 ± 11 

30 ± 12 

@50 

µM 

34 ± 6 

@50 

µM 

–6 ± 7 

@50 

µM 

2 ± 1 

@50 

µM 

1 ± 1 

@50 

µM 

22 ± 6 48 ± 4 

 
5419 

SPECS 

AE-641/ 

30177024 

>500 n.d. 48 ± 3 
MIC 

57 ± 7 
52 ± 3 7 ± 0 n.d. 19 ± 1 5 ± 1 14 ± 16 

91 ± 2 

(IC50 = 

47*) 

 
5423 

Enamine 

Z1182353

799 

>500 n.d. 27 ± 3 
MIC 

50 ± 0 

MIC 

103 ± 3 
22 ± 4 

MIC 

104 ± 2 

–2 ± 3 

@50 

µM 

5 ± 2 32 ± 21 78 ± 13 

 
5424 

Enamine 

Z5792159

5 

>500 n.d. 42 ± 6 28 ± 11 n.d. n.d. n.d. 22 ± 4 6 ± 0 –1 ± 11 38 ± 2 

 
5425 

Enamine 

Z2901973

293 

>500 n.d. 41 ± 9 45 ± 15 n.d. n.d. n.d. 13 ± 4 12 ± 1 6 ± 10 51 ± 8 

 
5433 

Enamine 

Z5418217

4 

>500 n.d. 

–2 ± 13 

@50 

µM 

49 ± 1 n.d. n.d. n.d. 

–2 ± 4 

@50 

µM 

4 ± 1 36 ± 27 1 ± 10 

 

 
5677 

CAS 

17959-64-

7 

n.d. n.d. 3 ± 3 9 ± 7 n.d. n.d. n.d. n.d. n.d. –6 ± 10 n.d. 

 
5678 

CAS 

263409-

81-0 

n.d. n.d. 4 ± 1 9 ± 4 n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

 
5679 

CAS 

106038-

00-0 

n.d. n.d. 5 ± 0 5 ± 3 11 ± 3 n.d. n.d. n.d. n.d. n.d. 9 ± 1 

 
5680 

CAS 

663941-

79-5 

n.d. n.d. –1 ± 6 8 ± 1 n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

 
5681 

CAS 

151978-

97-1 

n.d. n.d. –3 ± 1 10 ± 5 18 ± 2 n.d. n.d. n.d. n.d. –31 ± 8 –5 ± 3 
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5847 

CAS 

 93-67-4 
n.d. n.d. 27 ± 5 

MIC 

100 ± 0 
n.d. n.d. n.d. n.d. n.d. n.d. 20 ± 8 

  
5848 

CAS  

2770-11-8 
n.d. n.d. 21 ± 0 29 ± 5 n.d. n.d. n.d. n.d. n.d. n.d. 

58 ± 5 

(IC50= 

92±18) 

 
5849 

CAS 

76838-73-

8 

n.d. n.d. 4 ± 5 27 ± 6 n.d. n.d. n.d. n.d. n.d. n.d. 51 ± 7 

 
5850 

CAS 

24900-79-

6 

n.d. n.d. 28 ± 8 
MIC  

45 ± 1 
n.d. n.d. n.d. n.d. n.d. n.d. –16 ± 9 

[a] Only where EcIspE activity was measured as IC50 >500 µM, no replicate pyruvate kinase and lactate dehydrogenase (PK/LDH) inhibition were determined. n.d.: 

not determined. *Value of a single measurement. 

 

 

Table S5.2.2.4:3 - Summary of biological data for the synthesised derivatives. 
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5435 

>500 n.d. 50 ±10 
MIC 

19 ± 1 

MIC 

33 ± 13 

MIC 

95 ± 0 
n.d. 27 ± 4 46 ± 3 n.d. 

MIC 

95 ± 7 
91 ± 6 

 
5436 

>500 n.d. 13 ± 2 
MIC 

38 ± 1 
54 ± 5 35 ± 5 n.d. 

2* 

@50 

µM 

9 ± 5 n.d. 18 ± 24 80 ± 3 

 
5242 

>500 n.d. 
MIC 

99 ± 2 

MIC 

97 ± 4 

MIC 

95 ± 0 

MIC 

105 ± 7 
87 ± 7 

MIC 

100 ± 0 
52 ± 10 

MIC 

>100 

*weird 

kinetics 

47 ± 8 

92 ± 0 

(IC50 : 

21 ± 1) 

 
5602 

n.d. n.d. 30 ± 3 
MIC 

80 ± 14 
n.d. n.d. n.d. n.d. n.d. n.d. 82 ± 8 n.d. 
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5603 

n.d. n.d. 
4 ± 3 

@50 

µM 

56 ± 27 

@50 

µM 

n.d. n.d. n.d. n.d. 
5 ±0 

@50 

µM 

n.d. 

1 ± 8 

@100 

µM 

n.d. 

 
5604 

n.d. n.d. 38 ± 2 48 ± 6 44 ± 11 n.d. 8 ± 3 n.d. 11 ± 1 n.d. 7 ± 7 

91 ± 10 

(IC50 = 

58 ± 6) 

 
5607 

n.d. n.d. 18 ± 3 
MIC 

14 ± 0 
n.d. n.d. n.d. n.d. n.d. n.d. 

MIC 

85 ± 7 
n.d. 

 
5608 

n.d. n.d. 
8 ± 5 

@50 

µM 

MIC 

49 ± 2 
n.d. n.d. n.d. n.d. n.d. n.d. 5 ± 15 n.d. 

 
5635 

n.d. n.d. 
9 ± 2 

@50 

µM 

27 ± 4 

@50 

µM 

n.d. n.d. n.d. n.d. 7* @ 

50 µM 
n.d. n.d. n.d. 

 
5636 

n.d. n.d. 
MIC 

90 ± 0 

MIC 

93 ± 4 

MIC 

94 ± 0 
n.d. MIC 

94 ± 1 n.d. 70 ± 3 n.d. 79* 98 ± 1 

 
5605 

n.d. n.d. 
23 ± 6 

@50 

µM 

MIC 

12 ± 0 
n.d. n.d. n.d. n.d. n.d. n.d. 

MIC 

56 ± 33 n.d. 

 
5606 

n.d. n.d. 
9 ± 8 

@50 

µM 

MIC 

65 ± 23 
n.d. n.d. n.d. n.d. n.d. n.d. 3 ± 5 n.d. 

 
5637 

n.d. n.d. 
4 ± 1 

@50 

µM 

15 ± 0 

@25 

µM 

n.d. n.d. n.d. n.d. –0 ± 0 n.d. n.d. n.d. 

 
5638 

n.d. n.d. 
MIC 

53 ± 4 

MIC 

88 ± 4 

MIC 

84 ± 5 
n.d. MIC 

75 ± 10  
28 ± 13 

@50 

µM 
52 ± 6 

MIC 

77 ± 20 
86 ± 8 

96 ± 2 

(IC50 = 

17 ± 1) 

 
5502 

n.d. n.d. 12 ± 6 13 ± 4 –6 ± 3 11 ± 1 n.d. n.d. n.d. n.d. 
–0.2 ± 

8 
45 ± 4 
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5503 

n.d. n.d. 10 ± 1 44 ± 15 10 ± 25 14 ± 2 n.d. n.d. n.d. n.d. –8 ± 19 n.d. 

 
5504 

n.d. n.d. 29 ± 2 24 ± 7 29 ± 20 1 ± 8 –14 ± 0 n.d. n.d. n.d. 5 ± 2 48 ± 7 

 
5673 

40 ± 6 46 ± 1 

58 ± 6 

@50 

µM 

MIC 

3 ± 0 
n.d. n.d. n.d. n.d. n.d. n.d. 

MIC 

5 ± 0 

92 ± 3 

(IC50 = 

33 ± 2) 

 
5674 

130 ± 

20 

 

>500 

 

–2 ± 5 

@50 

µM 

 

3 ± 0 

@50 

µM 

 

n.d. n.d. n.d. 

22 ± 0 

@50 

µM 

 

–1 ± 4 

@50 

µM 

 

n.d. 

33 ± 8 

@50 

µM 

 

55 ± 3 

 
5675 

159 ± 4 

 

>500 

 

MIC 

85 ± 6 

MIC 

41 ± 2 

MIC 

44 ± 1 

MIC 

86 ± 4  

MIC 

45 ± 2 

MIC 

64 ± 2 
63 ± 8 

MIC 

46 ± 1 

MIC 

99 ± 6 

93 ± 2 

(IC50 = 

15 ± 3) 

 
5676 

4 ± 1 

 

>500 

 

16 ±13 

@50 

µM 

MIC 

20 ± 6 

MIC 

20 ± 5 
n.d. n.d. 

21* 

@50 

µM 

9 ± 6 

@50 

µM 

MIC 

22 ± 18 
n.d. 

95 @ 

100 µM 

 

95 @ 

50 µM* 

 
6016 

n.d. n.d. 
MIC 

98 ± 6 

MIC 

11 ± 0 
n.d. n.d. n.d. MIC 

33* 
MIC 

107±12 n.d. n.d. 97 ± 0 

 
5845 

n.d. n.d. 
10 ± 7 

@50 

µM 

45 ± 7 

@50 

µM 

n.d. n.d. n.d. n.d. n.d. n.d. n.d. IC50 = 

15 ± 8 

 
5933 

n.d. n.d. 
MIC 

47 ± 2 

MIC 

46 ± 1 
n.d. n.d. n.d. MIC 

43 ± 4 
64 ± 7 

MIC 

30 ± 9 
87 ± 7 

94 ± 0 

(IC50 = 

9 ± 1) 

 
 

5990 

n.d. n.d. 
MIC 

98 ± 6 

MIC 

46 ± 1 
n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

96 ± 2 

(IC50 = 

23 ± 4) 

 
 

6027 

n.d. n.d. 
MIC 

48 ± 1 
MIC  

36 ± 11  n.d. MIC 

38* 
 MIC 

44* 
n.d. MIC 

95* n.d. 
MIC 

100* 77 ± 18 
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6017 

n.d. n.d. 
MIC 

97 ± 2 

MIC 

45 ± 1 
n.d. n.d. n.d. 86*. 86 ± 14 n.d. n.d. 97 ± 0 

 
 

6074 

n.d. n.d. 
MIC 

94* 
n.d. n.d. n.d. n.d. n.d. MIC 

92*  
n.d. n.d. 96 ± 0 

 
 

6065 

n.d. n.d. 

25* 

@50 

µM 

MIC 

12* 
n.d. 

53* 

@50 

µM 

MIC 

35* n.d. 
44% 

@50 

µM 

n.d. 
MIC 

105* 
65 ± 6 

[a] The results are from at least two independent determinations. Only where EcIspE activity was measured as IC50 >500 µM, no replicate pyruvate kinase and 

lactate dehydrogenase (PK/LDH) inhibition were determined. n.d.: not determined. * Value of a single measurement. 
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5.2.2.5 Bacillus subtilis Experiments 
 

 

Initial anomalous kinetics of HIPS5242, HIPS5255 and HIPS5250 (negative control) 

 

 
 

 

Comparison of HIPS5675 and HIPS5676 
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Sequence Similarity via EMBOSS Matcher61,62 

 
>sp|P37550|ISPE_BACSU 4-diphosphocytidyl-2-C-methyl-D-erythritol 

kinase OS=Bacillus subtilis (strain 168) OX=224308 GN=ispE PE=3 

SV=1 

MRILEKAPAKINLSLDVTRKRPDGYHEVEMIMTTIDLADRIELTELAEDEVRVSSHNRFVPDDQRN

LAYQAAKLIKDRYNVKKGVSIMITKVIPVAAGLAGGSSDAAATLRGLNRLWNLNLSAETLAELGAE

IGSDVSFCVYGGTALATGRGEKIKHISTPPHCWVILAKPTIGVSTAEVYRALKLDGIEHPDVQGMI

EAIEEKSFQKMCSRLGNVLESVTLDMHPEVAMIKNQMKRFGADAVLMSGSGPTVFGLVQYESKVQR

IYNGLRGFCDQVYAVRMIGEQNALD 

 
 

# Aligned_sequences: 2 

# 1: E. coli (PDB 1OJ4) 

# 2: B. subtilis P37550 

# Matrix: EBLOSUM62 

# Gap_penalty: 14 

# Extend_penalty: 4 

# 

# Length: 188 

# Identity:      65/188 

(34.6%) 

# Similarity:   101/188 

(53.7%) 

# Gaps:           8/188 

(4.3%) 

# Score: 253 

 

 

 

Sequence Similarity Overlapped in PDB 1OJ4115 
 

 

 
 

 

Figure S5.2.2.5:1 - Sequence overlap of EcIspE (PDB1OJ4) with BsIspE. Red areas have the highest similarity 

(1.0) and blue regions have lower (>0.5). The grey box is highlighting the selected binding pocket for the 

virtual screening. The figure was created in Chimera 1.15.115 
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Figure S5.2.2.5:2 - HIPS5242 and HIPS5255 tested against the Bacillus subtilis dxr(dxs) and ipk(IspE) 

knockdown mutants. 
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Figure S5.2.2.5:3 - HIPS5242 and HIPS5255 tested against the Bacillus subtilis dxr(dxs) and ipk(IspE) 

knockdown and the respective cell morphology. 
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Figure S5.2.2.5:4 - IspE depletion and HIPS5676 treatment result in a bulging phenotype in B. subtilis. 

Exponentially growing cultures of B. subtilis mutant strains kd-ispE and kd-dxr were supplemented with 1% 

xylose to repress the expression of either IspE or Dxr, respectively. Accordingly, exponentially growing 

B. subtilis wild-type cells were treated with 6.25 µM HIPS5676. After 90 minutes, cells were examined by 

phase contrast microscopy. In contrast to untreated control cells, both the depletion of IspE or Dxr as well as 

HIPS5676 treatment led to cell lysis over time, which was often preceded by a characteristic bulging 

phenotype. Scale bars, 10 µm. Images are representative of at least two biological replicate cultures. 

 

 

 

 

Method Microscopy  

 

Bacillus subtilis cells were grown in lysogeny broth (LB) at 37 °C to an optical density at 600 nm 

(OD600) of 0.2. Then, the mutant strains kd-ispE (BEC00460) and kd-dxr (BEC16550)130 were 

supplemented with 1% xylose to repress either IspE or Dxr expression. Similarly, B. subtilis 168 

trpC2 wild-type cells were grown at 37 °C to an OD600 of 0.2 and were then treated with HIPS5676 

as indicated. Then, cultures were further grown for 90 minutes until sampling. For microscopy, cells 

were mounted on microscopy slides coated with 1% agarose in water to immobilize cells. Images 

were acquired using the Zeiss Axio Observer Z1 and ZEN image analysis software (Zeiss, Germany) 

and the Nikon Eclipse Ti equipped with Perfect Focus system (Nikon Instruments Europe BV, 

Netherlands), an Orca Flash 4.0 camera (Hamamatsu, Photonics, Japan) and CFI Plan-Apo 

DM×100/1.45 Oil Ph3 objective (Nikon). Images were processed using the NIS elements AR 

software package (Nikon).  
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5.2.3. Biophysical Assays 

 

5.2.3.1 Thermal Shift Assay 

 

The thermal shift assay (TSA) was performed in triplicates on a 96-well plate. Each well contained 

DMSO-ligand (200 µM), EcIspE (2.5 µM), 10% (V/V) x50 Protein Thermal Shift dye (LOT 

1707029) and 75% (V/V) TBS-buffer (50 mM Tris-HCl, pH 7.6, 150 mM NaCl). The ligands were 

pipetted from a 4 mM DMSO stock solution. The protein stock in a concentration of 25 µM was 

centrifuged at 4 °C, 14000 rpm for 5 min. The blank (protein-only) and the positive control (natural 

substrate CDP-ME) contained DMSO with the same volume as the ligand instead of the ligand (5% 

(V/V)). The positive control additionally contained 500 µM CDP-ME (8 mM stock solution). The 

total sample volume in each well was 20 µL. The well plate was covered with a PCR-membrane, 

centrifuged at 4 °C, 1400 rpm for 1 min and placed into a StepOnePlus Real-Time PCR System 

(Serial no. 272003367, Applied Biosystems). “Detect melting point” method was used with a 

temperature ramp over 20–90 °C proceeding in steps of 0.3 °C (1 min per step). Protein Thermal 

Shift Software Version 1.3 was used to determine melting points (Tm) at least from two independent 

replicates. 

 

Table S5.2.3.1:1 - Summary of the thermal shift assay results. 

 

Compound Tm (°C) ∆Tm (°C)[a] 

Protein only 51.52 ± 0.14 – 

CDP-ME 52.28 ± 0.09 +0.8 

HIPS5242 50.42 ± 0.09 –1.1 

HIPS5244 51.31 ± 0.37 –0.2 

HIPS5250 50.75 ± 0.08 –0.8 

HIPS5252 51.79 ± 0.12 +0.3 

HIPS5254 51.23 ± 0.09 –0.3 

HIPS5255 50.81 ± 0.09 –0.7 

HIPS5259 51.23 ± 0.13 –0.3 

HIPS5411 50.82 ± 0.12 –0.7 

HIPS5412 51.52 ± 0.10 0.0 

HIPS5419 51.10 ± 0.08 –0.4 

HIPS5674 51.31 ± 0.08 –0.2 

HIPS5675 49.60 ± 0.20 –1.9 

HIPS5676 49.75 ± 0.34 –1.8 

HIPS5636 49.99 ± 0.09 –1.5 
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HIPS5933 48.38 ± 0.29 –3.1 

HIPS5990 47.58 ± 0.31 –3.9 

SuFEx Probe[b]  

Protein in HEPES 51.52 ± 0.08 – 

CDP-ME in HEPES 52.17 ± 0.08 +0.7 

HIPS5893  

(after 72 h incubation) 
50.35 ± 0.16 –1.2 

HIPS5893  

(500 µM without incubation) 
50.95 ± 0.15 –0.6 

[a] Tm(EcIspE with compound) – Tm(EcIspE without compound). [b] See details in Section 5.2.4. 

 

 

5.2.3.2 Microscale Thermophoresis 

 

The microscale thermophoresis (MST) (Serial no. 201709-BR-N024, Monolith NT.115 Micro Scale 

Thermophoresis, NanoTemper Technologies GmbH.) was performed according to the standard 

protocol from the manufacturer NanoTemper Technologies GmbH using the Monolith His-Tag 

Labeling Kit RED-tris-NTA 2nd Generation kit (LOT #20L018-010). For HIPS5242, 1st Generation 

kit was used. The buffer used was HEPES (50 mM), pH 7.6, MgCl2 (5 mM) and Tween (0.05%). 

The protein concentration of 50 nM was used and the ligand was tested at the highest soluble 

concentration, which was 0.5 mM for most of the compounds under the assay conditions. A 1:1 

dilution of the ligand over 16 samples was performed using a stock of 10% DMSO ligand stock in 

HEPES buffer. Non-hydrophobic capillary tubes (LOT #20K022_003) were used. A pretest to check 

for the labelling and compound fluorescence was performed before every sample, followed by a 

binding affinity (Kd) determination. Each sample was measured after 15 min and 60 min incubation 

time at RT and analysed in MO Control version 1.6. 
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Table S5.2.3.2:1 - Summary of the microscale thermophoresis results. 

 

 Time Kd 1 [µM] Kd 2 [µM] Kd 3 [µM] Average Kd [µM] 

CDP-ME 
15 min 1.3 0.2 0.4 0.3 ± 0.2 

1 h (0.4) 0.1 0.1 0.1 ± 0.0 

HIPS5242 
15 min 664.0[a] 733.0[a,b] n.d. 699 ± 49 

1 h 403.0[a] 215.0[a,b] n.d. 309 ± 133 

HIPS5675 
15 min 79.4 57.4 57.4 65 ± 13 

1 h 60.6 60.0 60.0 60 ± 0 

HIPS5676 
15 min (-29.9) 116.0 n.d. 116* 

1 h 45.6 n.d. n.d. 46* 

HIPS5933 
15 min 21.9 4.4 33.8 20 ± 15 

1 h (281) 12.0 17.3 15 ± 4 

HIPS5990 
15 min 31.8 28.8 10.7 24 ± 11 

1 h 37.7 61.1 17.7 39 ± 22 

[a] 1st Generation His-Tag Kit [b] Measured in Tris-HCl buffer. *Value of a single measurement. n.d.: not determined 

 

 

5.2.3.3 Saturation Transfer Difference-Nucleomagnetic Resonance 

 

The STD experiments were recorded at 298 K on a Bruker Fourier spectrometer (500 MHz). The 

samples contained a 100- to 200-fold excess of compound (500 µM) relative to EcIspE (2.5 µM or 

5.0 µM – see Table 5.2.3.3:1) in D2O buffer with Tris-HCl (50 mM) and MgCl2 (5 mM) at pD = 7.6. 

The compounds were dissolved in DMSO-d6 and added to the buffer to reach a final concentration 

of 2.4% DMSO-d6. 

All experiments were performed using the stddiffesgp.3 pulse program by Bruker. Blank spectra 

(compound in buffer without protein) were recorded to establish the parameters at which no residual 

compound signals were visible (Table 5.2.3.3:1). The screening experiments were all recorded with 

a carrier set at –2 or –3 ppm for the on-resonance and −40 ppm for the off-resonance irradiation. 

Selective protein saturation was carried out at 0.5 s or 1.0 s (d20 parameter in TopSpin) by using a 

train of 50 ms Gauss-shaped pulses, each separated by a 1 or 2 s delay (d1 parameter in TopSpin). In 

all cases, 256 scans were recorded. Binding was confirmed when a visible difference in peak intensity 

between off-resonance and STD spectrum could be observed. 
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Table S5.2.3.3:1 - Measurement and experimental parameters that differed from general procedure. 

Compound d1 (s) d20 (s) 

On-resonance 

frequency 

(ppm) 

EcIspE (µM) 

HIPS5242 2.0 0.5 −2 5.0 

HIPS5675 1.0 0.5 −3 2.5 

HIPS6027 1.0 1.0 −2 2.5 

HIPS5990 1.0 0.5 −3 2.5 

 

 

 

Spectrum S5.2.3.3:1 - Blank (blue), STD (red) and off-resonance (black) spectrum of compound HIPS5242. 

Binding for all compound signals visible; differences in intensities confirm specific binding. Only weak 

binding of formic acid (8.3 ppm). Epitope mapping not possible, because peaks cannot be assigned 

unambiguously. 

 

 

 

Spectrum S5.2.3.3:2 - Blank (blue), STD (red) and off-resonance (black) spectrum of compound HIPS5675. 

Binding for all compound signals visible; differences in intensities confirm specific binding. Only weak 

binding of formic acid (8.3 ppm). Epitope mapping not possible, because peaks cannot be assigned 

unambiguously. 
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Spectrum S5.2.3.3:3 - Blank (blue), STD (red) and off-resonance (black) spectrum of compound HIPS6027. 

Binding for all compound signals visible; differences in intensities confirm specific binding. Only weak 

binding of formic acid (8.3 ppm). Epitope mapping not possible, because peaks cannot be assigned 

unambiguously. 

 

 

 

     

Spectrum S5.2.3.3:4 - Blank (blue), STD (red) and off-resonance (black) spectrum of compound HIPS5990. 

Binding for all compound signals visible; differences in intensities confirm specific binding. Only weak 

binding of formic acid (8.3 ppm). 
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5.2.4. SuFEx Probe 

 

In an Eppendorf tube, EcIspE (23 mg/mL in Tris-HCl buffer), compound 4-phenoxybenzenesulfonyl 

fluoride HIPS5893 (CAS 1368838-37-2) in DMSO and HEPES buffer (50 mM), pH 7.6, MgCl2 

(5 mM) were added to achieve final concentration: 10 µM EcIspE, 5% DMSO (including the 

compound solvent) and the desired compound concentration (e.g., 1.38 µL of EcIspE 23 mg/mL in 

TRIS buffer + 4 µL of 10 mM HIPS5893 + 1 µL DMSO + 93.62 µL buffer to achieve a final 400 

µM concentration of the HIPS5893). A control experiment was performed using 5% DMSO without 

any compound. The Eppendorf tubes were incubated at RT on a shaking platform (IKA® Vibrax 

VXR basic) at 100 rpm for the given time. The subsequent temperature samples were incubates at 

35 °C on a shaking platform (Eppendorf ThermoMixer F2.0) at 100 rpm. At the end of the incubation 

time, 10 µL of the samples was transferred to an LC-MS vial and diluted with 40 µL HEPES buffer 

for MS analysis that was carried out as previously reported.131 The remaining samples were frozen 

in liquid nitrogen and stored at −80 °C until further MS measurements. 
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Initial trial with several samplings at 2 h, 4 h, 6 h, 8 h and 10 h 

 

 

 

 

 

 
Figure S5.2.4:1 - Chromatograms of the deconvulated EcIspE (m/z: 31715.5774) vs the singly substituted 

EcIspE + SuFEX probe HIPS5893 (m/z: 31947.9436). 
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Table S5.2.4:1 - MS results based on the increased compound concentration and incubation time. 

 

Compound 

Concentration (μM) 

Time of incubation  

(h) 

Bound Protein (%) 

Sample 1 

Bound Protein (%) 

Sample 2 

200 24 17 17 

200 48 22 22 

400 24 0 19 

400 48 0 31 

 

 

 

Table S5.2.4:2 - MS results based on the increased compound concentration at different buffer pH over 72 h. 

 

Compound 

Concentration (μM) 
pH of Buffer 

Monosubstituted  

Protein (%) 

Bisubstituted  

Protein (%) 

400 7.2 17 0 

600 7.2 22 0 

400 7.6 31 4 

600 7.6 40 8 

400[a] 8.0 42 10 

600 8.0 59 25 

[a] This sample was used for TSA (Section 5.2.3.1). 

 

 

 

Table S5.2.4:3 - MS results based on the increased temperature at different buffer pH over 22.5 h. 

 

Compound 

Concentration (μM) 
pH of Buffer 

Monosubstituted 

 Protein (%) 

Bisubstituted  

Protein (%) 

600 7.6 29 2 

600 8.0 45 8 
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5.2.5. Synthesis  

 

5.2.5.1 General Conditions 

 

General conditions were same as in Publication 2 (H.-K. Ropponen et al., RSC Med. Chem., 2021, 

DOI:10.1039/d0md00409j). Additionally, all spectra were measured in CDCl3, DMSO-d6, methanol-

d4 or acetone-d6 and chemical shifts were adjusted based on the residual proton of the internal 

standard in parts per million (ppm), (CDCl3, δ = 7.27, 77.00, DMSO-d6, δ = 2.50, 39.51, methanol-

d4, δ = 4.87, 49.15 or acetone-d6, δ = 2.05, 29.32, 1H and 13C, respectively). Compounds were purified 

by prep. HPLC eluting with an alternating gradient of 5–100% ACN with 0.05% FA in H2O with 

0.05% FA.  

 

5.2.5.2 General Procedures 

 

General Procedure A105 

 

The respective derivative of 2-benzyl-4-(halogen)phenol or 2-phenoxyaniline (1.0 eq.) was dissolved 

in dry acetone under N2 flow. Anhydrous K2CO3 (1.0 eq.) and NaI (0.2 eq.) were added followed by 

a dropwise addition of chloroacetonitrile (1.0 eq.). The mixture was refluxed for the given time, then 

cooled down to RT and diluted with acetone. The mixture was filtered through celite and the 

remaining filtrate was absorbed onto ISOLUTE® HM-N and purified by FCC with an alternating 

gradient of 0–10% EtOAc in petroleum benzene (40–60 °C) or cyclohexane to afford the title 

compounds. 

 

General Procedure B96  

 

In a pressure sealed vial, the specific halogen derivative of 1-(benzyloxy)-4-(halogen)benzene 

(1.0 eq.) was flushed with N2. TFA (4 mL) was added under N2 flow and the pressure vial was sealed. 

The mixture was stirred at 80 °C for 1 h. After 1 h, aq. 2M HCl (4 mL) was added dropwise and 

stirred at 80 °C for 1 h. The reaction mixture was cooled down to RT and carefully extracted with 

DCM (2 x 10 mL). The organic layers were then dried over anhydrous Na2SO4, filtered and 

evaporated to dryness. The crude was absorbed onto ISOLUTE® HM-N and purified by FCC with 

an alternating gradient of 0–10% EtOAc in petroleum benzene (40–60 °C) leaving TFA traces. The 

crude was dissolved in (aq. 2M HCl), basified with aq. sat. NaHCO3 and finally extracted with DCM. 

The organic layer was then dried over anhydrous Na2SO4, filtered and evaporated to dryness. The 

crude was absorbed onto ISOLUTE® HM-N and purified by FCC with an alternating gradient of    

0–10% EtOAc in petroleum benzene (40–60 °C) or cyclohexane, affording the respective title 

compounds. 
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General Procedure C1132 

 

To a stirred solution of the respective derivative of 2-benzyl-4-(halogen)phenol derivative (1.0 eq.) 

in dry DMF under N2 flow, CsCO3 (3.0 eq.) and TBAI (0.1 eq.) were added. The mixture was stirred 

at RT for 1 h followed by the addition of tert-butyl (2-chloroethyl)carbamate (2.5 eq.). The reaction 

was stirred overnight, and where not complete, followed by another addition of tert-butyl (2-

chloroethyl)carbamate (2.5 eq.). The mixture was quenched with water and extracted with EtOAc. 

The combined organic layers were washed with brine, dried over anhydrous Na2SO4, filtered and 

evaporated to dryness. The crude was absorbed onto ISOLUTE® HM-N and purified by FCC with 

an alternating gradient of 0–100% EtOAc in petroleum benzene (40–60 °C) to afford the respective 

title compounds. 

 

General Procedure C2133 

 

To a solution of 4-chloro-2-(3,5-dichlorophenoxy)phenol (1 eq.) in dry DMF, K2CO3 (3 eq.) was 

added and the mixture was stirred for 20 min. The corresponding Boc-protected chloroamine (in 

excess) and KI (2 eq.) were added and the reaction mixture was stirred at 80 °C. The mixture was 

cooled to RT, poured into water and extracted with EtOAc (3 x 10 mL). The organic layers were 

washed with water (5 x 5 mL) and brine (2 x 5 mL), dried over anhydrous Na2SO4 and concentrated 

in vacuo. The crude was purified by FCC as described in detail to afford the respective title 

compounds. 

 

General Procedure D1 

 

To a stirred solution of Boc-derivative (1.0 eq.) in THF, aq. 6M HCl (4.0 eq.) was added. The mixture 

was stirred at RT for 1.5 h. The reaction mixture was basified with saturated aq. NaHCO3 and 

extracted with DCM. The combined organic layers were concentrated and purified with prep. HPLC 

to afford the respective title compounds. 

 

General Procedure D2134 

 

To a solution of Boc-protected derivative (1 eq.) in dioxane, 4M HCl/dioxane (10 eq.) was added 

dropwise at 0 °C and the reaction solution was stirred at RT until full conversion. The mixture was 

then concentrated in vacuo and dissolved in water. The aqueous phase was basified with saturated 

aq. NaHCO3 and extracted with diethyl ether. The organic layers were washed with brine, dried over 

anhydrous Na2SO4 and concentrated in vacuo to afford the desired compounds as crudes that were 

purified as described in detail to afford the respective title compounds. 



138 

General Procedure E 

 

To a solution of the corresponding handle as carboxylic acid (1.0 eq.) in dry DMF, DIPEA (1.1 eq.) 

was added. After 10 min, HATU (1.2 eq.) was added to the solution and the reaction mixture was 

stirred for further 10 min. Then 3-chloro-4-(4-chlorophenoxy)aniline HIPS5850 (1.1 eq.) was added 

and the mixture was heated to reflux. The reaction mixture was cooled down to RT, quenched with 

NH4Cl and extracted with EtOAc (x3). The organic layers were washed with water (x5), saturated 

aq. NaHCO3 (x1) and brine (x2). The combined organic layers were dried over anhydrous Na2SO4 

and concentrated in vacuo to afford the desired compounds as crude products that were further 

purified as described in detail for each compound. 

 

 

5.2.5.3 Synthesised of Compounds  

 

2-(2-Benzyl-4-chlorophenoxy)acetonitrile (HIPS5436)135 

 

 

 

Using general procedure A, 2-benzyl-4-chlorophenol (1.0 eq., 0.500 g, 2.286 mmol) was refluxed 

for 8 h with anhydrous K2CO3 (1.0 eq., 0.316 g, 2.286 mmol), NaI (0.2 eq., 0.069 g, 0.457 mmol) 

and chloroacetonitrile (1.0 eq., 2.286 mmol, 140 µL) in dry acetone (5 mL) to afford FCC purified 

compound HIPS5436 as a clear oil (0.474 g, 80%). Further prep. HPLC purification (0.040 g) 

afforded compound HIPS5436 as a beige powder, (0.028 g). 

 

1H NMR (DMSO-d6, 500 MHz) δ 7.34 (dd, J=8.8, 2.8 Hz, 1 H) 7.26 - 7.29 (m, 2 H) 7.25 - 7.28 (m, 

1 H) 7.21 - 7.23 (m, 2 H) 7.17 - 7.23 (m, 1 H) 7.15 (d, J=8.8 Hz, 1 H) 5.21 (s, 2 H) 3.91 (s, 2 H). 13C 

NMR (DMSO-d6, 126 MHz) δ 153.4, 140.2, 132.8, 130.6, 129.1, 128.9, 127.7, 126.6, 126.5, 116.9, 

114.6, 54.4, 35.2. HRMS (ESI+) calcd. for C15H12ClNO [M – H]-: 256.05346, found: 256.05315.  
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2-(2-Benzyl-4-chlorophenoxy)ethan-1-amine (HIPS5242)105 

 

 

 

2-(2-Benzyl-4-chlorophenoxy)acetonitrile HIPS5436 (1.0 eq., 0.200 g, 0.776 mmol) was dissolved 

in dry diethyl ether (1.0 mL) and flushed with N2. LiAlH4 (2.0 eq., 0.059 g, 1.552 mmol) was 

carefully dissolved in another flask in dry diethyl ether (2.5 mL) under N2 flow. The solution of 

HIPS5436 was then added dropwise to the LiAlH4 mixture and let to stir at RT for 2 h. The reaction 

mixture was quenched with ice and let to cool down on an ice bath forming a white precipitate. The 

white precipitate was filtered off, dissolved in EtOAc and concentrated in vacuo. The crude was 

purified with prep. HPLC to afford compound HIPS5242 as a white powder one FA salt form, 

(0.039 g, 17%). 

 

1H NMR (DMSO-d6, 500 MHz) δ 8.34 (s, 1 H) 7.26 - 7.29 (m, 2 H) 7.23 - 7.25 (m, 2 H) 7.21 - 7.23 

(m, 1 H) 7.16 - 7.20 (m, 1 H) 7.14 - 7.16 (m, 1 H) 6.98 (d, J=8.7 Hz, 1 H) 4.02 (t, J=5.3 Hz, 3 H) 

3.94 - 3.95 (m, 2 H) 3.02 (t, J=5.3 Hz, 3 H). 13C NMR (DMSO-d6, 126 MHz) δ 164.9, 154.7, 140.2, 

132.0, 129.5, 128.9, 128.4, 127.0, 126.0, 124.2, 113.3, 67.8, 39.5, 34.9. HRMS (ESI+) calcd. for 

C15H16ClNO [M + H]+: 262.09932, found: 262.09867. 

 

 

2-Benzyl-4-fluorophenol (HIPS5602) 

 

 

 

Using general procedure B, 1-(benzyloxy)-4-fluorobenzene (1.0 eq., 0.209 g, 1.035 mmol) was 

reacted accordingly to afford FCC purified compound HIPS5602 as a yellow oil, (0.064 g, 34%). 

 

1H NMR (DMSO-d6, 500 MHz) δ 9.42 (br s, 1 H) 7.24 - 7.29 (m, 2 H) 7.20 - 7.24 (m, 2 H) 7.15 - 

7.19 (m, 1 H) 6.83 - 6.86 (m, 1 H) 6.80 - 6.86 (m, 1 H) 6.75 - 6.80 (m, 1 H) 3.84 (s, 2 H). 13C NMR 

(DMSO-d6, 126 MHz) δ 155.8, 151.7, 141.0, 129.6, 129.1, 128.7, 126.3, 116.8, 116.1, 113.6, 35.6. 

19F NMR (DMSO-d6, 470 MHz,) δ ppm –125.96 (s, 1 F). HRMS (ESI+) calcd. for C13H11FO [M – H]-

: 201.07211, found: 201.07115. 
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2-(2-Benzyl-4-fluorophenoxy)acetonitrile (HIPS5603) 

 

 

 

Using general procedure A, 2-benzyl-4-fluorophenol (1.0 eq., 0.050 g, 0.247 mmol) was refluxed 

overnight with anhydrous K2CO3 (1.0 eq., 0.034 g, 0.247 mmol), NaI (0.2 eq., 0.007 g, 0.049 mmol) 

and chloroacetonitrile (1.0 eq., 20 µL, 0.247 mmol) in dry acetone (0.5 mL) to afford FCC purified 

compound HIPS5603 as a colourless oil, (0.045 g, 76%). 

 

1H NMR (DMSO-d6, 500 MHz) δ 7.26 - 7.30 (m, 2 H) 7.21 - 7.24 (m, 2 H) 7.17 - 7.21 (m, 1 H) 7.13 

- 7.15 (m, 1 H) 7.10 - 7.13 (m, 2 H) 7.06 - 7.10 (m, 1 H) 5.18 (s, 2 H) 3.91 (s, 2 H). 13C NMR (DMSO-

d6, 126 MHz) δ 157.7, 150.8, 140.2, 132.8, 129.1, 128.9, 126.6, 117.7, 117.1, 114.5, 114.1, 54.8, 

35.4. 19F NMR (DMSO-d6, 470 MHz) δ –121.37 (s, 1 F). HRMS (ESI+) calcd. for C15H12FNO 

[M – H]-: 240.08301, found: 240.08250. 

 

2-(2-Benzyl-4-fluorophenoxy)ethan-1-amine (HIPS5604) 

 

 

 

2-(2-Benzyl-4-fluorophenoxy)acetonitrile HIPS5603 (1.0 eq., 0.025 g, 1.1096 mmol) was dissolved 

in dry THF (2 mL) under N2 flow. LiAlH4 (2.4M in THF) (2.0 eq., 100 µL, 0.207 mmol) was added 

dropwise to the mixture. The mixture was stirred at RT for 2 h. The mixture was quenched with aq. 

2M NaOH (2 mL) under ice bath. The mixture was extracted with THF (2 x 5 mL). The organic 

layers were combined and concentrated in vacuo. The crude was purified with prep. HPLC to afford 

compound HIPS5242 as a crystalline, colourless powder one FA salt form, (0.005 g, 14%). 

 

1H NMR (Methanol-d4, 500 MHz) δ 8.43 (br s, 1 H) 7.22 - 7.27 (m, 2 H) 7.19 - 7.21 (m, 1 H) 7.13 - 

7.17 (m, 3 H) 7.13 - 7.18 (m, 1 H) 6.92 - 6.95 (m, 1 H) 6.87 - 6.91 (m, 1 H) 6.76 (dd, J=9.2, 2.9 Hz, 

1 H) 4.09 - 4.12 (m, 2 H) 3.98 - 4.00 (m, 2 H) 3.22 - 3.25 (m, 2 H). 13C NMR (Methanol-d4, 126 MHz) 

δ 156.6, 151.5, 140.3, 132.2, 128.4, 128.1, 125.8, 116.6, 113.0, 112.9, 64.8, 38.8, 35.1. 19F NMR 

(Methanol-d4, 470 MHz) δ ppm –124.49 (s, 1 F). HRMS (ESI+) calcd. for C15H16FNO [M + H]+: 

246.12887, found: 246.12816. 
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2-Benzyl-4-bromophenol (HIPS5607) 

 

 

 

Using general procedure B, 1-(benzyloxy)-4-bromobenzene (1.0 eq., 0.210 g, 0.798 mmol) was 

reacted accordingly to afford FCC purified compound HIPS5607 as a colourless oil, (0.054 g, 26%). 

 

1H NMR (DMSO-d6, 500 MHz) δ 9.80 (br s, 1 H) 7.24 - 7.29 (m, 2 H) 7.21 - 7.23 (m, 2 H) 7.15 - 

7.19 (m, 3 H) 6.73 - 6.78 (m, 1 H) 3.84 (s, 2 H). 13C NMR (DMSO-d6, 126 MHz) δ 154.4, 140.5, 

132.4, 130.4, 129.7, 128.7, 128.3, 125.9, 117.1, 109.9, 34.8. HRMS (ESI+) calcd. for C13H11BrO 

[M – H]-: 260.99205, found: 260.99173. 

 

 

2-(2-Benzyl-4-bromophenoxy)acetonitrile (HIPS5608) 

 

 

 

Using general procedure A, 2-benzyl-4-bromophenol HIPS5607 (1.0 eq., 0.045 g, 0.171 mmol) was 

refluxed for 8 h with anhydrous K2CO3 (1.0 eq., 0.024 g, 0.171 mmol), NaI (0.2 eq., 0.005 g, 

0.034 mmol) and chloroacetonitrile (1.0 eq., 10 µL, 0.171 mmol) in dry acetone (0.5 mL) to afford 

FCC purified compound HIPS5608 as a colourless oil, (0.039 g, 75%). 

 

1H NMR (acetone-d6, 500 MHz) δ 7.43 (dd, J=8.7, 2.3 Hz, 1 H) 7.36 (d, J=2.3 Hz, 1 H) 7.22 - 7.31 

(m, 4 H) 7.17 - 7.22 (m, 1 H) 7.11 - 7.14 (m, 1 H) 5.15 (s, 2 H) 3.99 (s, 2 H). 13C NMR (DMSO-d6, 

126 MHz) δ 153.4, 139.7, 133.0, 132.7, 130.2, 128.6, 128.4, 126.2, 116.4, 114.6, 114.0, 53.9, 34.7. 

HRMS (ESI+) calcd. for C15H12BrNO [M – H]-: 300.00295, found: 300.00269. 
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Tert-butyl (2-(2-benzyl-4-bromophenoxy)ethyl)carbamate (HIPS5635)  

 

 

 

Using general procedure C1, into a solution of 2-benzyl-4-bromophenol HIPS5607 (1.0 eq., 0.100 g, 

0.380 mmol) in anhydrous DMF (4 mL), CsCO3 (3.0 eq., 0.375 g, 1.140 mmol) and TBAI (0.1 eq., 

0.014 g, 0.038 mmol) were added. The mixture was stirred at RT for 1 h followed by the addition of 

tert-butyl (2-chloroethyl)carbamate (2.5 eq., 0.171 g, 0.950 mmol). The reaction was stirred 

overnight followed by another addition of tert-butyl (2-chloroethyl)carbamate (2.5 eq., 0.171 g, 

0.950 mmol) with a total reaction time of 36 h to afford FCC purified compound HIPS5635 as a 

yellow oil, (0.080 g, 52%). Further prep. HPLC purification (0.040 g) afforded compound HIPS5635 

as a white powder, (0.013 g). 

 

1H NMR (Methanol-d4, 500 MHz) δ 7.22 - 7.24 (m, 1 H) 7.19 - 7.22 (m, 2 H) 7.14 - 7.17 (m, 2 H) 

7.09 - 7.14 (m, 2 H) 6.79 (d, J=8.7 Hz, 1 H) 4.60 (br s, 1 H) 3.91 (t, J=5.5 Hz, 2 H) 3.88 (s, 2 H) 3.36 

(t, J=5.5 Hz, 2 H) 1.38 (s, 9 H). 13C NMR (Methanol-d4, 126 MHz) δ 158.6, 157.2, 141.9, 134.0, 

131.3, 130.1, 129.6, 127.3, 114.5, 113.9, 80.4, 68.5, 41.1, 36.8, 28.9. HRMS (ESI+) calcd. for 

C20H24BrNO3 [M + H]+: 406.10124, found: 306.04829 without Boc-group. 

 

2-(2-Benzyl-4-bromophenoxy)ethan-1-amine (HIPS5636) 

 

 
 

Using general procedure D1, to a stirred solution of tert-butyl (2-(2-benzyl-4-

bromophenoxy)ethyl)carbamate HIPS5635 (1.0 eq., 0.020 mg, 0.049 mmol) in THF (1 mL), aq. 6M 

HCl (1 mL) was added. The mixture was stirred at RT for 1 h to afford prep. HPLC purified 

compound HIPS5636 as a white powder one FA salt form, (0.002 g, 14%). 

 

1H NMR (Methanol-d4, 500 MHz) δ 8.50 (br s, 1 H) 7.26 - 7.30 (m, 1 H) 7.20 - 7.25 (m, 2 H) 7.16 - 

7.18 (m, 1 H) 7.12 - 7.15 (m, 3 H) 6.82 - 6.85 (m, 1 H) 3.98 - 4.03 (m, 2 H) 3.93 (s, 2 H) 3.02 - 3.08 

(m, 2 H). 13C NMR (Methanol-d4, 126 MHz) δ 156.9, 141.9, 134.4, 133.8, 131.5, 129.9, 129.7, 127.4, 

114.6, 114.4, 68.5, 41.1, 36.9. HRMS (ESI+) calcd. for C15H16BrNO [M + H]+: 306.04881, found: 

306.04807. 
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2-Benzyl-4-iodophenol (HIPS5605) 

 

 

 

Using general procedure B, 1-(benzyloxy)-4-iodobenzene (1.0 eq., 0.210 g, 0.677 mmol) was reacted 

accordingly to afford FCC purified compound HIPS5605 as a colourless oil, (0.053 g, 25%). 

 

1H NMR (DMSO-d6, 500 MHz) δ 9.77 (br s, 1 H) 7.30 - 7.33 (m, 1 H) 7.29 - 7.34 (m, 1 H) 7.23 - 

7.29 (m, 2 H) 7.19 - 7.23 (m, 2 H) 7.14 - 7.19 (m, 1 H) 6.64 (br d, J=9.2 Hz, 1 H) 3.81 (s, 2 H). 13C 

NMR (DMSO-d6, 126 MHz) δ 155.6, 141.1, 138.7, 136.1, 131.3, 129.1, 128.8, 126.3, 118.2, 81.3, 

35.2. HRMS (ESI+) calcd. for C13H11IO [M – H]-: 308.97818, found: 308.97791. 

 

 

2-(2-Benzyl-4-iodophenoxy)acetonitrile (HIPS5606) 

 

 

 

Using general procedure A, 2-benzyl-4-iodophenol HIPS5605 (1.0 eq., 0.045 g, 0.145 mmol) was 

refluxed for 8 h with anhydrous K2CO3 (1.0 eq., 0.020 g, 0.145 mmol), NaI (0.2 eq., 0.004 g, 

0.029 mmol) and chloroacetonitrile (1.0 eq., 10 µL, 0.145 mmol) in dry acetone (0.45 mL) to afford 

FCC purified compound HIPS5606 as a colourless oil, (0.038 g, 75%). 

 

1H NMR (acetone-d6, 500 MHz) δ 7.60 - 7.74 (m, 1 H) 7.51 - 7.57 (m, 1 H) 7.15 - 7.33 (m, 4 H) 6.93 

- 7.02 (m, 1 H) 5.13 (s, 2 H) 3.96 (s, 2 H). 13C NMR (DMSO-d6, 126 MHz) δ 154.1, 138.8, 138.3, 

136.1, 132.9, 128.6, 128.4, 126.1, 126.1, 116.4, 115.0, 85.8, 53.7, 34.5. HRMS (ESI+) calcd. for 

C15H12INO [M – H]-: 347.98908, found: 347.9888. 
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Tert-butyl (2-(2-benzyl-4-iodophenoxy)ethyl)carbamate (HIPS5637) 

 

 
 

Using general procedure C1, 2-benzyl-4-iodophenol HIPS5605 (1.0 eq., 0.120 g, 0.387 mmol) was 

reacted with CsCO3 (3.0 eq., 0.382 g, 1.161 mmol) and TBAI (0.1 eq., 0.039 g, 0.014 mmol) in dry 

DMF (4 mL). The mixture was stirred at RT for 1 h followed by the addition of tert-butyl (2-

chloroethyl)carbamate (2.5 eq., 0.174 g, 0.967 mmol). The reaction was stirred overnight followed 

by another addition of tert-butyl (2-chloroethyl)carbamate (2.5 eq., 0.174 g, 0.967 mmol) with a total 

reaction time of 36 h to afford FCC purified compound HIPS5637 as a yellow oil, (0.090 g, 51%). 

Further prep. HPLC purification (0.045 g) afforded compound HIPS5637 as a white powder, (0.015 

g). 

 

1H NMR (Methanol-d4, 500 MHz) δ 7.41 (dd, J=8.5, 2.3 Hz, 1 H) 7.31 (d, J=2.3 Hz, 1 H) 7.18 - 7.23 

(m, 2 H) 7.13 - 7.18 (m, 2 H) 7.09 - 7.13 (m, 1 H) 6.68 (br d, J=8.5 Hz, 1 H) 4.60 (br s, 4 H) 3.91 (br 

t, J=5.4 Hz, 2 H) 3.85 (s, 2 H) 3.35 (br t, J=5.4 Hz, 2 H), 1.34 - 1.41 (m, 9 H). 13C NMR (Methanol-

d4, 126 MHz) δ 157.9, 152.6, 142.0, 140.0, 137.6, 134.4, 130.1, 129.6, 127.2, 115.0, 83.7, 80.4, 68.3, 

41.0, 36.7, 28.9. HRMS (ESI+) calcd. for C15H12INO [M + H]+: 454.08737, found: 354.03433 

without Boc-group. 

 

2-(2-Benzyl-4-iodophenoxy)ethan-1-amine (HIPS5638) 

 

 

Using general procedure D1, to a stirred solution of tert-butyl (2-(2-benzyl-4-

iodophenoxy)ethyl)carbamate HIPS5637 (1.0 eq., 0.030 mg, 0.063 mmol) in THF (1.1 mL), aq. 6M 

HCl (1.1 mL) was added. The mixture was stirred at RT for 1 h to afford prep. HPLC purified 

compound HIPS5638 as a white powder one FA salt form, (0.002 g, 7%). 

 

1H NMR (Methanol-d4, 500 MHz) δ 8.49 (br s, 1 H) 7.46 (br d, J=8.7 Hz, 1 H) 7.33 - 7.37 (m, 1 H) 

7.20 - 7.25 (m, 2 H) 7.10 - 7.15 (m, 3 H) 6.72 (d, J=8.5 Hz, 1 H) 4.01 (t, J=4.5 Hz, 2 H) 3.91 (s, 2 

H) 3.06 (br t, J=4.5 Hz, 2 H). 13C NMR (Methanol-d4, 126 MHz) δ 170.4, 157.6, 141.9, 140.4, 137.8, 

134.2, 129.9, 129.7, 127.4, 115.2, 84.3, 68.0, 41.0, 36.8. HRMS (ESI+) calcd. for C15H16INO 

[M + H]+: 354.03494, found: 354.03393. 
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2-((2-Phenoxyphenyl)amino)acetonitrile (HIPS5503) 

 

 
 

Using general procedure A, 2-phenoxyaniline (1.0 eq., 0.500 g, 2.699 mmol) was refluxed for 16 h 

with anhydrous K2CO3 (1.0 eq., 0.373 g, 2.699 mmol), NaI (0.2 eq., 0.081 g, 0.540 mmol) and 

chloroacetonitrile (1.0 eq., 170 µL, 2.699 mmol) in dry acetone (5 mL). After 16 h, the reaction was 

reloaded with K2CO3 (0.5 eq.), NaI (0.1 eq.) and chloroacetonitrile (1.0 eq.) and the mixture was 

refluxed for 60 h in total to afford FCC purified compound HIPS5503 as a light yellow oil, (0.200 g, 

33%). Additional prep. HPLC purified compound HIPS5503 was afforded from the unreacted 

starting material from the following step (HIPS5504) as a light beige powder, (0.023 g). 

 

1H NMR (DMSO-d6, 500 MHz) δ 7.32 - 7.36 (m, 2 H) 7.11 (td, J=7.7, 1.4 Hz, 1 H) 7.05 - 7.09 (m, 

1 H) 6.89 - 6.94 (m, 3 H) 6.84 (dd, J=7.7, 1.4 Hz, 1 H) 6.73 (td, J=7.7, 1.4 Hz, 1 H) 5.97 (t, J=6.9 

Hz, 1 H) 4.25 (d, J=6.9 Hz, 2 H). 13C NMR (DMSO-d6, 126 MHz) δ 157.3, 143.0, 138.5, 129.8, 

125.1, 122.7, 119.7, 118.5, 118.2, 117.1, 112.3, 31.5. HRMS (ESI+) calcd. for C14H12N2O [M + H]+: 

225.10224, found: 225.10184. 

 

N1-(2-Phenoxyphenyl)ethane-1,2-diamine  (HIPS5504) 
 

 
 

2-((2-phenoxyphenyl)amino)acetonitrile HIPS5503 (1.0 eq., 0.156 g, 0.696 mmol) was dissolved in 

dry diethyl ether (1.0 mL) and flushed with N2. LiAlH4 (2.0 eq., 0.053 g, 1.391 mmol) was carefully 

dissolved in another flask in dry diethyl ether (1.8 mL) under N2 flow. The solution of HIPS5503 

was then added dropwise to the LiAlH4 mixture and let to stir at RT for 2 h. LCMS control revealed 

a side product formation (m/z (ESI+): 200 [M + H]+). The mixture was quenched with aq. 2M NaOH 

(2 mL) under ice bath. The aqueous layer was extracted with diethyl ether (2 x 10 mL). The organic 

phase was concentrated in vacuo and purified with prep. HPLC to afford compound HIPS5504 as 

an off-white powder one FA salt form, (0.005 g, 2%). 

 

1H NMR (DMSO-d6, 500 MHz) δ 8.41 (br s, 1 H) 7.29 - 7.38 (m, 2 H) 6.98 - 7.09 (m, 1 H) 6.98 - 

7.04 (m, 1 H) 6.92 (br d, J=8.4 Hz, 2 H) 6.74 - 6.78 (m, 1 H) 6.73 - 6.80 (m, 1 H) 6.55 - 6.61 (m, 1 

H) 5.39 (br s, 1 H) 3.21 - 3.27 (m, 2 H) 2.80 - 2.91 (m, 2 H). 13C NMR (DMSO-d6, 126 MHz) δ 157.4, 

142.6, 140.3, 129.8, 125.0, 122.6, 119.3, 117.3, 116.1, 111.2, 42.3, 38.7. HRMS (ESI+) calcd. for 

C14H16N2O [M + H]+: 229.13354, found: 229.13301. 



146 

4-Chloro-2-(3,5-dichlorophenoxy)benzaldehyde (HIPS5673-precursor)136 
 

 
 

To a stirred solution of 4-chloro-2-fluorobenzaldehyde (1.0 eq., 0.500 g, 3.153 mmol) and 3,5-

dichlorophenol (1.1 eq., 0.585 g, 3.469 mmol) in DMSO (6.5 mL), K2CO3 (1.2 eq., 0.523 g, 

3.784 mmol) was added. The mixture was stirred overnight at 100 °C. The reaction mixture was 

cooled down to RT and quenched with aq. 1M HCl (15 mL) and extracted with diethyl ether (2 x 

20 mL). The combined organic layers were washed with brine (20 mL), dried over anhydrous 

Na2SO4, filtered and evaporated to dryness. The crude was absorbed onto ISOLUTE® HM-N and 

purified by FCC with an alternating gradient of 0–20% acetone in hexane to afford compound 

HIPS5673-precursor as a white sticky solid, (0.743 g, 78%).  

 

1H NMR (DMSO-d6, 500 MHz) δ 10.23 (s, 1 H) 7.88 (d, J=8.2 Hz, 1 H) 7.50 (t, J=1.8 Hz, 1 H) 7.44 

- 7.48 (m, 1 H) 7.32 (d, J=1.7 Hz, 2 H) 7.27 (d, J=1.8 Hz, 1 H). 13C NMR (DMSO-d6, 500 MHz) δ 

188.1, 158.0, 157.3, 140.5, 135.1, 130.6, 125.7, 125.3, 124.5, 119.8, 118.4. LCMS m/z (ESI+) 300.9 

[M – H]-. 

 

4-Chloro-2-(3,5-dichlorophenoxy)phenol (HIPS5673)136 

 

 

 

To a stirred solution of 4-chloro-2-(3,5-dichlorophenoxy)benzaldehyde HIPS5673-precursor 

(1.0 eq., 0.594 g, 1.970 mmol) in chloroform (7 mL), m-CPBA (purity ~75%) (5.0 eq., 2.266 g, 

9.849 mmol) was added. The mixture was refluxed for 2 h. The mixture was then cooled down, 

quenched with aq. 10% Na2S2O3 (10 mL) and extracted with DCM (3 x 15 mL). The combined 

organic layers were washed with brine, dried over anhydrous Na2SO4, filtered and evaporated to 

dryness. The crude was dissolved in MeOH (15 mL) and K2CO3 (3 eq., 0.716 g, 5.181 mmol) was 

added. The mixture was stirred at RT for 30 min followed by filtration. The filtrate was absorbed 

onto ISOLUTE® HM-N and purified by FCC with an alternating gradient of 0–10% acetone in 

cyclohexane to afford compound HIPS5673 as a light yellow sticky solid, (0.215 g, 38%). 

 

1H NMR (CDCl3, 500 MHz) δ 7.17 (t, J=1.9 Hz, 1 H) 7.10 (dd, J=8.6, 2.4 Hz, 1 H) 7.01 (d, J=8.6 

Hz, 1 H) 6.92 - 6.93 (m, 3 H) 5.35 (s, 1 H). 13C NMR (CDCl3, 126 MHz) δ 157.2, 145.9, 142.3, 

135.8, 125.7, 124.2, 119.5, 117.4, 116.4, 115.8. HRMS (ESI+) calcd. for C12H7Cl3O2 [M – H]-: 

286.94388, found: 286.94381.  
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Tert-butyl (2-(4-chloro-2-(3,5-dichlorophenoxy)phenoxy)ethyl)carbamate (HIPS5674) 

 

 
 

Using general procedure C2, into a solution of 4-chloro-2-(3,5-dichlorophenoxy)phenol HIPS5673 

(1.0 eq., 0.157 g, 0.542 mmol) in anhydrous DMF (2 mL), K2CO3 (3.0 eq., 0.225 g, 1.627 mmol) was 

added. The mixture was stirred at RT for 30 min followed by the addition of KI (2.0 eq., 0.180 g, 

1.084 mmol) and tert-butyl (2-chloroethyl)carbamate (1.2 eq., 0.117 g, 0.651 mmol). The mixture 

was refluxed for 4 h. The reaction mixture was cooled down to RT, diluted with water (10 mL) and 

extracted with EtOAc (3 x 15 mL). The combined organic layers were washed with brine (3 x 5 mL), 

dried over anhydrous Na2SO4, filtered and evaporated to dryness. The crude was absorbed onto 

ISOLUTE® HM-N and purified by FCC with an alternating gradient of 0–10% EtOAc in 

cyclohexane to afford compound HIPS5674 as a light yellow oil, (0.165 g, 70%). Further prep. 

HPLC purification (0.065 g) afforded compound HIPS5674 as a white powder, (0.031 g). 

 

1H NMR (CDCl3, 500 MHz) δ 7.02 - 7.06 (m, 2 H) 6.99 - 7.01 (m, 2 H) 6.79 (d, J=1.6 Hz, 2 H) 4.47 

(br s, 1 H) 3.99 (t, J=5.0 Hz, 2 H) 3.39 (q, J=5.0 Hz, 2 H) 1.44 (s, 9 H). 13C NMR (CDCl3, 126 MHz) 

δ 152.1, 150.9, 149.1, 141.9, 135.5, 123.3, 122.8, 121.8, 115.0, 114.9, 79.8, 68.6, 53.7, 28.3. HRMS 

(ESI+) calcd. for C19H20Cl3NO4 [M + H]+: 432.05307, found: 332.00007 without Boc-group. 
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2-(4-Chloro-2-(3,5-dichlorophenoxy)phenoxy)ethan-1-amine (HIPS5675)  

 

 
 

To a stirred solution of tert-butyl (2-(4-chloro-2-(3,5-dichlorophenoxy)phenoxy)ethyl)carbamate 

HIPS5674 (1.0 eq., 0.100 g, 0.231 mmol) in dioxane (0.5 mL), 4M HCl/dioxane (10 eq., 0.58 mL, 

2.311 mmol) was added. The mixture was stirred at RT overnight (14 h) resulting in the desired 

compound and a sid eproduct formation (m/z: 460). The mixture was concentrated to dryness and the 

crude was partitioned between water and diethyl ether. The organic layer was washed with aq. 1M 

HCl. The aqueous layer was basified with aq. 2M NaOH and extracted with DCM (2 x 5 mL). The 

combined organic layers were dried over anhydrous Na2SO4, filtered and evaporated to dryness. The 

crude was purified by prep. HPLC to afford compound HIPS5675 as a white powder one FA salt 

form, (0.008 g, 9%).  

 

1H NMR (DMSO-d6, 500 MHz,) δ 8.28 (s, 1 H) 7.33 (d, J=2.4 Hz, 1 H) 7.31 (t, J=1.6 Hz, 1 H) 7.22 

(d, J=8.5 Hz, 1 H) 7.09 (dd, J=8.5, 2.4 Hz, 1 H) 6.95 (d, J=1.6 Hz, 2 H) 4.05 (t, J=5.5 Hz, 9 H) 2.81 

(t, J=5.5 Hz, 2 H). 13C NMR (DMSO-d6, 126 MHz) δ 164.3, 159.0, 150.9, 141.7, 134.7, 130.3, 123.5, 

122.3, 121.5, 115.4, 115.2, 69.5 (one peak under DMSO-d6). HRMS (ESI+) calcd. for C14H12Cl3NO2 

[M + H]+: 332.00064, found: 331.99998. 

 

2-(2,4-Bis(3,5-dichlorophenoxy)phenoxy)ethan-1-amine (HIPS5676) 

 

 

 

Isolated side product from the reaction affording HIPS5676, (0.002 g). 

 

1H NMR (DMSO-d6, 500 MHz,) δ 7.74 (br s, 2 H), 7.39 - 7.41 (m, 1 H) 7.31 - 7.34 (m, 1 H) 7.25 (d, 

J=8.6 Hz, 1 H) 7.14 - 7.16 (m, 2 H) 7.12 (d, J=2.7 Hz, 1 H) 7.00 - 7.03 (m, 2 H) 6.81 (dd, J=8.6, 2.7 

Hz, 1 H) 4.14 - 4.21 (m, 2 H) 3.04 - 3.14 (m, 2 H). 13C NMR (DMSO-d6, 126 MHz) δ 159.3, 158.7, 

152.8, 151.0, 140.0, 135.0, 134.8, 123.5, 123.1, 122.3, 117.0, 115.5, 113.2, 108.1, 66.2, 38.2. HRMS 

(ESI+) calcd. for C20H15Cl4NO3 [M + H]+: 457.98788, found: 457.98757. 
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Tert-butyl 4-((4-chloro-2-(3,5-dichlorophenoxy)phenoxy)methyl)piperidine-1-carboxylate 

(HIPS6016-precursor)  

 

 

 

Using general procedure C2, into a solution of 4-chloro-2-(3,5-dichlorophenoxy)phenol HIPS5673 

(1 eq., 0.110 g, 0.400 mmol) in dry DMF (4 mL), K2CO3 (3 eq., 0.166 g, 1.2 mmol), tert-butyl 4-

(chloromethyl)piperidine-1-carboxylate (1.2 eq., 0.112 g, 0.480 mmol) and KI (2 eq., 0.133 g, 0.800 

mmol) were added. The mixture was stirred at 80 °C for 4 h followed by an addition of tert-butyl 4-

(chloromethyl)piperidine-1-carboxylate (1 eq., 0.094 g, 0.400 mmol). The reaction was stirred 

overnight followed by another addition of tert-butyl 4-(chloromethyl)piperidine-1-carboxylate 

(0.2 eq., 0.019 g, 0.080 mmol) with a total reaction time of 30 h. The crude was absorbed onto silica 

0.063–0.200 mm and purified by FCC with an alternating gradient of 0–10% EtOAc in cyclohexane 

to afford compound HIPS6016-precursor as a colourless oil, (0.100 g, 51%).  

 

1H NMR (DMSO-d6, 500 MHz) δ 7.24 - 7.29 (m, 3 H) 7.07 (dd, J=8.5, 2.3 Hz, 1 H) 6.89 (d, J=1.7 

Hz, 2 H) 3.86 (br d, J=6.3 Hz, 5 H) 3.54 (d, J=6.3 Hz, 1 H) 1.63 - 1.73 (m, 2 H) 1.36 - 1.38 (m, 9 H) 

0.89 (br dd, J=12.3, 3.9 Hz, 2 H). 13C NMR (DMSO-d6, 126 MHz) δ 159.3, 153.8, 151.1, 141.1, 

134.7, 130.5, 123.7, 122.0, 121.0, 114.9, 114.8, 78.6, 78.5, 72.5, 49.8, 37.8, 35.0, 28.1. LCMS m/z 

(ESI+) 386.1 [M + H]+ without Boc-group. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



150 

4-((4-Chloro-2-(3,5-dichlorophenoxy)phenoxy)methyl)piperidine (HIPS6016) 

 

 

 

Using general procedure D2, into a solution of tert-butyl 4-((4-chloro-2-(3,5-

dichlorophenoxy)phenoxy)methyl)piperidine-1-carboxylate HIPS6016-precursor (1 eq., 0.100 g, 

0.210 mmol) in dioxane (0.5 mL), 4M HCl/dioxane (10 eq., 0.53 mL, 2.100 mmol) was added and 

the reaction was stirred at RT for 7 h to afford a crude product as an oil, (0.070 g, 86%). Further prep. 

HPLC purification (0.060 g) afforded compound HIPS6016 as a beige powder one FA salt, 

(0.025 g). 

 

1H NMR (DMSO-d6, 500 MHz) δ 8.38 (br s, 1 H) 7.28 - 7.31 (m, 2 H) 7.24 (d, J=8.5 Hz, 1 H) 7.07 

(dd, J=8.5, 2.4 Hz, 1 H) 6.91 (d, J=1.8 Hz, 2 H) 3.85 (d, J=6.7 Hz, 3 H) 3.03 (br d, J=12.4 Hz, 3 H) 

2.58 - 2.65 (m, 3 H) 1.74 (br s, 2 H) 1.47 (br d, J=12.4 Hz, 3 H) 1.12 (br d, J=10.1 Hz, 3 H).13C- NMR 

(DMSO-d6, 126 MHz) δ 159.3, 151.0, 141.2, 134.7, 130.5, 123.7, 122.1, 121.1, 115.0, 114.9, 72.5, 

43.2, 33.8, 26.3. HRMS (ESI+) calcd. for C18H18Cl3NO2 [M + H]+: 386.04759, found: 386.04760. 

 

 

Tert-butyl (2-(2-benzoyl-4-chlorophenoxy)ethyl)carbamate (Benzophenone probe precursor)  

 

 

 

Using general procedure C1, (5-chloro-2-hydroxyphenyl)(phenyl)methanone (1.0 eq., 0.150 g, 

0.645 mmol) was reacted with CsCO3 (3.0 eq., 0.636 g, 1.934 mmol) and TBAI (0.02 eq., 

0.004 g, 0.013 mmol) in dry DMF (6 mL). The mixture was stirred at RT for 1 h followed by the 

addition of tert-butyl (2-chloroethyl)carbamate (2.5 eq., 0.174 g, 0.967 mmol). The reaction was 

stirred overnight in total for 4 days to afford FCC purified Benzophenone probe precursor 

compound as a light yellow powder, (0.110 g, 48%).  

 

HRMS (ESI+) calcd. for C20H22ClNO4 [M + H]+: 376.13102, found: 276.07809 without Boc-group. 

 



151 

(2-(2-Aminoethoxy)-5-chlorophenyl)(phenyl)methanone (Benzophenone probe)  

 

 

 

Using general procedure D1, to a stirred solution of tert-butyl (2-(2-benzoyl-4-

chlorophenoxy)ethyl)carbamate Benzophenone probe precursor (1. 0 eq., 0.015 mg, 0.038 mmol) 

in THF (1.5 mL), aq. 6M HCl (8 eq., 2 mL) was added. The mixture was stirred at RT for 1.5 h to 

afford prep. HPLC purified compound Benzophenone probe as a white powder one FA salt, 

(0.007 g, 55%). The compound however underwent in situ reaction partly into the compound 

Benzophenone probe – side product (m/z: 258.2) as observed with LCMS (Figure 5.2.5.3:1). The 

shift was also clearly seen in NMR (Figure 5.2.5.3:2). 

 

To briefly investigate the in situ reaction, Boc-deprotection was tried using a mixture of 1:10 

(TFA:DCM) in an analytical scale showing slower conversion to the compound (m/z: 258.2). Prep. 

HPLC was done with 0.1% TFA, affording compound HKR194 as a white powder one TFA salt. 

The NMR measurement was repeated after 6.5 h hours showing the formation of the side product. 

 

HRMS (ESI+) calcd. for C15H14ClNO2 [M + H]+: 276.07859, found: 276.07797. 

 

7-Chloro-5-phenyl-2,3-dihydrobenzo[f][1,4]oxazepine (Benzophenone probe – side product) 

 

 

 

HRMS (ESI+) calcd. for C15H12ClNO [M + H]+: 258.06802, found: 258.06750. 
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Figure 5.2.5.3:1 - Side product formation from Benzophenone probe (right-hand side peak) into the 

Benzophenone probe – side product (left-hand side peak) in MeOH sample. 

 

 

 

Figure 5.2.5.3:2 - 1H-NMR spectrum of the mixture as a TFA salt in CDCl3. 
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Figure 5.2.5.3:3 - [1H,1H]-COSY NMR spectrum of the mixture as a TFA salt in CDCl3. 

 

 

 

 

 

 

 

Figure 5.2.5.3:4 - 13C NMR spectrum of the mixture as a TFA salt in CDCl3. 
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2-(3,5-Dichlorophenoxy)-4-iodo-1-nitrobenzene (HIPS5845-precursor) 

 

 

 

A solution of 3,5-dichlorophenol (1.0 eq., 0.305 g, 1.87 mmol) and K2CO3 (1.2 eq., 0.310 g, 

2.24 mmol) was stirred in DMSO (9.35 mL) at RT for 30 min. Then 2-fluoro-4-iodo-1-nitrobenzene 

(1.0 eq., 0.500 g, 1.87 mmol) was added and the mixture was refluxed for 3 h. The mixture was 

quenched with water and extracted with EtOAc (3x). The organic layers were combined and 

concentrated in vacuo to afford HIPS5845-precursor as crude yellow powder, (0.700 g, 91%).  

 

1H NMR (DMSO-d6, 500 MHz) δ 7.85 - 7.90 (m, 2 H), 7.77 (d, J=1.4 Hz, 1 H), 7.46 (t, J=1.8 Hz, 1 

H), 7.22 (d, J=1.8 Hz, 2 H). 13C NMR (DMSO-d6, 126 MHz) δ 157.4, 147.8, 141.0, 135.1, 134.8, 

131.0, 127.4, 124.1, 117.2, 103.1. 

 

 

 

 

2-(3,5-Dichlorophenoxy)-4-iodoaniline (HIPS5845) 

 

 

 

2-(3,5-Dichlorophenoxy)-4-iodo-1-nitrobenzene HIPS5845-precursor (1.0 eq., 0.700 g, 

1.71 mmol) and Fe (5.0 eq., 0.477 g, 8.55 mmol) were mixed with NH4Cl (1.0 eq., 0.09 g, 1.71 mmol) 

in EtOH/H2O (2:1, 18 mL). The mixture was refluxed for 2 h and then filtered through celite. The 

remaining filtrate was concentrated in vacuo to afford HIPS5845 as a crude brown solid, (0.600 g, 

92%). 

1H NMR (DMSO-d6, 500 MHz) δ 7.27 - 7.30 (m, 2 H), 7.20 - 7.22 (m, 1 H), 6.87 (d, J=1.8 Hz, 2 H), 

6.66 (d, J=8.4 Hz, 1 H), 5.30 (s, 2 H). 13C NMR (DMSO-d6, 126 MHz) δ 158.8, 141.0, 140.6, 134.9, 

134.6, 129.4, 122.0, 118.2, 115.3, 75.0. HRMS (ESI+) calcd. for C12H8Cl2INO [M + H]+: 379.91004, 

found: 379.90918. 
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2-Amino-N-(2-(3,5-dichlorophenoxy)-4-iodophenyl)acetamide (HIPS5933) 

 

 

 

N-Boc glycine (0.115 g, 0.656 mmol) was refluxed with SOCl2 (3 mL) for 2 h. After evaporation of 

the solvent, the formed acid chloride was added to a mixture of HIPS5845 (1 eq., 0.100 g, 

0.260 mmol) in DMF (3 mL) under dry condition. The mixture was stirred at RT overnight. The 

mixture was quenched with water and extracted with EtOAc (3x). The organic layers were combined, 

concentrated and purified with prep. HPLC to afford HIPS5933 as a white powder one FA salt, 

(0.030 g, 26%). 

 

1H NMR (DMSO-d6, 500 MHz) δ 8.18 (s, 1 H) 8.06 (d, J=8.6 Hz, 1 H) 7.60 (dd, J=8.6, 1.9 Hz, 1 H) 

7.43 (t, J=1.7 Hz, 1 H) 7.41 (d, J=1.7 Hz, 1 H) 7.10 (d, J=1.9 Hz, 2 H) 3.41 (s, 4 H). 13C NMR 

(DMSO-d6, 126 MHz) δ 169.7, 163.6, 157.8, 145.5, 135.0, 134.2, 129.8, 128.0, 123.7, 123.4, 117.2, 

87.5, 43.6. HRMS (ESI+) calcd. for C14H11Cl2IN2O2 [M + H]+: 436.93151, found: 436.93052. 

 

Tert-butyl (2-((3-chloro-4-(4-chlorophenoxy)phenyl)amino)-2-oxoethyl)carbamate 

(HIPS6027-precursor) 

 

 

 

Using general procedure E, into a solution of N-Boc-glycine (1.0 eq., 0.125 g, 0.715 mmol) in dry 

DMF (3.5 mL), DIPEA (1.1 eq., 0.14 mL, 0.787 mmol), HATU (1.2 eq., 0.326 g, 0.858 mmol) and 

3-chloro-4-(4-chlorophenoxy)aniline HIPS5850 (1.1 eq., 0.200 g, 0.787 mmol) were added. The 

reaction was stirred for 48 h. The crude was absorbed onto silica 0.063–0.200 mm and purified by 

FCC with an alternating gradient of 0–30% EtOAc in cyclohexane to afford compound HIPS6027-

precursor as a white solid, (0.220 g, 75%). 

 

1H NMR (DMSO-d6, 500 MHz) δ 10.17 (s, 1 H) 7.95 (d, J=2.4 Hz, 1 H) 7.49 (dd, J=8.9, 2.4 Hz, 1 

H) 7.37 - 7.42 (m, 2 H) 7.18 (d, J=8.9 Hz, 1 H) 7.10 (t, J=6.0 Hz, 1 H) 6.90 - 6.94 (m, 2 H) 3.72 (d, 

J=6.0 Hz, 2 H) 1.39 (s, 9 H). 13C NMR (DMSO-d6, 126 MHz) δ 168.6, 156.1, 155.9, 145.8, 136.8, 

129.8, 126.6, 125.1, 122.6, 120.6, 119.4, 118.2, 78.1, 54.9, 43.8, 28.2. HRMS (ESI+) calcd. for 

C19H20Cl2N2O4 [M + H]+: 411.08729, found: 311.03470 without Boc-group. 
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2-Amino-N-(3-chloro-4-(4-chlorophenoxy)phenyl)acetamide (HIPS5990)  

 

 

 

To a solution of HIPS6027-precursor (1.0 eq., 0.227 g, 0.551 mmol) in dry THF (2 mL) in a 2-neck 

round flask flushed with nitrogen, a suspension of LiAlH4 (3.0 eq., 0.062 g, 1.652 mmol) in 

anhydrous THF (2 mL) was added. The reaction mixture was refluxed for 4 h followed by an addition 

of a new suspension of LiAlH4 (3.0 eq., 0.062 g, 1.652 mmol) in anhydrous THF (4 mL). The mixture 

was refluxed for 1.5 h, resulting in the conversion of the side product under LCMS control. The 

reaction was quenched with ice and aq. 2 M HCl was added dropwise. The mixture was diluted with 

water and extracted with EtOAc. The crude was concentrated in vacuo, (0.140 g, 82%). Further prep. 

HPLC purification (0.041 g) yielded pure compound HIPS5990 as a honey-like oil, (0.010 g). 

 

1H NMR (DMSO-d6, 500 MHz) δ 8.30 (br s, 1 H) 7.35 (d, J=9.0 Hz, 2 H) 7.01 (d, J=8.9 Hz, 1 H) 

6.79 - 6.83 (m, 2 H) 6.74 (d, J=2.8 Hz, 1 H) 6.61 (dd, J=8.9, 2.8 Hz, 1 H) 5.99 - 6.12 (m, 1 H) 3.14 

- 3.23 (m, 5 H) 2.82 - 2.86 (m, 1 H) 2.43 (s, 1 H). 13C NMR (DMSO-d6, 126 MHz) δ 164.6, 157.2, 

147.2, 139.7, 129.6, 126.3, 125.7, 123.8, 117.1, 112.4, 48.6, 41.0, 34.2. HRMS (ESI+) calcd. for 

C15H16Cl2N2O [M + H]+: 311.07125, found: 311.07080. 

 

 

2-Amino-N-(3-chloro-4-(4-chlorophenoxy)phenyl)acetamide (HIPS6027) 

 

 

 

Using general procedure D2, into a solution of tert-butyl (2-(3-chloro-4-(4-

chlorophenoxy)phenyl)amino)-2-oxoethyl)carbamate HIPS6027-precursor (1 eq., 0.090 g, 

0.219 mmol) in dioxane (0.5 mL), 4M HCl/dioxane (10 eq., 0.55 mL, 2.190 mol) was added and the 

reaction was stirred at RT for 2 h. The crude was purified by prep. HPLC to afford compound 

HIPS6027 as a white powder one FA salt, (0.028 g, 36%). 

 
1H NMR (Methanol-d4, 500 MHz) δ 8.51 (s, 1 H) 7.93 (d, J=2.6 Hz, 1 H) 7.46 (dd, J=8.8, 2.5 Hz, 1 

H) 7.29 - 7.34 (m, 2 H) 7.08 (d, J=8.8 Hz, 1 H) 6.85 - 6.89 (m, 2 H) 3.78 (s, 2 H). 13C NMR (Methanol-

d4, 126 MHz) δ 170.0, 167.3, 157.9, 149.3, 137.1, 130.9, 129.2, 127.7, 123.4, 123.1, 120.9, 119.5, 

42.9. HRMS (ESI+) calcd. for C14H12Cl2N2O2 [M + H]+: 311.03486, found: 311.03450. 
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Tert-butyl 4-((3-chloro-4-(4-chlorophenoxy)phenyl)carbamoyl)piperidine-1-carboxylate 

(HIPS6017-precursor) 

 

 

 

Using the general procedure E, into a solution of 1-(tert-butoxycarbonyl)piperidine-4-carboxylic 

acid (1.0 eq., 0.123 g, 0.536 mmol) in dry DMF (3 mL), DIPEA (1.1 eq., 0.1 mL, 0.590 mmol), 

HATU (1.2 eq., 0.245 g, 0.643 mmol) and 3-chloro-4-(4-chlorophenoxy)aniline HIPS5850 (1.1 eq., 

0.150 g, 0.590 mmol) were added. The crude was absorbed onto silica 0.063–0.200 mm and purified 

by FFC with an alternating gradient of 0–30% EtOAc in cyclohexane to afford compound 

HIPS6017-precursor as a white solid, (0.160 g, 64%). 

 

1H NMR (CDCl3, 500 MHz) δ 7.77 (d, J=2.4 Hz, 1 H) 7.36 (dd, J=8.8, 2.4 Hz, 1 H) 7.21 - 7.33 (m, 

2 H) 6.99 (d, J=8.8 Hz, 1 H) 6.81 - 6.90 (m, 2 H) 4.20 (br s, 2 H) 2.81 (br s, 2 H) 2.35 - 2.44 (m, 1 

H) 1.91 (br d, J=12.2 Hz, 2 H) 1.71 - 1.81 (m, 2 H) 1.48 (s, 9 H). 13C NMR (CDCl3, 126 MHz) δ 

172.6, 155.9, 154.7, 148.1, 134.8, 129.7, 128.1, 126.6, 122.3, 121.7, 119.6, 118.4, 79.8, 44.3, 28.4. 

LCMS m/z (ESI+) 365.1 [M + H]+ without Boc-group. 

 

 

N-(3-chloro-4-(4-chlorophenoxy)phenyl)piperidine-4-carboxamide (HIPS6017) 

 

 

 

Using the general procedure D2, into a solution of tert-butyl-((3-chloro-4-(4-

chlorophenoxy)phenyl)carbamoyl)piperidine-1-carboxylate HIPS6017-precursor (1 eq., 0.100 g, 

0.215 mmol) in dioxane (0.5 mL), 4M HCl/dioxane (10 eq., 0.54 mL, 2.150 mmol) was added and 

the reaction was stirred at RT for 2 h to the reaction was stirred at RT for 2 h. The crude was purified 

by prep. HPLC to afford compound HIPS6017 as a white powder one FA salt, (0.025 g, 19%). 

 

1H NMR (DMSO-d6, 500 MHz) δ 7.99 (d, J=2.5 Hz, 2 H), 7.51 (dd, J = 8.8, 2.5 Hz, 2 H), 7.51 (dd, 

J = 8.8, 2.5 Hz, 2 H), 7.36-7.41 (m, 2 H), 7.17 (d, J=8.8 Hz), 6.88 - 6.93 (m, 2 H), 3.10 - 3.18 (m, 3 

H), 2.65 - 2.73 (m, 2 H), 1.78 - 1.84 (m, 2 H), 1.81 (m, 2 H), 1.61 - 1.71 (m, 2 H). 13C NMR (DMSO-

d6, 126 MHz) δ 173.1, 156.2, 145.8, 137.2, 129.8, 126.6, 125.1, 122.7, 120.7, 119.5, 118.1, 43.3, 

41.3, 26.6. HRMS (ESI+) calcd. for C18H18Cl2N2O2 [M + H]+: 365.08181, found: 365.08170. 
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Tert-butyl 4-(2-((3-chloro-4-(4-chlorophenoxy)phenyl)amino)-2-oxoethyl)piperidine-1-

carboxylate (HIPS6074-precursor) 

 

 
 

Using the general procedure E, into a solution of 2-(1-(tert-butoxycarbonyl)piperidin-4-yl)acetic acid 

(1.0 eq., 0.130 g, 0.536 mmol) in dry DMF (2 mL), DIPEA (1.1 eq., 0.1 mL, 0.590 mmol), HATU 

(1.2 eq., 0.245 g, 0.643 mmol) and 3-chloro-4-(4-chlorophenoxy)aniline HIPS5850 (1.1 eq., 0.150 g, 

0.590 mmol) were added. The reaction was stirred for 18 h. The crude was absorbed onto silica 

0.063–0.200 mm and purified by FFC with an alternating gradient of 10–100% EtOAc in 

cyclohexane to afford compound HIPS6074-precursor (0.205 g, 80%). Further prep. HPLC 

purification (0.050 g) afforded compound HIPS6074-precursor as a light yellow powder one FA 

salt (0.042 g). 

 
1H NMR (DMSO-d6, 500 MHz) δ 10.14 (s, 1 H) 7.98 (d, J=2.4 Hz, 1 H) 7.48 (dd, J=8.9, 2.4 Hz, 1 

H) 7.37 - 7.41 (m, 2 H) 7.17 (d, J=8.9 Hz, 1 H) 6.89 - 6.93 (m, 2 H) 3.83 - 3.97 (m, 2 H) 2.65 - 2.79 

(m, 2 H) 2.25 (d, J=7.0 Hz, 2 H) 1.86 - 2.01 (m, 1 H) 1.65 (br d, J=11.1 Hz, 2 H) 1.39 (s, 9 H) 1.01 

- 1.13 (m, 2 H). 13C NMR (DMSO-d6, 126 MHz) δ 170.3, 156.1, 153.9, 145.7, 137.0, 129.8, 126.6, 

125.1, 122.6, 120.6, 119.3, 118.1, 78.5, 43.1, 32.9, 28.1. HRMS (ESI+) calcd. for C24H28Cl2N2O4 

[M + H] +: 479.14989, found 379.09630 without Boc-group. 

 

N-(3-chloro-4-(4-chlorophenoxy)phenyl)-2-(piperidin-4-yl)acetamide (HIPS6074) 

 

 
 

Using the general procedure D2, into a solution of tert-butyl 4-(2-((3-chloro-4-(4-

chlorophenoxy)phenyl)amino)-2-oxoethyl)piperidine-1-carboxylate HIPS6074-precursor (1 eq., 

0.155 g, 0.323 mmol) in dioxane (3 mL), 4M HCl/dioxane (10 eq., 0.81 mL, 3.230 mmol) was added 

and the reaction was stirred at RT for 2 h. The crude was purified by prep. HPLC to afford compound 

HIPS6074 as a white powder one FA salt form, (0.070 g, 51%).  

 
1H NMR (DMSO-d6, 500 MHz) δ 10.29 (s, 1 H) 8.42 (s, 1 H) 7.99 (d, J=2.4 Hz, 1 H) 7.49 (dd, J=8.9, 

2.4 Hz, 1 H) 7.37 - 7.41 (m, 2 H) 7.17 (d, J=8.9 Hz, 1 H) 6.89 - 6.93 (m, 2 H) 3.07 - 3.19 (m, 2 H) 

2.72 (br t, J=11.6 Hz, 4 H) 2.27 (d, J=7.0 Hz, 3 H) 1.73 (br d, J=12.5 Hz, 2 H) 1.26 - 1.37 (m, 2 H). 

13C NMR (DMSO-d6, 126 MHz) δ 170.2, 156.1, 145.7, 137.1, 129.8, 126.6, 125.1, 122.6, 120.6, 

119.3, 118.1, 43.6, 43.1, 31.6, 29.4. HRMS (ESI+) calcd. for C19H20Cl2N2O2 [M + H] +: 379.09746, 

found 379.09670. 
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N-(3-chloro-4-(4-chlorophenoxy)phenyl)-3,3-difluoropropanamide (HIPS6065) 

 

 

 

To a solution of 3,3-difluoropropanoic acid (1.0 eq., 0.03 g, 0.273 mmol) in dry DMF (0.3 mL), 

DIPEA (1.1 eq., 0.052 mL, 0.300 mmol) was added. After 10 min, HATU (1.2 eq., 0.125 g, 0.328 

mmol) was added to the solution and it was stirred for further 10 min. 3-chloro-4-(4-

chlorophenoxy)aniline HIPS5850 (1.1 eq., 0.076 g, 0.300 mmol) was added. The reaction was stirred 

at RT for 4 h, then heated to 50 °C and stirred for 2 h. The reaction mixture was cooled down to RT, 

quenched with NH4Cl and extracted with EtOAc (3 x 10 mL). The combined organic layers were 

washed with water (5 x 5 mL), saturated aq. NaHCO3 (1 x 5 mL), brine (2 x 10 mL), dried over 

anhydrous Na2SO4 and concentrated in vacuo to afford a crude product as a brown solid. The crude 

was purified by prep. HPLC to afford compound HIPS6065 as a light yellow powder, (0.012 g, 

13%). 

 
1H NMR (DMSO-d6, 500 MHz) δ 10.46 (s, 1 H), 7.95 (d, J=2.6 Hz, 1 H), 7.48 (dd, J=8.9, 2.6 Hz, 1 

H), 7.39 - 7.43 (m, 2 H), 7.20 (d, J=8.9 Hz, 1 H), 6.92 - 6.96 (m, 2 H), 6.38 (tt, J=55.8, 4.8 Hz, 1 H), 

3.08 (td, J=16.8, 4.8 Hz, 2 H). 13C NMR (DMSO-d6, 126 MHz) δ 165.3, 156.4, 146.7, 136.8, 130.3, 

127.2, 125.6, 123.1, 121.3, 120.0, 118.8, 116.0, 41.8. 19F NMR (DMSO-d6, 470 MHz) –115.79 (s). 

HRMS (ESI+) calcd. for C15H11Cl2F2NO2 [M – H]-: 344.00621, found: 344.00560. 
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5.3 Supplementary Material of Chapter B 
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5.4 Supplementary Material of Chapter C 

 

 

Supporting Information 

 

Search for the Active Ingredients from a 2-Aminothiazole 

DMSO Stock Solution with Antimalarial Activity 

Henni-Karoliina Ropponen,[a,b] Chantal D. Bader,[a,b] Eleonora Diamanti,[a] Boris Illarionov,[c] 

Matthias Rottmann,[d,e] Markus Fischer,[c] Matthias Witschel,[f] Rolf Müller,[a,b] and Anna K. H. 

Hirsch*[a,b] 

 

Abstract: Chemical decomposition of DMSO stock solutions is a common incident that can mislead 

biological screening campaigns. Here, we share our case study of 2-aminothiazole 1, originating from 

an antimalarial class that undergoes chemical decomposition in DMSO at room temperature. As 

previously measured biological activities observed against Plasmodium falciparum NF54 and for the 

target enzyme PfIspE were not reproducible for a fresh batch, we tackled the challenge to understand 

where the activity originated from. Solvent- and temperature-dependent studies using HRMS and 

NMR spectroscopy to monitor the decomposition led to the isolation and in vitro evaluation of 

several fractions against PfIspE. After four days of decomposition, we successfully isolated the 

oxygenated and dimerised compounds using SFC purification and correlated the observed activities 

to them. Due to the unstable nature of the two isolates, it is likely that they undergo further 

decomposition contributing to the overall instability of the compound. 
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1.) Biological Assays 

1.1 General Procedure for Enzymatic Assay 

 

The cloning, expression and purification of Plasmodium falciparum (Publication 2, H.-K. Ropponen 

et al. RSC Med. Chem., 2021, DOI:10.1039/d0md00409j) and Escherichia coli.[1,2] and their 

subsequent assays (Publication 2, H.-K. Ropponen et al. RSC Med. Chem., 2021, 

DOI:10.1039/d0md00409j) followed the previously reported procedures. Due to the nature of the 

study, some decomposition samples were only tested once and thus, for some formal standard error, 

determined from one IC50 curve with 5 to 10 data points, is given. For the final purified compounds, 

replicates were measured and standard deviation was calculated at least from two replicates. 

 

1.2 General Procedure for Antimalarial Assay 

 

Plasmodium falciparum drug-sensitive NF54 (airport strain from The Netherlands, provided by F. 

Hoffmann-La Roche Ltd) was cultivated in a variation of the medium consisting of RPMI 1640 

supplemented with 0.5% ALBUMAX® II, 25 mM Hepes, 25 mM NaHCO3 (pH 7.3), 0.36 mM 

hypoxanthine, and 100 μg/ml neomycin, as previously described.[3,4] Human erythrocytes served as 

host cells. Cultures were maintained in an atmosphere of 3% O2, 4% CO2, and 93% N2 in humidified 

modular chambers at 37 °C. Compounds were dissolved in MeOH (10 mM), diluted in 

hypoxanthine-free culture medium and titrated in duplicates over a 64-fold range in 96 well plates. 

Infected erythrocytes (1.25% final hematocrit and 0.3% final parasitemia) were added into the wells. 

After 48 h incubation, 0.25 μCi of [3H]hypoxanthine was added per well and plates were incubated 

for an additional 24 h. Parasites were harvested onto glass-fiber filters and radioactivity was counted 

using a Betaplate liquid scintillation counter (Wallac, Zurich). Chloroquine (IC50 = 3.1 ± 0.8 ng/mL) 

and artesunate (IC50 = 4.0 ± 1.7 ng/mL) were used as controls. The results were recorded and 

expressed as a percentage of the untreated controls. Fifty percent inhibitory concentrations (IC50) 

were estimated by linear interpolation.[5] 

1.3 General Procedure for Cytotoxity Assay 

 

Cytotoxicity assays based on the human lung adenocarcinoma (A549), human embryonic kidney 

(Hek293) and human hepatocellular carcinoma (HepG2) cell lines were performed as described 

previously.[6] 
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2.) Decomposition Study Procedure 

2.1 General Conditions 

All reagents and solvents were of commercial quality and used without further purification. Chemical 

yields were not optimised and the yields for the compounds isolated from the decomposition mixtures 

were not calculated. Low resolution mass analytics and purity controls were carried out using an 

Ultimate 3000-ISQ liquid-chromatography mass spectrometry (LCMS) system (Thermo Fisher 

Scientific, Dreieich, Germany) consisting of a Dionex UltiMate pump, an autosampler, DAD 

detector and an ESI quadrupole mass spectrometer. NMR spectra were recorded on a Bruker AV 500 

or Ascend 700 (1H, 500 MHz or 700 MHz; 13C, 126 MHz or 175 MHz; 19F, 470 MHz) spectrometer. 

All spectra were measured in DMSO-d6, methanol-d4, acetone-d6 or acetonitrile-d3 to which reported 

chemical shifts in parts per million (ppm), where adjusted based on the residual protons as the internal 

standards, (DMSO-d6, δ = 2.50, 39.51, methanol-d4, δ = 4.87, 49.1, acetone-d6, δ = 2.05, 29.32 or 

acetonitrile-d3, δ = 1.94, 1.39, 1H and 13C respectively). Coupling constants (J) are given in Hertz 

(Hz) and following abbreviations were used for multiplicity (s = singlet, d =doublet, t = triplet, m = 

multiplet, br = broad and combinations of these). High-resolution mass spectra (HRMS) were 

obtained using a Thermo Scientific Q Exactive Focus Orbitrap system or a maXis 4G UHR-TOF 

(Bruker Daltonics) both coupled to a Dionex Ultimate 3000 RSLC and equipped with a standard 

electrospray ion (ESI) source. An Acquity UPLC® BEH C8, 150 x 2.1 mm, 1.7 µm column 

equipped with a VanGuard Pre-Column BEH C8, 5 x 2.1 mm, 1.7 µm (Waters, Germany) was used 

for measurements with the Orbitrap system, using a flow rate of 250 µL/min. The gradient of [A] 

H2O + 0.1% FA and [B] ACN + 0.1% FA was kept at 10% B for 1 min and then increased to 95% B 

over 4 min and kept at 95% B for 1.2 min, before returning to 10% B over 0.3 min and equilibration 

for 1 min. For measurements with the TOF system, an Acquity UPLC® BEH C18, 100 x 2.1 mm, 

1.7 µm column equipped with a VanGuard Pre-Column BEH C18, 5 x 2.1 mm, 1.7 µm (Waters, 

Germany) was used. The flow rate was set to 600 µL/min using the same solvents as for the Orbitrap 

system and the column thermostated at 45 °C. The gradient started at 5% B for one minute, before 

increasing to 100% B in 9 minutes. The amount of B was kept at 100% B for one minute before 

returning to initial conditions and equilibration. The flow was split to 75 µL min-1 before entering 

the mass spectrometer, which was externally calibrated to a mass accuracy below 1 ppm. Mass 

spectra were acquired in centroid mode ranging from 150–2500 m/z at a 2 Hz scan rate. All mass 

spectra were measured in positive ionisation mode in a range from 120–500 m/z for the Orbitrap and 

150-2500 m/z for the TOF. UV spectra were recorded by a DAD in the range from 200 to 600 nm.  

 

Preparative reverse phase-high performance liquid chromatography (rp-HPLC) was performed using 

an UltiMate 3000 Semi-Preparative System (Thermo Fisher Scientific, Dreieich, Germany) equipped 

with a Phenomonex Luna® 5 µm C18(2) 100 Å LC Column (250 x 10 mm) thermostated at 45 °C. 
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Separation was achieved using a linear gradient from 60% (A) ddH2O to 100% (B) acetonitrile over 

22.5 minutes. Before ramping the gradient, an equilibration step at 40% B was performed for 1 min. 

The B content was kept for 1 min at 100% after the gradient, before returning to 40% in 0.5 min and 

a final equilibration for 5 min. The compounds were detected by UV absorption at 210 and 280 nm. 

 

The compounds were separated on a Waters Prep 15 SFC System coupled to an Acquity QDa mass 

spectrometer equipped with a 5 µm Torus Diol 130 Å OBD Prep Column 250 x 19 mm thermostated 

at 40 °C. Separation was achieved using a linear gradient of 25–45% ACN as a cosolvent over 

10  minutes, after a 1 min equilibration step at 25% in the beginning. The percentage of cosolvent 

was kept at 45 % for 1 minute before returning to 25 % in 1 minute and reequilibration for 3 minutes. 

Flow rate was set to 15 mL/min and backpressure to 120 bar. Analytical measurements were 

conduceted on a 5 µm Torus Diol 130 Å OBD Prep Column 150 x 2.1 mm with a gradient from  5–

55% ACN and a flow rate of 3 mL/min. All other parameters resemble the preparative measurements.  

 

2.2 Synthesis of Compound 1  

N-((2-(trifluoromethyl)phenyl)carbamothioyl)benzamide 

 

 

 

To a stirred solution of 2-(trifluoromethyl)aniline (1 eq., 0.77 g, 4,77 mmol) in acetone (16 mL), 

benzoyl isothiocyanate (1 eq., 0.64 mL, 4.77 mmol) was added and the reaction mixture was stirred 

to reflux for 1.5 h. The mixture was then poured into ice to obtain a yellowish precipitate (1.5 g, 

99%). The compound was used without any further purification in the next step. 

1H NMR (500 MHz, DMSO-d6): δ = 12.65 (s, 1H), 11.91 (s, 1H), 8.01 (dd, J = 8.4, 1.2 Hz, 2H), 

7.79-7.83 (m, 1H), 7.81 (s, 1H), 7.74-7.79 (m, 1H), 7.73-7.78 (m, 1H), 7.66-7.71 (m, 1H), 7.52-

7.59 ppm (m, 3H). m/z (ESI+) 325.06 [M+H]+ 
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1-(2-(Trifluoromethyl)phenyl)thiourea 

 

 

 

A solution of N-((2-(trifluoromethyl)phenyl)carbamothioyl)benzamide (1 eq., 1.5 g, 4.6 mmol) is 

refluxed in an aq. 10% NaOH solution (15 mL) for 1 hour. The reaction mixture was cooled to RT, 

acidified with aq. HCl 0.1 M and extracted with EtOAc (3 x 20 mL). The combined organic layers 

were dried over Na2SO4, filtered, concentrated in vacuo to afford as yellowish powder (0.57 g, 56%). 

 

1H NMR (500 MHz, DMSO-d6): δ = 9.26 (s, 1H), 7.95 (m, 1H), 7.70 (m, 1H), 7.66 (t, J = 7.7 Hz, 

1H), 7.51 (m, 2H), 7.49- 7.43 (m, 1H). m/z (ESI+) 221.04 [M+H]+ 

 

4-(1-Ethyl-2,5-dimethyl-1H-pyrrol-3-yl)-N-(2-(trifluoromethyl)phenyl)thiazol-2-amine 

 

 

 

2-chloro-1-(1-ethyl-2,5-dimethyl-1H-pyrrol-3-yl)ethan-1-one (1 eq., 0.100 g, 0.501 mmol) and 1-(2-

(trifluoromethyl)phenyl)thiourea (1 eq., 0.110 g, 0.501 mmol) were dissolved in ethanol and heated 

to reflux for 6 h. The reaction mixture was cooled and the solvent removed under reduced pressure. 

The crude product was recrystallised from propan-2-ol to yield the pure compound 1 as light beige 

powder, (0.114 g, 0.312 mmol, 31%). 

1H NMR (500 MHz, DMSO-d6): δ = 9.52 (br s, 1H), 7.98-8.13 (m, 1H), 7.73 (d, J = 7.8 Hz, 1H), 

7.67 (br t, J = 7.5 Hz, 1H), 7.33 (br t, J = 7.5 Hz, 1H), 6.51 (br s, 1H), 5.96-5.99 (m, 1H), 3.80 (q, J 

= 7.2 Hz, 2H), 2.37 (s, 3H), 2.17 (s, 3H), 1.14 ppm (t, J = 7.2 Hz, 3H). 13C NMR (126 MHz, DMSO-

d6): δ = 166.2, 138.0, 133.9, 126.9, 126.5, 125.9, 125.3, 124.8, 122.6, 111.5, 105.2, 99.2, 37.7, 15.9, 

11.8, 10.9 ppm. 19F NMR (470 MHz, DMSO-d6): δ = –59.41 (s, 3F). HRMS (ESI+) calcd. for 

C18H18F3N3S [M+H]+: 366.12463, found: 366.12292.  
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Figure S1. 1H-NMR spectrum of compound 1 in DMSO-d6. 

 

 

Figure S2. [1H,1H]-COSY NMR spectrum of compound 1 in DMSO-d6. 
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Figure S3. 13C-NMR spectrum of compound 1 in DMSO-d6. 

 

Figure S4. [1H,13C]-HSQC spectrum of compound 1 in DMSO-d6. 
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Figure S5. [1H,13C]-HMBC spectrum of compound 1 in DMSO-d6. 

 

 

Figure S6. 19F-NMR spectrum of compound 1 in DMSO-d6. 
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2.3 Temperature-Dependent Study 

Compound 1 was dissolved in DMSO to afford 10 mM stock solution, in the scale of 3.65 mg in 1 

mL. Three aliquots were prepared and one each was stored inside a light-protecting box at different 

temperatures: room temperature (RT), +4 °C and –20 °C. Samples were only taken to RT for the 

minimum time required for sampling. Samples were further diluted with acetonitrile to 10 µM 

(1:1000) for HRMS analysis. For calibration, a fresh stock solution of the compound 1 was prepared 

shortly before the analysis. The concentration range used for the calibration was from 10 µM to 20 

nM, including 10 samples with 1:1 dilutions starting from the highest concentration (Appendix I). In 

all of the calibration points and samples, diphenhydramine (m/z: 256.16907 [M+H]+) was included 

as an internal standard at the concentration of 500 nM. The results were analysed using Thermo 

Xcalibur Quan Browser. Similarly, three NMR samples of compound 1 were prepared in DMSO-d6 

and each stored at different temperatures; RT, +4 °C and –20 °C, (Figure S8). 

Table S1. Summary of the decomposition of compound 1 at different temperatures with the corresponding 

enzymatic activities measured after three months. 

 
The Percentage of Compound 1 Left After Degradation[a] 

Enzymatic activities  

after 3 months of decomposition[b] 

Temperature Day 7 1 month 2 months 
PfIspE IC50 

(µM) 

EcIspE IC50 

(µM) 

PK/LDH IC50 

(µM) 

RT 36% 1% 0% 12 ± 4 101 ± 14 34 ± 4 

+4 °C 96% 48% 21% 16 ± 7 71 ± 10 45 ± 6 

–20 °C 96% 91% 82% >500 >500 n.d. 

[a] The decomposition percentages are reported as the average of two values given in Tables S6. [b] Errors given as formal standard error.  n.d.: not 

determined, PK/LDH:  pyruvate kinase and lactate dehydrogenase, Pf: Plasmodium falciparum, Ec: Escherichia coli. 

 

Figure S7. The HRMS recorded for the samples submitted to the enzyme assay after 3 months of 

decomposition with the corresponding colour differences. 

3 months at + 4 °C 

3 months at RT 

3 months at –20 °C 
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Figure S8. Decomposition of compound 1 in DMSO-d6 samples at RT, +4 °C and –20 °C recorded with NMR 

after one week. 

2.4 Solvent-Dependent Study 

As in the Section 2.3, stock solutions of compound 1 were prepared in DMSO, ACN and MeOH and 

stored at RT for 16 days in a box protected from light. Samples were collected during this time and 

the enzymatic activity was analysed for them as in main text, Table 3. The samples were also diluted 

in ACN (1:1000) affording 10 µM solution and measured with HRMS, where no decomposition of 

compound 1 for ACN or MeOH was detectible (Figures S11–12). Similarly, the old samples of 

compound 1 used for enzyme and cell assays were analysed with HRMS (Figure S13). Additionally, 

NMR sample in MeOH was prepared and measured over time while stored at RT. As a follow-up 

experiment, the stability of compound 1 was determined for its 10 mM stock solution in Cyrene™ 

with HRMS (Figure S16).  

 

 

 

Figure S9. Colour differences of the decomposition samples in different solvent stored at RT. 

RT, +4 °C and –20 °C  

after 1 week 

1 week at +4 °C 

1 week at RT 

1 week at –20 °C 

Initial starting point After 16 days 
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Figure S10. Decomposition of compound 1 studied in DMSO. 

 

 

 

Figure S11. Decomposition of compound 1 studied in ACN.  
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Figure S12. Decomposition of compound 1 studied in MeOH 

 

 

 

 

Figure S13. Comparison of the chromatographic profile of different samples. Note that the column conditions 

had changed in between the measurements. 
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Figure S14. Decomposition of compound 1 studied in methanol-d4. 

 

Figure S15. Decomposition of compound 1 studied in methanol-d4 and DMSO-d6. 
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Figure S16. Decomposition of compound 1 studied in Cyrene™. The compound was incubated at RT in 10 

mM stock solution. 

 

2.5 Preparative HPLC Purification 

Stock solution of 10 mM DMSO (in the scale of 3.65 mg in 1 mL, x3) was decomposed at RT for 

2.5 weeks after which it was purified with prep. HPLC. The same was repeated for another set of 

samples after five days of decomposition of compound 1 in DMSO at RT. ..............................................  

 

 

 

 

 

 

 

 

 

 

Figure S17. Chromatogram of the separation with the corresponding 3D-field.  

 

 

 

Fresh stock solution of compound 1 

Compound 1 in Cyrene™ for 1 day 

Compound 1 in Cyrene™ for 3 days 

 

 

Compound 1 in Cyrene™ for 2 days 
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Table S2. Separated fractions from the first prep. HPLC purification with the corresponding enzymatic 

activities.  

 

Fraction Weight (mg) MS [M+H]+ HRMS [M+H]+ 
PfIspE IC50  

(µg/mL)[a,c] 
PK/LDH IC50 

(µg/mL)[a,c] 

1_3 
0.6 

- n.d. >500 n.d. 

4[d] 0.4 426.1 // 205.1 426.12723 // 205.05789 >500 n.d. 

5 0.2 426.1 426.12754 >500 n.d. 

6 0.2 - n.d. >500 n.d. 

7 0.4 - n.d. >500 n.d. 

8 0.2 - n.d. >500 n.d. 

9_10 0.3 426.1 // 210.0 426.12753 // 219.01955 >500 n.d. 

11_12 0.5 426.1 // 472.1 426.12733 // 472.11520 >500 n.d. 

13_17 3.9 472.1 472.11464 >500 n.d. 

18 0.5 476.1 476.07387 >500 n.d. 

19 0.6 - n.d. >500 n.d. 

20_21 0.8 
366.1 // 380.1 // 729.1  

(364.1 [M+2H]2+) 

366.12414 //380.10388 

// 727.20965 // 

729.22360 

22 ± 7 n.d. 

22 0.3 584.1 // 757.1 584.13629 // 757.18403 >500 n.d. 

23 0.5 584.1 // 380.1 584.13619 // 380.10333 >500 n.d. 

24 1.1 584.1 // 412.1 584.13688 // 412.11331 >500 n.d. 

25 0.5 380.1 // 428.1 // 743.2 
380.10338 // 428.10676 

// 743.20462 
>500 n.d. 

26 0.3 725.1 725.19351 >500 n.d. 

27 0.4 725.1 725.19397 >500 n.d. 

28 0.4 - n.d. >500 n.d. 

29 0.3 - n.d. 264 ± 250 n.d. 

30 1.2 359.1 // 380.1 // 375.2 359.20286 // 380.10354 

// 375.19847 

66 ± 26 
n.d. 

31[d] 0.4 741.2 741.22560 14 ± 2 >500 

32 1.6 373.2 // 586.4 // 380.1 
373.23288 // 586.36900 

// 380.10347 53 ± 16 n.d. 

33 1.3 - n.d. >500 n.d. 

34 0.4 775.2 // (388.1 [M+2H]2+) 775.21228 41 ± 9  

35 0.4 - 380.10329 18 ± 3[b] >500 

36 0.6 - 380.10327 // 725.19059 7 ± 2[b] >500 

37 0.6 - 380.10302 //725.18974 7 ± 2 26 ± 3 

38 0.5 - 380.10338 // 725.18974 20 ± 3 240 ± 114 

[a] All fractions were dissolved in DMSO as 1 mg/mL. [b] EcIspE IC50 (µg/mL) = >500. [c] Errors given as formal standard error. [d] NMR recorded for these 

two fractions (Appendix II). n.d.: not determined, PK/LDH:  pyruvate kinase and lactate dehydrogenase, Pf: Plasmodium falciparum. Ec: Escherichia coli. 
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Table S3. Separated fractions from the second purification with the corresponding enzymatic activities. 

Fraction Weight (mg) MS [M+H]+ 
PfIspE  

IC50 (µg/mL)[a]  
EcIspE  

IC50 (µg/mL)[a]  

PK/LDH  

IC50 (µg/mL) 

1 
0.05 

745.3 

>500 (ACN) 

>500 (MeOH) 

 

>500 (ACN) 

>500 (MeOH) 

 

n.d. 

2 0.05 380.1 

>500 (ACN) 

>500 (MeOH) 

 

>500 (ACN) 

>500 (MeOH) 

 

n.d. 

3 0.03 363.3 

>500 (ACN) 

>500 (MeOH) 

 

>500 (ACN) 

>500 (MeOH) 

 

n.d. 

4 0.10 365.2 

>500 (ACN) 

47 ± 17 (MeOH) 

 

>500 (ACN) 

123 ± 35 (MeOH) [b] 

 

10 ± 2 (MeOH)[b] 

 

5 0.05 381.3 >500 (ACN)[c] 

>500 (ACN)[c] 
n.d. 

[a] All fractions were dissolved either in methanol (MeOH) or acetonitrile (ACN) to avoid further decomposition. [b] Errors given as formal standard 

error. [c] Only enough material for acetonitrile samples. n.d.: not determined, PK/LDH:  pyruvate kinase and lactate dehydrogenase, Pf:  Plasmodium 

falciparum. Ec: Escherichia coli. 
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2.6 SFC Purification  

A stock solution of compound 1 in 10 mM DMSO (in the scale of 3.65 mg in 1 mL, x4) was 

decomposed at RT for four days after which it was purified with SFC. 

 

 

Figure S18. SFC chromatograms of the decomposition samples in DMSO over four days. The peak DP1 380 

is co-eluting with the parent compound. 

 

Figure S19a. SFC chromatograms of the decomposition samples in DMSO at d0. Black = EIC 366.1, purple 

= EIC 365.1, green = 380.1, red = TIC. 
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Figure S19b. SFC chromatograms of the decomposition samples in DMSO at d4. Black = EIC 366.1, purple 

= EIC 365.1, green = 380.1, red = TIC. 

 

 

 

Figure S20. HRMS chromatograms of the decomposition samples in DMSO over to compare the visibility of 

the separation. 
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2.7 Characterisation of Decomposition Product 1  

(E)-4-(1-Ethyl-2,5-dimethyl-1H-pyrrol-3-yl)-2-((2-(trifluoromethyl)phenyl)imino)thiazol-5(2H)-one 

 

   

 

 

E = +29.4 kcal/mol of the lowest–energy conformation  
 

(Z)-4-(1-Ethyl-2,5-dimethyl-1H-pyrrol-3-yl)-2-((2-(trifluoromethyl)phenyl)imino)thiazol-5(2H)-one 

 

 

 

 

 

E = +33.2 kcal/mol of the lowest–energy conformation 
 

(E)-1-Ethyl-2,5-dimethyl-3-(5-oxo-2-((2-(trifluoromethyl)phenyl)amino)thiazol-4(5H)-ylidene)-3H-

pyrrol-1-ium 

 

 

 

 

E = +66.1 kcal/mol of the lowest–energy conformation 

 

(Z)-1-Ethyl-2,5-dimethyl-3-(5-oxo-2-((2-(trifluoromethyl)phenyl)amino)thiazol-4(5H)-ylidene)-3H-

pyrrol-1-ium 

 

 

 

 

E = +62.8 kcal/mol of the lowest–energy conformation 

(MOE 2018.01 was used to calculate the lowest energy conformation in MMFF94X force field) 
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DP1 

Colour: bright red-orange 

Isolated amount after SFC: 0.3 mg  

HRMS (ESI+) calcd. for C18H16F3N3OS [M+H]+ : 379.09662 or C18H17F3N3OS+ [M]+: 380.10389, 

found: 380.10376 for the mixture of compounds. 

 

Figure S21. Chromatogram of the isolated DP1. 
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Table S4. Summary of the NMR shifts for DP1 mixture. 

 

                

 
Parent compound Non-charged pyrrole Charged pyrrolium 

# 1H 366 13C 366 1H 380 13C 380 1H 380 13C 380 

1 – CH3 1.24 15.3 1.34 14.3 1.36 n.d. 

2 – CH2 3.93 37.9 4.09 38.7 4.09 38.7 

3 – CH3 2.24 11.3 2.31 11.1 2.32 n.d. 

4 – C x 127.4 x 133.4 x n.d. 

5 – CH3 2.44 10.6 2.83 12.6 2.46 n.d. 

6 – C x 126.2 x 144.8 x n.d. 

7 – CH 6.23 105.1 6.87 108.8 6.99 108.9 

8 – C x 110.1 x 109.5 x n.d. 

9 – C x 141.3  x 172.5 x n.d. 

10 – C 6.54 96.4 x n.d. x n.d. 

11 – C x 168.7 x n.d. x n.d. 

12 – C x 136.5 x 132.7 x n.d. 

13 – CH 7.88 127.2 7.78 130.0 7.13 121.5 

14 – CH  7.58 127.4 7.61 132.2 7.70 133.4 

15 – CH 7.83 134.2 7.86 133.4 7.41 125.1 

16 – CH 8.13 126.2 7.93 127.0 7.73 126.2 

17 – C x 124.1 x n.d. x n.d. 

18 – CF3 x 122.2 x n.d. x n.d. 

- Measured in acetone-d6 n.d.: not determined 
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Figure S22. 1H-NMR spectrum of compound 1 in acetone-d6. 

 

  

Figure S23. 1H-NMR spectrum of DP1 mixture in acetone-d6. 
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Figure S24. [1H,1H]-COSY NMR spectrum of compound 1 in acetone-d6. 

 

 

Figure S25. [1H,1H]-COSY NMR spectrum of DP1 mixture in acetone-d6. 
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Figure S26. [1H,13C]-HMBC spectrum of compound 1 in acetone-d6.  

 

 

Figure S27. [1H,13C]-HMBC spectrum of DP1 mixture in acetone-d6.  
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Figure S28. [1H,13C]-HSQC spectrum of compound 1 in acetone-d6. 

 

 

 

 

 

Figure S29. [1H,13C]-HSQC-DEPT spectrum of DP1 mixture in acetone-d6. 
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Figure S30. UV-spectra of DP1 mixture with the distinct colour.   

 

 

 

 

Figure S31. Stability of DP1 in MeOH and the observed shift in retention time.  
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Figure S32. Stability of DP1 in ACN and the observed shift in retention time.  

 

 

 

Figure S33. Stability of DP1 in CDCl3. 
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Figure S34. Stability of DP1 in acetone and the observed shift in retention time.  

 

 

Figure S35. Stability of DP1 in DMSO and the observed shift in retention time. 
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2.8 Characterisation of Decomposition Product 2 

(Z)-1-Ethyl-3-(2-(2-(4-(1-ethyl-2,5-dimethyl-1H-pyrrol-3-yl)thiazol-2-yl)-1,2-bis(2-

(trifluoromethyl)phenyl)hydrazineyl)thiazol-4(5H)-ylidene)-2,5-dimethyl-3H-pyrrol-1-ium 

 

 

 

 

 

 

 

E = +144.7 kcal/mol of the lowest–energy conformation 

 

(E)-1-Ethyl-3-(2-(2-(4-(1-ethyl-2,5-dimethyl-1H-pyrrol-3-yl)thiazol-2-yl)-1,2-bis(2-

(trifluoromethyl)phenyl)hydrazineyl)thiazol-4(5H)-ylidene)-2,5-dimethyl-3H-pyrrol-1-ium 

 

 

 

 

 

 

 

 

E = +148.5 kcal/mol of the lowest–energy conformation 

(MOE 2018.01 was used to calculate the lowest energy conformation in MMFF94X force field) 

 

 

 

 

 



207 

DP2 

Colour: beige brown powder 

Isolated amount after SFC: 0.9 mg  

HRMS (ESI+) calcd. for C36H35F6N6S2
+

 [M]+: 729.22633, found: 729.22473; and [M+2H]2+: 

365.11681, found: 365.11642. 

 

 

 

 

Figure S36. Chromatogram of the isolated DP2. Red = EIC at 365.11 ± 0.02, Black = BPC. 

 

 

 

Scheme S1. Proposed reaction mechanism for the formation of DP2. 
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Table S5. Summary of the DP2 NMR shifts. 

 

 

Parent compound Dimer 

# 1H 366 13C 366 1H DP2[a] 13C DP2 

1 – CH3 1.22 16.5 1.23 16.1 

 - - b - 1.01 b - 16.1 

2 – CH2 3.88 39.4 3.87 38.9 

 - - b - 3.68 b - 38.9 

3 – CH3 2.23 12.5 2.22 11.9 

 - - b - 2.15 b – 11.4 

4 – C x 128.7 x 127.4 

 - - b - x b – 129.1 

5 – CH3 2.38 11.9 2.27 11.4 

 - - b - 2.42 b – 11.4 

6 – C x 127.4 x 126.6 

 - - b - x b – 175.6 

7 – CH 6.14 106.3 5.87 107.2 

 - - b - 6.09 b - 106.5 

8 – C x 110.6 x 114.1 

 - - b - x b – 131.2 

9 – C x 141.5 x 149.5 

 - - b - x b - 121.1 

10a – C 6.36 98.3 6.48 100.98 

10b – CH2 - - b - 3.96 b - 25.4 

11/26 – C x 169.5 x 164.2 

(11)25 – C - - b - x b - 143.8 

12 – C x 137.6 x 140.1 

 - - b - x b - 140.8 

13 – CH 7.83 128.7 7.68 127.4 

 - - b - 7.64 b - 127.3 
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14 – CH  7.51 128.9 7.22 123.9 

 - - b - 7.17 b - 123.8 

15 – CH 7.74 135.6 7.60 134.2 

 - - b - 7.56 b - 134.1 

16 – CH 7.91 127.4 8.20 123.9 

 - - b - 8.09 b - 123.6 

17 – C x 125.9 x x[b] 

 - - b - n.d.[b] b - 126.01 

18 – CF3 x 123.7 x x 

 - - b - n.d.[b] b - 124.5 [b] 

- Measured in acetonitrile-d3, n.d.: not determined [a]: Peaks “b” corresponding to the blue part of the dimer 

[b]: Overlapping with the other dimer part. 
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Figure S37. 1H-NMR spectrum of compound 1 in acetonitrile-d3.  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S38. 1H-NMR spectrum of DP2 in acetonitrile-d3.  
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Figure S39. [1H,1H]-COSY NMR spectrum of compound 1 in acetonitrile-d3. 

 

 

Figure S40. [1H,1H]-COSY NMR spectrum of DP2 in acetonitrile-d3. 
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Figure S41. [1H,13C]-HSQC spectrum of compound 1 in acetonitrile-d3. 

 

 

Figure S42. [1H,13C]-HSQC-DEPT spectrum of DP2 in acetonitrile-d3. 
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Figure S43. [1H,13C]-HMBC spectrum of compound 1 in acetonitrile-d3. 

 

 

Figure S44. [1H,13C]-HMBC spectrum of DP2 in acetonitrile-d3. 
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Figure S45. Stability of DP2 in MeOH and stability check over time.  

 

 

Figure S46. Stability of DP2 in ACN and stability check over time.  
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4. Appendix 

Appendix I – Calibration of the HRMS Data 

Table S6. Calibration curve of the compound 1 with an internal standard at different incubation 

temperatures. 
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Appendix II – Extra NMR Spectra of the Other Isolated Fractions 

 

 

Figure S47. Fraction 4 of the first prep. HPLC separation in methanol-d4. 

 

 

 

Figure S48. Fraction 31 of the first prep. HPLC separation in methanol-d4. 
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6. Appendix 

 

6.1 Appendix I - MS-MEP  

 

As discussed in the Introduction Section 1.2, one of the challenges with the previous E. coli inhibitors 

has been the lack of antibacterial activity. In order to speed up the process, we started the 

implementation of a metabolomics approach in order to measure simultaneously activity on target 

and in the cellular assay. A recent example of such targeted metabolomics in Gram-negative bacteria 

was published for CoaD inhibitors by C. M. Rath et al.137 With respect to IspE, the idea was to 

quantify the amount of the natural substrate CDP-ME with MS. So-called isoprenoid rescue assays 

have been used for target validation of inhibitors of Plasmodium falciparum and Escherichia coli, 

namely for fosfidomycin.138–140 Additionally, (GC)-MS-based methods to measure the natural 

substrates of the MEP pathway have been reported for E. coli and other bacteria, as well as plants.141–

144 To the author’s knowledge, none of them had been particularly implemented to serve the needs 

of medicinal chemistry workflows to measure target engagement or cellular inhibition 

simultaneously. Therefore, the previous methods were customised to fit the possibilities of the 

existing laboratory. Additionally, to selectively separate the phosphate containing natural substrates, 

solid-phase extraction (SPE) was used for cell cultures, as sketched in Figure 6.1:1. 

 

Figure 6.1:1 - The simplified flow for establishing the metabolomics assay for the MEP pathway with the solid 

phase extraction (SPE) integration in an automated fashion. Figure was created with BioRender.com. 

 

Suitable column and eluent conditions were found to ensure a sufficient difference in 

retention time between MEP and CDP-ME in order to quantify both within one MS run. A first 

attempt with SPE was made, using Strata® Strata-X-AW minicolumns from Phenomenex. Using the 

known inhibitors of several different MEP enzymes with antibacterial activity as control compounds, 

one may reach a more thorough understanding when the concentration of the natural substrate is 

increased and what is the resulting the effect. For example quantifying the CDP-ME concentration, 

one would expect to see the decreased concentration for IspD inhibitors or increased concentration 
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for IspE inhibitors. As the natural substrates are 13C-labelled, a complimentary approach via 

quantification of stable isotope labelled standards could be used for the calibration.145 With further 

optimisation, this metabolomics approach accompanied with phosphate-selective SPE may result in 

a high-throughput assay to measure the target engagement and cellular inhibition from the same well 

in one sample, in particular being of benefit for the more pathogenic bacteria.  

 

Brief Method Description  

[1,3,4-13C3]1-Deoxy-D-xylulose-5-phosphate (MEP) and [1,3,4-13C3]4-diphosphocytidyl-2C-

methyl-D-erythritol (CDP-ME) were purified, as previously described.44 They were kindly provided 

by the Fischer Lab from the MEP consortium. [1,3,4-13C3]-MEP and [1,3,4-13C3]-CDP-ME were 

dissolved in MeOH from 97 mM and 84 mM water-based stock solutions, respectively. The MS 

analyses were done using a negative ionisation in a TF UltiMate 3000 binary RSLC UHPLC (Thermo 

Fisher, Dreieich, Germany) equipped with a degasser, a binary pump, an autosampler, and a 

thermostated column compartment and a MWD, coupled to a TF TSQ Quantum Access Max mass 

spectrometer with heated electrospray ionization source (HESI-II). The method was created with the 

following modifications: (1) Phenyl-Hexyl 2.7 μm, 100x3 mm (Macherey-Nagel, Düren, Germany), 

(2) flow rate of 0.5 mL/min, (3) eluent gradient with A = ACN and B = H2O (98% solvent B from 0 

to 2.5 min, 90% B for 2.8 min, 2% B for 5.0 min, 98% B for 5.1 min and column equilibration for 

1.4 min), (4) column compartment at 30 °C, (5) UV detection at 290, 270, 254 and 212 nm and (6) 

autosamples injection volume of 5 μL of [1,3,4-13C3]-MEP at 10 µM and [1,3,4-13C3]-CDP-ME at 

8 µM. A test run with SPE Strata® Strata-X-AW (weak anion-exchange & reversed phase) was done 

for E. coli DH5α – pca108-2 ∆pqsR. The cultivate was centrifuged (4 °C, 2.5 min, 12,500 rpm) and 

the supernatant was removed. Remaining pellets were rinsed with ammonium acetate (25 mM), 

resuspended with an ultrasound stick (30 sec, 10% power) and centrifuged (4 °C, 2.5 min, 

12,500 rpm). The SPE was done with the suggested protocol from Phenomenex.146  

 

Table 6.1:1 - Summary of the [1,3,4-13C3]-MEP and [1,3,4-13C3]-CDP-ME. 

Compound 
Exact Mass 

 for 12C 

[M – H]- / 

[M – 2H]- 
Product Mass 

Retention Time 

(min) 

[1,3,4-13C3]-MEP 214.02534 
217.998/ 

79.280 
79.280 1.74 

[1,3,4-13C3]-CDP-ME 519.06662 
523.037/ 

321.940 
321.940 4.24 
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Figure 6.1:2 - Chromatograms of [1,3,4-13C3]-MEP and [1,3,4-13C3]-CDP-ME measured from their mixture. 

 

With thanks to Dr. Teresa Röhrig and Dr. Stefan Boettcher for the helpful advice. 

 

 

 

 

 

 

 

 

 

 

 

MEP 

CDP-ME 



220 

6.2. Appendix II - Field-Based Screening with CDP-ME 

As an alternative approach to the SBDD as described in Section 3.1, we initiated a field-based virtual 

screening, as a subtype of ligand-based virtual screening, with Pharmacelera software.147 This 

strategy focuses on the occupied hydrophobic properties of a reference ligand. The natural substrate 

CDP-ME was selected as the reference ligand in its 3D-conformation as in the co-crystal structure 

(PDB 1OJ4).120 A comparison screening was also done for the fragmented CDP-ME, as in Table 

6.2:1. At the time of writing this thesis, a SPECS library, as used in Chapter A, and a Enamine library 

with the filters (MW >500 Da) were screened. The screening was run with the standardised virtual 

screening settings from Pharmacelera within the KNIME platform.126 Further biological evaluation 

of the virtual hits is ongoing.  

 

Table 6.2:1 - The best hits from the corresponding library. Similarity score given in reference to CDP-ME or 

the fragmented CDP-ME. Figures of the molecules were created in MOE 2018.01. 

  

               CDP-ME Fragmented CDP-ME 

 

SPECS 

 

 

 

 

 

 

ID = AP-263/43411934 

            Similarity =  0.54 

 

 

 

 

 

 

ID = AF-399/40881368 

              Similarity = 0.56 

Enamine 

 

 

 

 

                     

                

              ID = Z45739335 

              Similarity = 0.53 

 

 

 

 

 

                 ID = Z56919617 

               Similarity = 0.53 

 

With thanks to Pharmacelera for our collaboration. 
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6.3 Appendix III - COVID-19 Virtual Screenings 

 
Due to the ongoing project, structural and experimental details are not yet reported in this thesis. 

During this PhD thesis, the world was hit hard by the current coronavirus (COVID-19) pandemic. At 

the time of writing this thesis on the 15th January 2021, more than 93 million COVID-19 cases and 

over 2 million deaths were reported all over the world.148 We did our part to overcome this crisis and 

initiated multiple virtual screenings to identify novel inhibitors to treat COVID-19. For our primary 

targets of the severe acute respiratory disease corona-virus 2 (SARS-CoV-2), we selected the well-

established RNA-dependent RNA polymerase (RdRp), or in other words the nonstructural protein 

(nsp12), as well as the underexplored nsp10/nsp14 complex. The nsp14 complex has two functions; 

proofread exoribonuclease and methyl transferase of guanine-N7. This is activated by complexation 

of nsp10. Overall, they all account for the cascade of events that is essential for viral replication and 

transcription, as summarised in Figure 6.3:1.149 In an ideal case, a potential combination of inhibitors 

targeting RdRp and the protein–protein interaction (PPI) could lead to synergetic effects. Substantial 

efforts were made to screen available in-house and commercial libraries. In the following 

subchapters, the workflows related to each virtual screening are described. The published biological 

procedures are referenced or otherwise still under work.  

 

 

 

Figure 6.3:1 - The summary of the cascade of the non-structural proteins (nsp) in the viral RNA formation.149 

Taken from Ref.149 without extra permission under the copyright of open access Creative Commons Attribution 

License.  
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nsp12  

At the time of the screening, a cryo-electron microscopy structure of the SARS-CoV-2 RdRP was 

published (2.95 Å – PDB 7BTF).150 The crystal structure was energy minimised by HIPS-WIBI. We 

defined two binding sites, one focusing on the so-called “Active Site”, where remdesivir binds, and 

an allosteric pocket in close proximity, red and cyano pockets, respectively in Figure 6.3:2. Overall, 

about 120,000 compounds were screened for both pockets using LeadIT 2.3.2 and BioSolveIT 9.2 

on the KNIME platform.82,83,125,126 For each compound, ten poses were calculated and only selected 

further if the compound had at least two poses with green or orange torsional angles and  HYDE 

binding affinity of less than 1 mM. StarDrop 6.6.4 was used for the final visual inspection of the 

compounds. The biological evaluation of the hits was done in collaboration with the Götte Group, 

using their published gel-based assay.151 At the time of writing this thesis, the hit validation was still 

ongoing. 

 

 

 

Figure 6.3:2 - The selected binding pockets highlighted for nsp12 (PDB 7BTF). The “Active remdesivir Site” 

pocket in red includes residues 545–548, 553–558, 616–624, 680–693, and 757–762 (PDB 7BTF). The cyano 

“allosteric” pocket includes the residues 172, 173, 176, 243, 246, 247, 249, 315, 318, 318, 319, 350, 394–396, 

456, 457, 459–462, 627–629, 675–677, 788 and 791. The figure was created with PyMOL Molecular Graphics 

System 4.6.0, courtesy of Spyridon Bousis. 
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Table 6.3:1 - Summary of the hits in the testing with nsp12. 

 

 

 

 

 

 

 

Library Binding site 

Number of 

compounds 

through  

the first filters 

Number of 

compounds 

selected for 

testing 

Hit validation 

ongoing 

DDOP 

Hartmann 

~2,500 compounds 

Active 80 20 
HIPS1771, 

HIPS708 

Allosteric 
132 

(*HYDE  <50 µM) 
52 

HIPS1906, 

HIPS1493 

DDOP 

Hirsch 

~700 compounds 

Active 6 4 none 

Allosteric 
64 

(*HYDE  <50 µM) 
35 HIPS5327 

MINS 

Myxo 

~500 compounds 

Active 6 3 none 

Allosteric 35 9 none 

Enamine 

Antibacterial 

~9,000 compounds 

Active 16 15 HIPS5720 

Allosteric 211 not included none 

Enamine 

Antiviral 

~4,000 compounds 

Active 21 21 none 

Allosteric 446 not included none 

SPECS 

~106,000 compounds 

Active 791 13 HIPS5853 

Allosteric 
197 

(*HYDE  <10 µM) 
10 none 
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nsp10 

No previous inhibitors for nsp10 have been reported and therefore, it was selected as a novel target 

with the aim to interrupt the PPI with nsp14 complex. First test runs were done with an older crystal 

structure of SARS-CoV-1 (3.2 Å - PDB 5C8T) applying the filters and workflows from the nsp12 

section.152 Later on, we moved to an automated workflow in KNIME using only SeeSAR 10.1 with 

a new crystal structure of SARS-CoV-2 (1.6 Å - PDB 6ZPE) with higher resolution.82,125,126,153 For 

each compound, ten poses were generated and docked and only selected further if the compound had 

at least two poses with green or orange torsional angles and a HYDE binding affinity of less than 

1 mM. StarDrop 6.6.4 was used for the final visual inspection of the compounds. At the time of 

writing, in-house SPR, functional (DDOP) and MS-based (MINS) assays were under development 

and their details are not reported here.  

 

Figure 6.3:3 - The binding pocket highlighted for nsp10 (3 Å - PDB 5C8T) including residues 5, 6, 14–16, 18, 

40–42, 71, 72, 77–91 and 93. The binding site illustration with a macrocyle (opaque) was created in StarDrop 

6.6.4.  
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Table 6.3:2 - Summary of the hits in the testing with nsp10. 

 

With thanks to HIPS-COVID team and  

in particular, Dr. Ravindra Jumde and Spyridon Bousis from the COVID VS team. 

 

 

 

 

 

 

 

 

 

 

 

 

Library 
Crystal 

Structure 

Through  

the first filters 

Selected for 

testing 

Hit validation 

ongoing 

DDOP Hartmann 

~2,500 compounds 
6ZPE 258 5 ongoing 

DDOP Hirsch  

~700 compounds 
6ZPE 70 5 ongoing 

MINS Myxo  

~500 compounds 

5C8T 6 4 1 (MS-assay) 

6ZPE 11 5 ongoing 

SpiroChem 

~700 compounds 
6ZPE 66 13 ongoing 

SPECS 

~106,000 

compounds 

6ZPE 6926 ongoing ongoing 
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