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When asked about his definition of happiness, Alfred Hitchcock once remarked:  

 

"A clear horizon, nothing to worry about on your plate. Only things that are 

creative, and not destructive. That’s within yourself, within me. I can’t bear 

quarreling; I can’t bear feelings between people. I think hatred is wasted energy. 

It’s all non-productive. I’m very sensitive. A sharp word said by, say, a person who 

has a temper, if they’re close for me, hurts me for days. I know we’re only human, 

we do go in for these various emotions, call them negative emotions, but when all 

these are removed and you can look forward and the road is clear ahead, and now 

you’re going to create something. I think that’s as happy as I would ever want to 

be." 

- Alfred Hitchcock 

  



V 

 

 

 

Acknowledgments 

First and foremost, I want to express my deepest gratitude to myself for standing strong through all 

these years, navigating the challenges of moving from my home country to here. Despite the many 

obstacles, I have not only faced them head-on but have also learned from them, transforming each one 

into a valuable life experience. I also owe a special thanks to my beloved mother, Dr. med. Mastaneh 

Mirkamali, whose unwavering support and encouragement have been my foundation throughout my 

life and studies. Her belief in me has been a driving force, making all the difference. 

I have had the distinct privilege of completing both my master’s thesis and PhD at the Helmholtz 

Institute for Pharmaceutical Research Saarland, in collaboration with Saarland University. This 

transformative experience has profoundly shaped me, both personally and professionally, under the 

expert supervision of Professor Dr. Anna K. H. Hirsch. I am deeply grateful to Professor Hirsch for 

providing me with the invaluable opportunity to be part of her exceptional team. Her trust in me has 

been pivotal in allowing me to pursue my passion, broaden my knowledge, and elevate the quality of 

my work. The insightful feedback, unwavering support, and constant encouragement she has offered 

have been fundamental to my growth and development throughout this journey. 

I would also like to express my sincere gratitude to Dr. Jörg Haupenthal, my research supervisor, for 

his continuous guidance and support throughout this research. His care and attention to detail have been 

a steady source of inspiration. 

My deepest appreciation also goes to Prof. Dr. Kiemer. I am truly thankful for the patience and 

understanding she has shown during my thesis committee meetings, offering me thoughtful insights 

that have enriched my work. 

I would like to thank Dr. Eleonora Diamanti, Dr. Mostafa Hamed, and Dr. Walid A. M. Elgaher for 

their valuable advice and unwavering support. Their time, kindness, and expertise have been crucial in 

helping me refine my research. 

A special note of gratitude goes to Prof. Dr. Dirk J. Slotboom for offering me the incredible opportunity 

to spend six months in the Membrane Enzymology group at the Groningen Biomolecular Sciences and 

Biotechnology Institute (GBB) and the Zernike Institute for Advanced Materials. I am deeply thankful 

for the warmth, kindness, and hospitality of his team, especially Aleksei, Kaori, Solene, Ksenia, 

Michele, Zaid, Jose, Iris, Mark, Miyer, Anna, Lyan, Jelmer, and many others. Their camaraderie made 

my experience truly unforgettable. 

I would also like to thank all the DDOP, AVID, and CBCH members, especially the ECF group: Spyros, 

Eleonora, Mostafa, Virgyl, Ioulia, and Justine. It has been a true pleasure to collaborate with each of 

you. 

Additionally, I am grateful to the technicians of the laboratory of the Department of Drug Design and 

Optimization at HIPS, Simone, Jeannine, Selina, Jannine, and Tabea, as well as the secretaries Bahareh 

and Nicole, for their continued support and assistance. 



VI 

 

Finally, my heartfelt thanks go to my beloved friends: Mostafa, Nazila, Romina, Shahrzad, Roya, Marie, 

Yingwen, Maryam, Tina, Mohammad, Justine, Jack, Sepideh, Arghavan, Shakila, Afroz, Fatemeh, 

Sepand, Hamid, and Jonas. Your presence and unwavering encouragement have been a constant source 

of strength and motivation. 



VII 

 

 

 

Summary 

 

Antimicrobial resistance is a major global health threat, driven by the overuse and misuse of antimicrobial 

in clinical and agricultural settings. Resistant bacteria evade antibiotics through various mechanisms, 

including enzymatic degradation, structural modifications, efflux pumps, and reduced membrane 

permeability. The rise of multidrug-resistant pathogens such as Escherichia coli, Klebsiella pneumoniae, 

and Acinetobacter baumannii necessitates novel therapeutic strategies, including antimicrobial 

stewardship, alternative treatments, and advanced diagnostic tools. 

Vitamins play a crucial role in both human health and bacterial survival. Bacteria, much like humans, either 

synthesize vitamins or acquire them from their surroundings. The ATP-binding cassette (ABC) and energy-

coupling factor (ECF) transporters facilitate vitamin uptake in bacteria, with ECF-FolT2 and ECF-PanT 

transporting folate and pantothenate, respectively. Understanding these transport mechanisms presents 

opportunities for developing antimicrobial agents targeting bacterial vitamin dependency. 

This study explores the biochemical and structural properties of ECF transporters, their role in bacterial 

metabolism, and their potential as drug targets. By elucidating the molecular mechanisms of vitamin 

transport, this research contributes to the development of innovative therapeutic strategies to combat 

antimicrobial resistance. 
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Zusammenfassung 

Die antimikrobielle Resistenz ist eine bedeutende globale Gesundheitsbedrohung, die durch den 

übermäßigen und unsachgemäßen Einsatz von antimikrobiellen Wirkstoffen begünstigt wird. Einsatz von 

Antibiotika in klinischen und landwirtschaftlichen Bereichen vorangetrieben wird. Resistente Bakterien 

umgehen Antibiotika durch verschiedene Mechanismen, darunter enzymatischer Abbau, strukturelle 

Modifikationen, Effluxpumpen und verringerte Membranpermeabilität. Das Aufkommen multiresistenter 

Erreger wie Escherichia coli, Klebsiella pneumoniae und Acinetobacter baumannii erfordert neue 

therapeutische Strategien, darunter ein umsichtiges Antibiotikamanagement, alternative Behandlungen 

und fortschrittliche Diagnosetools.   

 

Vitamine spielen eine entscheidende Rolle sowohl für die menschliche Gesundheit als auch für das 

Überleben von Bakterien. Bakterien, ähnlich wie der Mensch, synthetisieren entweder Vitamine oder 

nehmen sie aus ihrer Umgebung auf. Die ATP-bindenden Kassettentransporter (ABC) und die 

energiegekoppelten Faktortransporter (ECF) erleichtern die Vitaminaufnahme in Bakterien, wobei ECF-

FolT2 und ECF-PanT speziell Folat bzw. Pantothenat transportieren. Das Verständnis dieser 

Transportmechanismen bietet Möglichkeiten zur Entwicklung antimikrobieller Wirkstoffe, die auf die 

Vitaminabhängigkeit von Bakterien abzielen.   

 

Diese Studie untersucht die biochemischen und strukturellen Eigenschaften von ECF-Transportern, ihre 

Rolle im bakteriellen Stoffwechsel und ihr Potenzial als medikamentöse Zielstrukturen. Durch die 

Aufklärung der molekularen Mechanismen des Vitamintransports trägt diese Forschung zur Entwicklung 

innovativer therapeutischer Strategien zur Bekämpfung der Antimikrobielle Resistenz bei. 
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1 Introduction 

1.1 Antimicrobial resistance (AMR) 

AMR is one of the most pressing challenges in modern medicine, threatening decades of progress in 

treating bacterial infections. It occurs when bacteria acquire or develop mechanisms that render antibiotics 

ineffective, thereby allowing these microorganisms to survive and proliferate despite therapeutic 

intervention1. While the phenomenon of AMR is a natural evolutionary process, human activities such as 

the overuse and misuse of antibiotics in clinical and agricultural settings have accelerated its emergence 

and global spread2. This escalating crisis has profound implications for public health, as infections caused 

by resistant bacteria often lead to longer hospital stays, higher medical costs, and increased mortality3.   

 

Bacterial resistance to antibiotics poses a significant public health challenge, rooted in both biochemical 

and genetic factors. Resistance can be intrinsic, where bacteria naturally evade certain antibiotics due to 

inherent structural or functional traits, or acquired, which arises through genetic mutations or the horizontal 

transfer of resistance genes. Key mechanisms include the enzymatic inactivation of antibiotics, structural 

modifications that prevent drugs from binding to their targets, active expulsion of antibiotics via efflux 

pumps, and reduced permeability of bacterial membranes to limit drug uptake (Figure 1). The remarkable 

genetic adaptability of bacteria, driven by mutations and gene exchange, enables rapid development and 

dissemination of resistance traits. These mechanisms collectively contribute to the growing prevalence of 

multidrug-resistant pathogens, underscoring the urgent need for innovative therapeutic strategies to combat 

antibiotic resistance and safeguard the efficacy of existing treatments4.  
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Figure 1: Understanding antimicrobial resistance: Schematic illustration of the common antibiotic resistance 

mechanisms in bacteria. Bacteria can alter or destroy antibiotics with enzymes or proteins, expel drugs using 

pumps, and restrict drug entry by modifying or reducing entryways and permeability. Created in BioRender. 

Shams, A. (2025) 

 

The consequences of antibiotic resistance are severe. Common bacterial infections such as urinary–tract 

infections, pneumonia, and sepsis are becoming increasingly difficult to treat, with some infections now 

having limited treatment options using existing antibiotics4. Multidrug-resistant organisms, including 

Escherichia coli, Klebsiella pneumoniae and Acinetobacter baumannii, are spreading rapidly and causing 

outbreaks in healthcare facilities worldwide5.  

The development of new antibiotics has significantly slowed down due to substantial financial and 

scientific challenges faced by pharmaceutical companies in creating and bringing novel drugs to the 

market6. Central to this effort is the implementation of antimicrobial stewardship programs, which aim to 

optimize the use of antibiotics to reduce unnecessary prescriptions and ensure effective treatment of 

infections7. Infection control measures, including enhanced hygiene practices and vaccination campaigns, 

can limit the spread of resistant pathogens8. Research into alternative therapies, such as bacteriophages, 

antimicrobial peptides, and immunomodulatory treatments, offers promising avenues for combating 

resistant infections9. Additionally, advancements in rapid diagnostic tools can aid clinicians in identifying 
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resistant infections promptly, enabling targeted therapy and minimizing the overuse of broad-spectrum 

antibiotics10. 

 

Public awareness and education are equally critical in curbing AMR. Patients must be informed about the 

importance of adhering to prescribed treatments and the risks associated with self-medication and 

incomplete courses of antibiotics11. On a global scale, collaboration among governments, healthcare 

organizations, and regulatory bodies is essential to develop policies that promote responsible antibiotic use 

and support research into new therapeutic strategies12. 

 

In conclusion, AMR represents a formidable challenge with far-reaching consequences for global health. 

Its resolution demands an integrated approach that combines scientific innovation, public health measures, 

and global collaboration. By prioritizing these efforts, we can mitigate the impact of resistance and preserve 

the effectiveness of antibiotics for future generations.   

1.2 Vitamins 

Vitamins are essential organic compounds that serve as crucial micronutrients for a wide range of 

biological processes, including growth, metabolic function, and the maintenance of overall health. The 

term "vitamin" from the word "vita," meaning life, and "amine," as they were originally thought to be 

amines necessary for life13. Since their discovery, vitamins have been recognized for their role in promoting 

proper cellular function and preventing various deficiencies. The discovery of these compounds has had a 

profound impact on the understanding of nutrition and health, especially in the context of deficiencies 

leading to disease14. 

Vitamins are categorized into two primary groups based on their solubility: water-soluble and fat-soluble 

vitamins. Water-soluble vitamins, which include the eight members of the B-complex group and vitamin 

C (ascorbic acid), are absorbed directly into the bloodstream and are not stored in significant amounts 

within the body (Figure 2). As a result, they must be regularly replenished through diet15,16. Fat-soluble 

vitamins, which include vitamins A (retinol), D (calciferol), E (tocopherols), and K (quinones), are 

absorbed with dietary fat and can be stored in the body for longer periods, providing a reservoir for times 

of deficiency17. The roles of B-complex vitamins in cellular metabolism are summarized in Table 1, which 

highlights their involvement in key metabolic pathways critical for energy production and cellular function. 



4 

 

 

Figure 2: The figure shows a list of water and fat-soluble vitamins with their alternative names, highlighting their 

importance in maintaining overall health and supporting various bodily functions. Created in BioRender. Shams, 

A. (2025) 

 

Deficiency in vitamins can lead to a variety of health conditions. For example, a lack of vitamin B9 (folic 

acid) results in macrocytic anemia and poor growth, while a deficiency in vitamin C (ascorbic acid) leads 

to scurvy, characterized by bleeding gums and weakened immune function18. In humans and animals, the 

investigation of vitamin deficiencies and their associated diseases has long been a subject of scientific 

research, as understanding these relationships has allowed for the development of therapeutic interventions 

and public health measures to prevent such conditions14. 

Vitamins are not only essential for human health but also for the survival and growth of bacteria and 

archaea. While most prokaryotes are capable of synthesizing vitamins from primary metabolites, some 

species are auxotrophic, meaning they cannot produce certain vitamins and instead rely on environmental 

sources for these essential compounds19. This dependency on external vitamin uptake renders them 

vulnerable to environmental changes and offers an interesting target for antimicrobial drug development. 

Research into the transport mechanisms of vitamins within these microorganisms is thus a promising 

avenue for discovering novel antimicrobial agents that could disrupt these critical processes. 

The role of vitamins in bacterial growth and survival underscores their importance not only for human 

health but also for microbial pathogenesis. Vitamin deficiencies in bacteria can severely disrupt cellular 

metabolism, impairing essential functions and hindering growth. Consequently, the study of vitamin 

transport and utilization mechanisms in bacteria could lead to the development of new therapeutic 

strategies aimed at combating resistant bacterial infections by targeting these essential metabolic pathways. 

 

 



5 

 

 

 

Table 1: B–type vitamins and their role in cellular metabolism20. 

Vitamin Structure Role in pathogen 

  Thiamin or B121–25 

 

Precursor of cofactors for enzymes in 

various pathways: 

 

 catabolism of carbohydrates and 

energy metabolism 

 pyruvate conversion 

 role in neurodegeneration and 

transient betterment 

 

   Riboflavin or B2 26,27 

 

Cofactor in redox metabolic reactions: 

 

 energy generation from 

carbohydrates, fatty acids, ketone 

bodies, and proteins 

 amino acid and fat metabolism 

 mitochondrial function 

 production of glutathione as an 

antioxidant 

 

 Niacin or B328 

 

 Precursor of coenzymes NAD and NADP,

  which respectively are involved in: 

 breaking down of fat, carbohydrate, 

protein, and alcohol along with cell 

signaling and DNA repair 

 building up fatty acids and cholesterol 

synthesis 
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 Pantothenate or B529–

32 
 

 Precursor for biosynthesis of Coenzyme A, 

 which is involved in: 

 phospholipid biosynthesis 

 fatty acid metabolism 

 function of the tricarboxylic acid cycle 

 

 Pyridoxal phosphate 

 or active form of 

vitamin B633  

 Involved in different enzymatic reactions as 

a  coenzyme such as: 

 transamination reactions 

 beta–elimination reactions 

 Biotin or B734 

 

 cofactor for carboxylase enzymes 

 involved in fatty acid biosynthesis, 

amino acid metabolism 

 Folate or B935 

 

Methylated derivation of folate (THF) 

involves in: 

 single–carbon metabolism 

 biosynthesis of DNA and RNA 

 synthesis of methionine 

 Cobalamin or B1236 

 

Used by many bacteria as a cofactor for 

various processes, including: 

 

 Metabolism 

 Gene regulation 

Impacts host–microbe interactions by: 

 

 Altering host physiology 

 Modifying bacterial physiology 
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1.3 ATP-binding cassette (ABC) transporters 

The cell membrane serves as a selectively permeable barrier, composed of a lipid bilayer interspersed with 

a diverse array of proteins. These proteins play vital roles in structural support, signal transduction, and the 

transport of molecules, contributing to the dynamic and complex nature of the membrane37. Among these, 

ATP-binding cassette (ABC) transporters are a prominent class of integral membrane proteins, recognized 

for their pivotal role in the active transport of substrates across membranes. As members of the transport 

system superfamily, ABC transporters are evolutionarily conserved and are found in organisms ranging 

from prokaryotes to eukaryotes38. ABC transporters have a tremendous structural diversity in their 

membrane-embedded domains. The structural differences between ABC exporters and importers may be 

related to the opposing directions in which the substrate is pumped or the range of transported substrates. 

The three different types of ABC importers (Type I, Type II, and ECF) have overlapping substrate 

specificities, but it is unclear why three importer folds have evolved39,40. 

 

ABC transporters utilize ATP hydrolysis to drive the translocation of various substrates, including ions, 

lipids, drugs, and metabolic products, across biological membranes. Structurally, these transporters are 

composed of two transmembrane domains (TMDs) embedded in the lipid bilayer, which form the substrate 

translocation pathway, and two nucleotide-binding domains (NBDs) located in the cytoplasm. ATP 

molecules bind to the NBDs, initiating a cascade of events that includes ATP hydrolysis (Figure 3). The 

energy released from this process induces conformational changes in the TMDs, facilitating substrate 

movement across the membrane. This ATP-driven mechanism highlights the importance of energy 

coupling in maintaining directional substrate flow41. 

 

In prokaryotes, the efficiency and specificity of substrate transport by ABC systems often depend on 

substrate-binding proteins (BPs). These proteins act as initial substrate recognizers and facilitators, 

capturing target molecules from the extracellular environment and delivering them to the transporter 

complex. In Gram-negative bacteria, BPs are predominantly located in the periplasmic space, where they 

operate within a confined and controlled environment. However, Gram-positive bacteria, which lack a 

periplasmic space, utilize alternative strategies. They employ either lipoproteins tethered to the external 

surface of the membrane or BPs directly associated with the TMDs of the transporter to ensure efficient 

substrate capture and delivery42. 

 

The versatility and adaptability of ABC transporters in both prokaryotes and eukaryotes underscore their 

significance in cellular processes, including nutrient acquisition, toxin efflux, and resistance to 

antimicrobial agents38. Understanding their structure, function, and interaction with accessory proteins like 

BPs not only provides insights into their physiological roles but also opens avenues for developing 

therapeutic strategies targeting their function in pathogens. 
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Figure 3: Illustration of the ABC influx transporter: the interaction of the binding proteins (BPs) with the 

substrate, facilitate its transport into the cell through the ABC transporter. Created in BioRender. Shams, A. (2025) 

1.4 Energy-coupling factor (ECF) transporters 

Energy-coupling factor (ECF) transporters are a recently identified and distinct subfamily of ATP-binding 

cassette (ABC) transporters found exclusively in prokaryotes. Their role in the active transport of vital 

substrates, such as vitamin B complexes, cobalt ions (Co²⁺), and nickel ions (Ni²⁺), makes them promising 

targets for the development of anti-infective therapies. Targeting these essential transport mechanisms, 

ECF transporters could be exploited to combat bacterial pathogens43,44.  

 

Structurally, ECF transporters are composed of four distinct domains: (a) two cytosolic ATPases, referred 

to as EcfA and EcfAʹ, (b) a membrane-embedded substrate-binding protein, also called the S-component 

or EcfS, and (c) a transmembrane energy-coupling protein known as EcfT. The EcfT protein serves as an 

intermediary, linking the ATPases (EcfA and EcfAʹ) with the substrate-specific S-component, ensuring 

coordinated transport activity45.  

 

ECF transporters are classified into two distinct groups based on their organizational and functional 

differences:   

- Group I: Each ECF module (ECFTAʹA) is paired with a specific S-component, and the genes encoding 

these components are located within a single operon.   

- Group II: Multiple S-components share a single ECF module and compete for access to it. Unlike Group 

I, the genes encoding the S-components are distributed across the chromosome, separate from those 

encoding the other domains20.  
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The transport mechanism in Group II ECF transporters is particularly intriguing. The EcfT protein features 

two elongated α-helices that form an X-shaped structure20. Conformational changes in these helices 

facilitate substrate translocation. When ATP binds to the nucleotide-binding pockets of EcfAʹA, its 

hydrolysis generates the energy required to move the α-helices forward, causing the S-component to 

reorient. Initially, the S-component faces the extracellular space to bind its substrate. Following 

reorientation, the substrate-loaded S-component aligns with the cytoplasmic side, interacts with EcfT, and 

transfers the substrate through the membrane. In the resting state, the α-helices of EcfT return to their 

original position, and the nucleotide-binding pockets remain unoccupied20 (Figure 4).  

 

Figure 4: Schematic representation of an ECF group-II transporter: Upon binding of the S-component with 

its substrate, it topples over in the membrane. The interaction with the ECF module releases the substrate into the 

cytoplasm. ATP binding then releases the empty S-component, leading to the separation of the ECF module and 

the S-component in an outward-facing state. Created in BioRender. Shams, A. (2025) 

 

The S-components (EcfS) of Group II transporters exhibit a high degree of sequence variability but share 

a common structural framework, characterized by six transmembrane helices (TMHs) arranged in a bundle. 

These helices, particularly SM4–6, interact with connecting loops (e.g., L1, L3, and L5) and conserved 

residues within the substrate-binding pocket46. This structural arrangement allows EcfS proteins to 

accommodate substrates of diverse sizes and shapes. A conserved AxxxA motif on the surface of the S-

component is hypothesized to act as a binding site for the ECF module, further facilitating the transport 

process47. The diversity of S-component binding pockets is a key feature of ECF transporters, highlighting 

their adaptability in substrate recognition and transport.  
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1.5 Role of ECF transporters in pathogenic bacteria and vitamin uptake 

Many pathogenic bacteria depend on the uptake of essential vitamins for their survival and growth, often 

facilitated by ECF transporters. These transporters allow bacteria to scavenge B-type vitamins from their 

environment, compensating for the absence or partial loss of de novo biosynthetic pathways. The presence 

and reliance on ECF transporters vary among different bacterial species. The vitamin acquisition strategies 

vary based on the pathogen and below is a list of seven key pathogens20: 

 

1. Staphylococcus aureus: it encodes S-components for riboflavin, thiamine, and biotin. It has the 

capability to synthesize these vitamins de novo, reducing its dependence on external sources. 

2. Streptococcus pneumoniae: it utilizes ECF transporters for pantothenate, niacin, riboflavin, and biotin. 

However, it lacks complete biosynthetic pathways for these vitamins, making uptake essential for its 

survival. 

3. Enterococcus faecium: it fully dependent on vitamin uptake through ECF transporters, as it lacks the 

genetic machinery for de novo biosynthesis of essential vitamins. 

4. Enterococcus faecalis: it can biosynthesize folic acid and pantothenate but requires external sources of 

niacin, riboflavin, thiamine, and biotin for optimal growth. 

5. Clostridium tetani: it relies on ECF transporters for the uptake of folic acid, pantothenate, niacin, and 

biotin. However, it retains the ability to synthesize thiamine and riboflavin de novo. 

6. Clostridium novyi: it is capable of synthesizing most essential vitamins, except folic acid and biotin, 

which must be obtained from the environment via transport systems. 

7. Clostridium difficile: it possesses the biosynthetic pathways for pantothenate and riboflavin but depends 

on external biotin for survival. 

 

The variations in vitamin acquisition strategies highlight the potential of ECF transporters as novel 

antimicrobial targets.  

The ECF transporter studied in this Phd project is ECF-PanT from Streptococcus pneumoniae. S. 

pneumoniae is a Gram-positive bacterium that plays a central role in respiratory infections, such as 

pneumonia, as well as more severe conditions like meningitis and sepsis. It is primarily found in the 

nasopharynx of healthy individuals but can become pathogenic, especially in immunocompromised 

individuals, children, and the elderly. The bacterium's virulence is largely due to its polysaccharide capsule, 

which acts as a major virulence factor by preventing phagocytosis and aiding in immune evasion48. The 

ability of S. pneumoniae to survive and proliferate in diverse host environments requires it to acquire 

essential nutrients, including vitamins49. ECF transporters play a key role in bacterial growth and 

metabolism, particularly during infection when nutrient availability is limited, by facilitating the uptake of 

essential micronutrients. Disrupting these transporters could hinder bacterial survival, making it more 

vulnerable to the host’s immune response. Targeting ECF transporters offers a promising strategy for 
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antimicrobial therapy, potentially complementing existing treatments and addressing the challenge of 

AMR. 

 

1.6 Development of ECF inhibitors and their mechanism of action 

Recent efforts have been directed toward identifying inhibitors of ECF transporters to hinder bacterial 

growth. In 2018, Bousis et al. identified 12 druggable pockets in the ECF-FolT2 transporter using 

computational studies and, performed a sequence alignment of the ECF module in different pathogens 

showing conserved regions, indicating a broad-spectrum drug target20. Next, in 2023 Diamanti et al. 

performed a structure–based virtual screening (SBVS) on the ECF-FolT2 from Lactobacillus 

delbrueckii (PDB ID: 5JSZ) to identify the first ECF inhibitors. The crystal and Cryo-EM structures for 

this ECF transporters gave us the opportunity to further explore our knowledge about these inhibitors. 

Coarse-grained (CG) molecular dynamics (MD) simulations were performed also to predict the binding 

and mechanism of action of a novel class of compounds to ECF transporters and interfere with their 

transport cycle. These compounds demonstrated potent inhibitory activity, highlighting the potential of 

targeting these transporters as a therapeutic strategy50. Additionally, we conducted a study in our group to 

identify and optimize compounds that inhibit ECF transporters51. 

The mode of action of ECF inhibitors involves binding to the transporter and preventing the effective 

uptake of different vitamins, which is essential for bacterial survival. Diamanti et al. (2023) demonstrated 

that these inhibitors may bind at the interface between the S-component and ECF module. The compound 

might therefore interfere with the protein-protein interaction (PPI), thereby inhibiting transporter function 

and resulting in bacteriostasis50. 

1.7 Structural insights into ECF transporters 

The structural understanding of ECF transporters has been instrumental in the development of inhibitors. 

X-ray crystallography and cryo-electron microscopy (cryo-EM) have provided detailed structural models 

of the transporter, revealing key differences between ECF inhibitors and other ABC transporters. These 

structural insights facilitate the design of more effective and specific inhibitors that can bind to ECF 

transporters without affecting the human transport systems. Recent structural studies on ECF transporters 

have provided crucial insights into their mechanism and potential for inhibition. Crystal structures and 

biochemical analyses have revealed that ECF transporters use a unique transport mechanism involving the 

toppling of small integral membrane subunits (S-components)40. The structure of group II ECF transporter, 

specifically the pantothenate transporter from Lactobacillus brevis (LbECF-PanT) has elucidated how a 

single EcfAA'T module can interact with different S subunits in group II ECF transporters, identifying key 

residues essential for transporter activity and complex stability52. As mentioned above, Coarse-grained 

molecular dynamics simulations on ECF-FolT2 and ECF-PanT have been used to profile the binding mode 
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and mechanism of inhibition for a promising class of inhibitors50. The conformational dynamics of ECF 

module support its role as a scaffold mediating interactions with various EcfS or S-component proteins53,54. 

1.8 Conclusion and future directions 

The identification and optimization of ECF transporter inhibitors is a promising strategy for the 

development of new antimicrobial therapies. These inhibitors could provide an alternative to traditional 

antibiotics, which are becoming increasingly ineffective due to rising antibiotic resistance. However, 

further research is needed to refine the potency and selectivity of these inhibitors, as well as to evaluate 

their efficacy in clinical settings. Additionally, understanding the structural biology of ECF-PanT will be 

crucial for designing inhibitors that can effectively target bacterial pathogens without affecting human 

transport systems. 
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2 Aims of the thesis 

 

 ECF transporters are integral membrane protein complexes that facilitate the uptake of essential 

micronutrients, such as vitamins, in prokaryotic organisms. Their pivotal role in bacterial metabolism, 

coupled with their absence in humans, renders them attractive targets for the development of novel 

antibacterial agents, especially in the context of rising antibiotic resistance. 

The primary objective of this thesis was the purification and characterization of the Streptococcus 

pneumoniae ECF-PanT transporter to elucidate its structural and functional properties. In silico studies 

were employed to guide the design and optimization of inhibitors targeting its allosteric sites.  Subsequent 

efforts focused on optimizing these inhibitors and assessing their in vivo efficacy using the Galleria 

mellonella infection model. 

In previous work conducted at the Helmholtz institute for pharmaceutical research Saarland (HIPS), a 

SBVS of ECF-FolT2, a homolog of ECF-PanT, was performed. This screening led to the identification of 

initial hits, which were synthesized and tested in various functional assays in collaboration with the 

University of Groningen. These studies aimed to establish a structure–activity relationship (SAR) for the 

most promising compounds, encompassing comprehensive biophysical and biological characterization, as 

well as the resynthesis of lead compounds and their derivatives. 

Building upon these foundations, the second part of this work focused on the discovery and optimization 

of ECF inhibitors. A dynamic combinatorial chemistry (DCC) approach was employed, facilitating the 

identification of a new class of ECF inhibitors with improved activity. The application of DCC enabled the 

efficient exploration of chemical space, leading to the discovery of potent inhibitors. These compounds 

were further evaluated for cytotoxicity, and computational modeling studies were conducted to rationalize 

their binding modes. Notably, docking studies revealed that the acylhydrazone linker maintained crucial 

interactions within the binding site.  

Additionally, an efficient bacterial uptake assay was developed to screen for inhibitors of ECF transporters. 

This assay provided a robust platform for evaluating the inhibitory potential of compounds, thereby 

streamlining the identification of promising ECF transporter inhibitors.  

Collectively, these efforts contribute to a deeper understanding of ECF transporter inhibition and offer a 

promising avenue for the development of novel antibacterial therapies targeting ECF-PanT.   
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3 Results 

3.1  Chapter A: Expression and characterization of pantothenate energy-coupling factor 

transporters as an anti-infective drug target55 

 

Shams A.; Bousis S.; Diamanti E.; Elgaher W. A. M.; Zeimetz L.; Haupenthal J.; Slotboom Dirk 

J.; Hirsch Anna K. H: Expression and characterization of pantothenate energy-coupling factor 

transporers as an anti-infective drug target. Protein Sci 2024.  DOI: 10.1002/pro.5195 
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3.2  Chapter B: Hit optimization by dynamic combinatorial chemistry on Streptococcus 

pneumoniae energy-coupling factor transporter ECF-PanT 51 

 

Exapicheidou I. A. ┴; Shams A. ┴; Ibrahim H.; Tsarenko A.; Backenköhler M.; Hamed M.; Diamanti E.; 

Volkamer A.; Slotboom Dirk J.; Hirsch Anna K. H: Hit optimization by dynamic combinatorial chemistry 

on Streptococcus pneumoniae energy-coupling factor transporter ECF-PanT. Chem. Commun 2024. DOI: 

10.1039/D3CC04738E 
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3.3 Chapter C: Investigation of the rescue effect of energy coupling factor inhibitors 

against roseoflavin toxicity in Streptococcus pneumoniae 

 

Shams A.; Zeimetz L., Haupenthal J.; Bousis S.; Hirsch Anna K. H: Investigation of the rescue effect of 

energy coupling factor inhibitors against roseoflavin toxicity in Streptococcus pneumoniae. The 

manuscript and experimental protocol are currently in preparation. 

 

The authors would like to thank Simone Amann, a technical assistant of the department DDOP, for her 

support and assistance in performing the assay.  
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Abstract 

This chapter describes the optimization of antimicrobial assays focusing on the interaction between 

roseoflavin (RoF), a toxic riboflavin analog, and energy-coupling factor (ECF) transporters 

in Streptococcus pneumoniae. The study investigates the minimum inhibitory concentrations of RoF and 

various test compounds, both individually and in combination, to assess potential synergistic or 

antagonistic effects on bacterial growth. The findings aim to elucidate the mechanisms by which ECF 

transporter inhibitors influence RoF uptake and efficacy. 

Introduction 

Vitamins are essential organic compounds that serve as enzymatic cofactors across all living organisms. 

Riboflavin, also known as vitamin B2, is a water-soluble vitamin essential for various cellular processes, 

including energy production and the metabolism of fats, drugs, and steroids. Riboflavin is particularly 

important as a precursor to the critical redox cofactors flavin mononucleotide (FMN) and flavin adenine 

dinucleotide (FAD). Interestingly, certain human pathogens, including Listeria, Streptococcus, and 

Enterococcus, lack the necessary enzymes for synthesizing riboflavin de novo. Instead, these bacteria rely 

on energy-coupling factor (ECF) transporters, specifically the RibU subunit, to acquire riboflavin from 

their environment. As a result, the ECF-RibU system appears to be the primary or exclusive means of 

riboflavin uptake in these pathogens56. 

Roseoflavin (RoF) is a structural analog of riboflavin and its phosphorylated derivative, FMN. Isolated 

from the Gram-positive bacterium Streptomyces davawensis, RoF exhibits antibiotic activity against 

various Gram-positive bacteria, including Bacillus subtilis and Staphylococcus aureus. Riboswitches are 

gene-regulating elements that modulate gene expression upon binding specific metabolites. In B. subtilis, 

the FMN riboswitch regulates genes responsible for riboflavin biosynthesis and transport by binding to 

FMN. Notably, RoF can bind directly to FMN riboswitches, leading to downregulation of associated genes. 

This interaction suggests that RoF may exert its antimicrobial effects by targeting FMN riboswitches, 

thereby disrupting essential metabolic processes in bacteria57.  

Aim of the assay 

RoF, as a riboflavin analog, is presumed to require binding to riboflavin-specific ECF transporters for 

uptake. Given this, the present study aims to investigate the impact of our test compounds on bacterial 

growth in combination with RoF. Depending on their mode of action, the compounds may exhibit one of 

two potential effects: (i) growth inhibition or a synergistic interaction if the compounds amplify RoF's 

antimicrobial activity and work in concert with it; or (ii) a rescue effect, where the compounds counteract 

RoF toxicity and restore bacterial growth by inhibition of the corresponding ECF transporter. 
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Based on the hypothesized mechanism of action, the tested compounds are expected to exhibit a rescue 

effect. This assumption is based on the idea that the compounds function as inhibitors of the ECF transport 

group II by binding to the ECF module, thereby disrupting the transport cycle of various S-components, 

including RibU50. If RibU-mediated riboflavin uptake is inhibited, RoF, which is a structurally similar 

antimicrobial, would also be unable to enter bacterial cells. As a result, bacteria would evade RoF-induced 

toxicity, leading to a rescue rather than inhibitory effect. This study aims to experimentally confirm this 

hypothesis by assessing bacterial growth under different treatment conditions. 

Materials and Methods 

This assay was first developed for B. subtilis and then adapted and optimized for S. pneumoniae. 

 

1. Determination of Minimum Inhibitory Concentration (MIC): 

MICs for RoF and selected compounds were determined. The MIC assay was performed based on a 

previously published protocol58.  

2. Rescue or inhibition effect studies using RoF: 

To prepare Todd–Hewitt Medium (THM) with 0.1% choline, the medium was sterilized in an appropriate 

flask by autoclaving. Under sterile conditions, 0.1% choline was added to the autoclaved medium, with the 

final mixture remaining stable for 20 days. For culture preparation, S. pneumoniae (DSM20566) was 

inoculated in 15 mL of THM and incubated at 37 °C with 5% CO₂ for 24 hours or more without shaking, 

with the Erlenmeyer covered using a breathable seal. After 24 hours, the Optical Density (OD600) was 

measured, aiming for a target OD of 0.6–1. The culture was then diluted to an OD of 0.06 in THM before 

being added to the assay plate, ensuring a final concentration of 0.03 in the well plate. For the assay, a plate 

layout was prepared, and the stock concentrations of each compound and RoF were calculated. A total of 

2 µL of DMSO or test compounds was added to each well, or 1 µL from each compound and RoF was 

used for combinations. Then, 98 µL of diluted culture (OD 0.06) and 100 µL of THM were added to each 

well. The contents in each well were gently mixed before being placed in a Fluostar plate reader. The plate 

reader was set to 37 °C with 5% CO₂, and measurements were run for 24 hours without shaking, with 

absorbance data collected every 10 min from the center of each well. Finally, the data were analyzed using 

Excel or GraphPad Prism. 

The assay included control groups consisting of RoF only, compounds only, DMSO only, and medium 

without additives. The test groups included combinations of RoF and compounds at sub-MIC 

concentrations to better observe the effect. 
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Results and discussion 

The MICs for RoF and the selected compounds were successfully determined (Table 2).  

Table 2: Minimum inhibitory concentration (MIC) values for the selected ECF inhibitors and roseoflavin, a toxic 

analogue of riboflavin, are presented. MIC values provide essential information on the lowest concentration of 

each compound required to inhibit bacterial growth. 

Compound name  MIC value (M) 

HIPS 6989 2.5 ± 0.1  

HIPS 8231 5.2 ± 0.3  

HIPS 8235 3.4 ± 1.1  

Roseoflavin (RoF) 22.0 ± 6.6  

 

In this assay, these selected compounds supposed to exhibit a rescue effect, mitigating the inhibitory impact 

of RoF on bacterial growth. This would align with the hypothesis that inhibition of the ECF module by 

these compounds prevents RoF from entering the cells, thereby reducing its antimicrobial efficacy. 

The concentrations that were used in the assay were lower than their MIC values and at 1, 2, and 1 M for 

6989, 8231 and 8235, respectively. The compounds were tested at sub-MIC concentrations to assess their 

potential for inhibiting the ECF transporter without directly killing the bacteria. Even at these lower 

concentrations, the compounds may still partially inhibit the transporter. When combined with RoF (or 

acting against it), due to the expected rescue effect, their effect should not be the sum of their individual 

antibacterial effects. This approach allows for testing whether the compounds can block RoF uptake 

without causing bacterial death. Higher concentrations close to the MIC would likely result in bactericidal 

effects, making it difficult to differentiate between transporter inhibition and bacterial killing. By using 

sub-MIC concentrations, the study focuses specifically on transporter inhibition, ensuring that any 

observed effect is due to blocking RoF uptake rather than outcompeting RoF’s toxicity. This method helps 

isolate the transporter-inhibiting potential of the compounds, rather than their bactericidal activity.  

In Figure 5, the concentration of compound HIPS 6989 in both conditions A and B was 1 M, while the 

RoF concentrations were at 1 and 5 M, respectively. In 5A, the combination of RoF and the compound at 

1 µM resulted in the same OD as the compound alone, suggesting no synergy between them. This indicates 

that RoF does not enhance the compound's effect, and the compound’s action dominates, with RoF not 

contributing significantly to the outcome at this concentration. 
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Figure 5: Rescue effect studies against roseoflavin (RoF) toxicity using Streptococcus pneumoniae. Figures 

A and B shows 1 M of HIPS 6989 with 1 M and 5 M of RoF, respectively. Figures C and D shows 2 M of 
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HIPS 8231 with 1 M and 5 M of RoF, respectively. Figures E and F shows 1 M of HIPS 8235 with 1 M 

and 5 M of RoF, respectively.  

 

Figure 5B exhibits that the OD for DMSO remains the same, while RoF at 5 µM almost completely inhibits 

the growth. The compound at 1 µM is close to the DMSO level, and initially, the combination of RoF and 

the compound results in a higher OD than RoF alone for the first 500 minutes. However, after this time, 

the OD of the combination treatment surpasses that of RoF alone, suggesting a delayed effect especially 

on the growth log phase. This could indicate that the compound is partially mitigating the inhibitory effect 

of RoF, but not to the full extent as when the compound is used alone. The combination seems to reduce 

RoF's impact, but it is not completely overcoming it, which could suggest a partial rescue effect or 

a modulatory interaction rather than a full rescue. 

The same observation also applies to compound HIPS 8231, in both conditions C and D in Figure 5. 

Figure 5E shows that the OD for RoF at 1 µM alone is near to the DMSO control, while the compound 

alone results in a lower OD. The combination of RoF and the compound shows a similar OD to the 

compound alone, with only a slight increase. In Figure 5F, RoF at 5 µM shows the same effect as the other 

compounds, with the difference being that the rescue effect is slightly less pronounced. 

In Figure 6, we selected one of the compounds to explore the effect of different concentrations on bacterial 

growth. The RoF concentration was set to 3 µM, while compound HIPS 6989 was tested at concentrations 

of 0.3, 1, 1.5, and 2 µM shown in Figure 6, A–E, respectively. As the concentration of the compound 

increased, a more pronounced inhibition of bacterial growth was observed. Interestingly, at lower 

concentrations, a better rescue effect was seen in the combination of compound and RoF test group. This 

could potentially be due to a reduced bactericidal effect at lower compound concentrations, which might 

allow the compound to focus more on inhibiting RoF uptake or lessening RoF's inhibitory impact, thereby 

promoting bacterial survival. At higher concentrations, the compound’s bactericidal activity may 

overshadow these effects, making it less effective in mitigating RoF's impact. However, this is speculative 

and would require further investigation to fully understand the mechanism. 
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Figure 6: rescue–effect studies. Roseoflavin (RoF) toxicity was evaluated in Streptococcus pneumoniae in 

combination with HIPS 6989 at different concentrations and 3 M RoF. 
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The next step was to assess the competition between RoF at 1 M and three standard antibiotics with 

different mechanisms of action namely levofloxacin, ampicillin, and meropenem at 0.7, 0.025, 0.008 M, 

respectively (Figure 7). 

Roseoflavin primarily targets FMN riboswitches, and its mode of action differs significantly from the three 

antibiotics mentioned: 

Levofloxacin (fluoroquinolone) inhibits bacterial DNA gyrase and topoisomerase IV, enzymes crucial for 

DNA replication, transcription, repair, and recombination59. It acts as a bactericide by preventing DNA 

separation and supercoiling, ultimately stopping bacterial cell division60.  
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Figure 7: Competition of roseoflavin (RoF) (1 µM) with three standard antibiotics. A) Levofloxacin at 0.7 

µM, B) Ampicillin at 0.025 µM, and C) Meropenem at 0.008 µM tested alone and in combination with RoF. 
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As a β-lactam antibiotic, ampicillin inhibits bacterial cell–wall synthesis by interfering with the cross-

linking of peptidoglycan chains, leading to bacterial cell lysis 61. 

Meropenem, a carbapenem antibiotic, is bactericidal and inhibits bacterial cell–wall synthesis. It penetrates 

bacterial cells and interferes with vital cell–wall component synthesis, causing cell death62. Meropenem is 

highly resistant to degradation by many β-lactamases63. 

While direct competition between these antibiotics and roseoflavin is unlikely due to their different targets, 

testing them together could reveal interesting interactions and potential synergies (due to their different 

mechanisms of action) in their antimicrobial effects. Also, the antibiotics might affect the uptake of 

roseoflavin by altering membrane permeability or transport systems, potentially leading to apparent 

competition.  

The growth curves reveal a synergistic effect when combining RoF with different antibiotics. Individually, 

1 μM RoF significantly inhibits bacterial growth compared to the DMSO control. However, when 

combined with either 0.7 μM levofloxacin (Figure 7A), 0.025 μM ampicillin (Figure 7B), or 0.008 μM 

meropenem (Figure 7C), the growth inhibition is slightly increased, enhancing the overall antibacterial 

activity. Specifically, the ampicillin combination initially shows some suppression, then recovery, which 

suggests that the antibiotic might interfere with the mechanism of RoF by disrupting its uptake or activity 

within the bacterial cell, rather than acting synergistically to enhance growth inhibition.  

 

Conclusions 

The observed rescue effects support the proposed mechanism wherein ECF transporter inhibitors impede 

RoF uptake. Given that RoF relies on ECF transporters, such as ECF-RibU, for cellular entry, inhibiting 

these transporters prevents RoF’s intracellular accumulation and can effectively reduce its antimicrobial 

activity. This finding underscores the importance of considering transporter-mediated uptake mechanisms 

when developing and evaluating antimicrobial agents. 

 

Key questions and challenges 

While this study demonstrates the potential of the assay in evaluation of our ECF inhibitors, several key 

questions and challenges remain. One important consideration is whether the current experimental controls 

are sufficient. Although they provide a solid foundation, including riboflavin-supplemented controls could 

further confirm roseoflavin competition and validate transporter specificity. Additionally, ensuring 

effective roseoflavin uptake requires confirmation of RibU expression under experimental conditions, 

which could be assessed through qPCR analysis. Another challenge is determining whether THB contains 

riboflavin, as trace amounts from complex components may influence experimental outcomes. Addressing 
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these questions will refine our understanding of ECF transporters and their role in bacterial metabolism, 

ultimately improving the development of targeted antimicrobial strategies. 
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4 Final Discussion 

4.1  ECF transporter protein and its characterization  

In Chapter A, the study explores the potential of ECF transporters as promising anti-infective targets to 

address antimicrobial resistance, specifically focusing on the ECF transporter for pantothenate in S. 

pneumoniae. It assesses the stability, binding affinities, and inhibitory effects of ECF transporter inhibitors 

in both in vitro and in vivo settings. The study's characterization of pantothenate ECF transporters offers 

key insights into their potential as antimicrobial targets. Through successful heterologous expression and 

purification of these transporters, the study establishes a foundation for further structural and functional 

investigations, including the complete ECF transporter complex for pantothenate (ECF-PanT) from S. 

pneumoniae, the ECF module from S. pneumoniae, and the full ECF transporter complex for folic acid 

(ECF-FolT2) from Lactobacillus delbrueckii. The thermal stability of these proteins was examined, and 

optimal buffer conditions were identified to preserve their stability for subsequent assays. Binding affinities 

and inhibitory activities of six ECF inhibitors against the three ECF transporter proteins were evaluated 

using surface plasmon resonance (SPR). Both in vitro and in vivo assays confirm the inhibitory effects of 

these inhibitors, supporting their potential as drug targets. In conclusion, this study provides a 

comprehensive understanding of pantothenate ECF transporters and their crucial role in bacterial survival. 

These findings pave the way for future antimicrobial drug discovery, particularly in the fight against 

multidrug-resistant pathogens. Ongoing research into these transporters may lead to novel strategies to 

combat the growing threat of antibiotic resistance. 

4.2 Targeting ECF protein by specifically designed compounds 

In this study, we demonstrated the power of dynamic combinatorial chemistry as an effective tool for 

identifying and optimizing hit compounds targeting the ECF-PanT transporter of S. pneumoniae. By 

applying this method, we were able to identify high-affinity inhibitors that specifically block the 

transporter's activity, showing promising potential as antimicrobial agents. The use of biophysical 

assays like SPR and molecular modeling allowed us to refine the interactions between the ligands and the 

target, ensuring that the inhibitors were both potent and selective. 

One significant advantage of DCC is its ability to generate diverse libraries of compounds with minimal 

synthesis time, which is crucial for hit optimization in drug discovery. This method enabled us to identify 

potential hits that could be further developed into lead compounds for treating infections caused by S. 

pneumoniae and possibly other bacteria with similar transporters. Furthermore, the SAR studies conducted 

in parallel helped in understanding the key features necessary for optimal binding and inhibition of the 

transporter, which can guide further optimization efforts. 
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Our findings suggest that selective inhibition of ECF transporters could offer a promising strategy to 

combat AMR. The transporter’s role in nutrient uptake means its inhibition can interfere with bacterial 

growth without affecting human cells, potentially minimizing side effects. However, additional testing will 

be important to further evaluate the therapeutic potential and toxicity profile of these compounds. 

In conclusion, dynamic combinatorial chemistry proves to be a powerful strategy in the quest for novel 

antimicrobial agents. The compounds identified in this study were effectively inhibiting the ECF-PanT, 

and with further optimization and preclinical testing, they could lead to the development of a new class of 

antibiotics targeting essential bacterial transporters. 

4.3 Evaluation of binding, inhibitory Effect, and selectivity of ECF inhibitors  

Recent research has investigated ECF transporters as promising targets for anti-infective therapies. Various 

in vitro assays, such as SPR and transport-activity tests, have been employed to evaluate the binding 

affinities and inhibitory effects of ECF–transporter inhibitors55. A new whole-cell screening assay utilizing 

Lactobacillus casei has been introduced as a fast and cost-effective approach to identify ECF transporter 

inhibitors in a native biological context58. The proteoliposome uptake assay also plays a critical role in the 

investigation of inhibitors throughout the drug–discovery process64. Additionally, coarse-grained 

molecular dynamics simulations have been used to investigate the binding modes and inhibition 

mechanisms of a promising class of ECF transporter inhibitors50. Together, these studies highlight the 

potential of ECF transporters as drug targets and the diverse in vitro and in silico techniques employed to 

assess inhibitor binding and effectiveness. 

Recent studies have identified promising inhibitors targeting energy-coupling factor (ECF) 

transporters50,51,65. These transporters are attractive antibacterial targets due to their absence in humans and 

crucial role in bacterial metabolism50. Through virtual screening, design, and synthesis, we have developed 

a novel chemical class that effectively inhibit ECF transporters50,65.  

 

The study of Diamanti et al. 2023 50 demonstrates that hit 1 compound selectively inhibits the transport of 

both folate via ECF-FolT2 and pantothenate via ECF-PanT, while showing no effect on the ABC 

transporter OpuA. The compound does not disrupt ATP hydrolysis or the lipid bilayer, confirming its 

selectivity for ECF transporters. Both ECF transporters share the same ECF module but use different S-

components for substrate specificity. Despite the structural differences between ECF-FolT2 and ECF-

PanT, the compound binds to a similar pocket at the interface of the S-component and ECF module. Site-

directed mutagenesis experiments targeting Lys102 resulted in a loss of transport activity, suggesting the 

functional importance of this region, which is likely targeted by hit 1 compound. However, the loss of 

activity prevented validation of the binding pocket. Coarse-grained molecular dynamics (CGMD) 

simulations revealed that hit 1 interacts with polar residues in both transporters, reinforcing its inhibitory 
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effect. The absence of activity against the ABC transporter, combined with the mutagenesis and MD 

findings, conclusively supports the specificity of this compound for ECF transporters. 

4.4 Qualitative mode of action in pathogens 

The qualitative mode of action of ECF transporters in pathogens is an important area of study, particularly 

considering their role in the pathogen's ability to acquire essential nutrients. In S. pneumoniae, for example, 

the bacterium lacks the biosynthesis pathways to produce pantothenate and must rely on external sources 

to acquire it. Pantothenate is vital for synthesizing coenzyme A, which is necessary for a variety of key 

metabolic processes, including fatty acid synthesis, amino acid metabolism, and energy production66,67. 

Given that S. pneumoniae cannot produce pantothenate, it depends heavily on its ability to uptake the 

vitamin from the environment. The energy-coupling factor (ECF) transporters responsible for this uptake 

are crucial for the bacterium’s survival20, especially under nutrient-limited conditions such as those found 

within the human host. If the uptake of pantothenate is disrupted, it could have severe consequences for 

the pathogen's metabolism. Without an adequate supply of pantothenate, the bacterium would be unable to 

synthesize CoA, leading to metabolic blockages in essential pathways. The inhibition of pantothenate 

uptake could specifically impair the Krebs cycle, fatty acid synthesis, and other CoA-dependent processes. 

These metabolic disruptions could effectively prevent the bacterium from growing and replicating, making 

ECF transporters an attractive target for therapeutic intervention. 

Disrupting group II ECF transporters could impair the uptake of multiple essential vitamins, potentially 

exerting a broad-spectrum effect on pathogens that rely on these nutrients. While this approach may 

significantly hinder pathogen metabolism by blocking the acquisition of key vitamins, its effectiveness is 

not guaranteed due to the high adaptability of bacteria. For instance, pathogens like Streptococcus 

pneumoniae may develop compensatory mechanisms, such as upregulating alternative transporters or 

acquiring new genes via horizontal gene transfer to re-establish vitamin biosynthesis pathways, thereby 

bypassing the need for external uptake. Moreover, some pathogens already possess the genetic machinery 

to synthesize their own vitamins, making them less susceptible to strategies that target nutrient acquisition 

systems like ECF transporters. However, biosynthesis is likely more energy-intensive than uptake, which 

suggests that even pathogens capable of producing their own vitamins could still be affected, albeit to a 

lesser extent. Therefore, it is hypothesized that ECF transporter inhibitors could impact most bacteria, with 

those relying solely on uptake being more vulnerable than those with endogenous biosynthesis capabilities. 

Consequently, targeting ECF transporters alone may not be sufficient as a universal antimicrobial strategy. 

A more comprehensive approach, which considers the specific metabolic requirements and capabilities of 

individual pathogens and potentially combines ECF transporter inhibition with the disruption of other 
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metabolic pathways or transporter systems, may be necessary to effectively counteract bacterial 

adaptability and ensure broad-spectrum efficacy. 

To experimentally monitor adaptation in response to disrupted pantothenate uptake in S. pneumoniae, 

several strategies can be employed. Transcriptomic analyses, such as RNA sequencing, can be used to 

observe changes in gene expression over time, particularly the upregulation of alternative 

transporters or pathways involved in vitamin biosynthesis. In addition, whole-genome sequencing of 

bacterial populations exposed to the inhibitor over time could reveal genetic adaptations, such as the 

acquisition of new genes through horizontal gene transfer that restore pantothenate 

biosynthesis. Proteomic approaches can complement this by identifying changes in protein expression 

profiles, while metabolomic analyses may help detect shifts in metabolite levels that indicate the activation 

of compensatory metabolic pathways. Finally, functional assays such as testing whether overexpression of 

specific genes or supplementation with alternative pantothenate sources restores growth can be used to 

confirm the physiological relevance of observed changes. Together, these methods would provide a 

comprehensive view of adaptation to nutrient stress caused by ECF transporter inhibition. 

In conclusion, while the disruption of vitamin uptake through targeting ECF transporters presents a 

promising avenue for therapeutic intervention in pathogens like S. pneumoniae, the approach is not without 

its challenges. The pathogens’ ability to adapt and their varying requirements for vitamin uptake or 

biosynthesis will require a deeper understanding of the specific nutrient dependencies of pathogens and the 

potential for resistance mechanisms, ensuring that therapeutic strategies remain effective across a broad 

range of bacterial species. 
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5 Outlook 

Advancement in Structural and Functional Studies 

Further structural elucidation of complete ECF transporter complexes is essential to guide rational inhibitor 

design. Ongoing efforts, such as the cryo-EM analysis of the ECF-PanT structure, aim to provide deeper 

insights into complex architecture. In addition, investigating the dynamic conformational changes of ECF 

transporters during substrate binding and transport will enhance our understanding of their functional 

mechanisms. 

Optimization of ECF Inhibitors 

To improve potency and selectivity, dynamic combinatorial chemistry approaches should be expanded for 

the refinement of initial hit compounds. SAR studies will be critical to optimizing efficacy and reducing 

potential off-target effects. 

In Vivo Validation and Preclinical Development 

Comprehensive in vivo studies are necessary to assess the pharmacokinetics, bioavailability, and toxicity 

of optimized inhibitors in animal models. The development of infection models relevant to disease 

conditions will facilitate evaluation of therapeutic efficacy in a physiological context. 

Mechanistic Insights into ECF Transporters 

Understanding the transport mechanisms of ECF proteins under physiological conditions remains a 

priority. MD simulations and targeted mutagenesis studies will aid in identifying key residues involved in 

substrate transport and inhibitor binding. 

Broader Antimicrobial Targeting Strategies 

Beyond S. pneumoniae, the potential of targeting ECF transporters in other clinically relevant bacterial 

pathogens should be explored. Combinatory approaches with existing antibiotics may offer synergistic 

effects, improving therapeutic outcomes and reducing the likelihood of resistance development. 

Overcoming Potential Resistance Mechanisms 

It is crucial to investigate how bacteria might adapt to ECF-targeted therapies, including the emergence of 

alternative transport pathways and the role of horizontal gene transfer. These insights will help in designing 

robust strategies to prevent or overcome resistance. 

Clinical Translation Potential 

To realize the clinical potential of ECF inhibitors, further studies should evaluate formulation strategies 

for effective drug delivery. Collaboration with pharmaceutical partners will be essential for advancing lead 

compounds into preclinical and clinical development phases. 
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7 Appendix  

7.1 Side projects 

Several side projects with different tasks were undertaken, but only those involving new methods will be 

discussed herein. 

7.1.1 IspD project 

“Optimization of crystallography Conditions for Escherichia coli IspD Enzyme.” Manuscript in 

preparation. 

A part of the project involved the adaptation and optimization of an MS-based assay for the IspD project, 

which was later taken over by Lorenzo Bizzarri and published in a recent study 68. 

 

Introduction 

IspD, or 2-C-methyl-D-erythritol 4-phosphate cytidylyltransferase, is the third enzyme in the 

methylerythritol phosphate (MEP) pathway, a crucial biosynthetic route for isoprenoid precursor formation 

in bacteria and plants. This pathway is absent in mammals, making it an attractive target for the 

development of selective antimicrobial agents69. IspD catalyzes the cytidylation of 2-C-methyl-D-erythritol 

4-phosphate (MEP) to form 4-diphosphocytidyl-2-C-methyl-D-erythritol (CDP-ME), a key step in the 

pathway that ultimately leads to the biosynthesis of essential terpenoids69,70. 

Under the research focus of Prof. Dr. Anna Hirsch's group, efforts are directed toward the structural and 

functional characterization of different homologues of IspD e.g. Acinetobacter baumannii (Ab), 

Mycobacterium tuberculosis (Mt), Pseudomonas aeruginosa, and Escherichia coli (Ec) IspD to facilitate 

the rational design of potent inhibitors. Crystallographic studies have been pivotal in elucidating the active–

site architecture and conformational changes upon ligand binding and provide valuable information on 

binding modes, allowing for iterative optimization of lead compounds. These structural insights are 

complemented by an IspD mass spectrometry (MS)-based assay, which enables high-throughput screening 

and kinetic evaluation of small-molecule inhibitors.  

By leveraging these techniques, the identification and optimization of selective inhibitors with high affinity 

and specificity are facilitated, contributing to the development of novel anti-infectives targeting bacterial 

isoprenoid biosynthesis. These investigations aim to establish a robust framework for characterizing IspD 

and its inhibition, paving the way for future antimicrobial drug development against MEP pathway-

dependent pathogens. 
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Methodology 

Ec-, Mt-, and AbIspD expression and purification 

Different homologues of IspD were expressed in E. coli and the cell cultures were grown in LB medium 

overnight at 30 °C until an optical density (OD600) of 0.8; then, protein expression was induced by adding 

isopropyl -D-thiogalactopyranoside (IPTG) to a final concentration of 0.1 mM. Expression was carried 

out overnight at 30 °C. Cells were pelleted by centrifugation, resuspended in lysis buffer (100 mM Tris pH 

8.0, 800 mM NaCl, 10 mM imidazole, 5 mM β-mercaptoethanol) and Complete EDTA-free antiprotease 

(Roche Diagnostics, Meylan, France) (1 tablet Complete in 50 mL buffer), and 2 L of benzonase lysed 

by microfluidizer. Cellular debris were removed by centrifugation (30 min, 19,000 rpm, 4 C). After 

centrifugation, the supernatant was applied on a HisTrap 5 ml previously equilibrated in the lysis buffer. 

The proteins were further purified by gel filtration on a HiLoad 16/60 Superdex-200 prep grade column 

equilibrated and 

eluted with 10 mM Hepes pH 7.4, 150 mM NaCl for E. coli IspD, 10 mM Hepes pH 7.4, 150 mM NaCl 

for MtIspD, and 10 mM Tris pH 8, 800 mM NaCl for AbIspD. Fractions containing IpD were pooled, 

concentrated and stored at –80 °C. 

 

Crystallization Protocol for IspD Homologues Using the Gryphon System 

The crystallization of three homologues of IspD was performed by concentrating each protein to 600 µM 

in its respective purification buffer, with a final volume of 300 µL. Crystallization trials were set up using 

the Gryphon system at the MINS group at HIPS, employing PECS (Protein Crystallization Screening) 

solutions. The plates were incubated at 18 °C, and crystal formation was monitored. For E. coli IspD, 

crystals were observed in well F12. For mounting, a solution was prepared by mixing 1.5 µL of 15% Cryo 

BD with 8.5 µL of the condition well solution (15%), and 1 µL of this mixture was placed in the crystal 

well. Crystals were picked with a crystallization loop and stored in liquid nitrogen for further analysis. This 

approach enables the collection of high-quality crystals suitable for X-ray diffraction analysis, which will 

facilitate the structural characterization of IspD homologues. 

 

Crystallization condition optimization 

After identifying initial crystallization conditions for E. coli IspD, optimization was performed using a 

24- well plate and testing various buffer compositions. The buffers used were 0.1 M Tris (pH 8.5), 

32%  (w/v) PEG 4000, and 0.8 M lithium chloride. The optimization focused on varying PEG 

concentrations (28%, 29%, 30%, 31%, 32%, and 33%) and testing different Tris pH values (7.5, 8.0, and 

8.5), while maintaining a constant lithium chloride concentration at 0.8 M. The total volume in each well 

was 1 mL, and the plates were incubated at 18 °C. The method involved mixing the protein and the 

crystallization solution in a single drop, which was then placed on the well, using a technique known as 
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hanging drop vapor diffusion. This approach helped refine the conditions for crystal growth, improving the 

quality and reproducibility of the crystals. 

 

(Co)-crystallization of polyketomycin with E.coli IspD.  

 

After determining the crystallization conditions for EcIspD, co-crystallization experiments were conducted 

with the polyketomycin compound. To identify optimal conditions for co-crystallization, we tested 

different concentrations of DMSO. Two conditions were used: one with 1% DMSO and the other with 

5%  DMSO. The protein solution (600 µM) was incubated with polyketomycin (100 mM) for 4 hours. The 

crystallization plate, prepared as in previous steps, had each condition pipetted into the corresponding wells 

as the reservoir solution. After the 4-hour incubation, the protein-compound mixture was centrifuged at 

1400 rpm for 10 minutes at 4 °C. For the crystallization setup, 4 µL drops were prepared on specific slides 

at protein to reservoir solution ratios of 1:1, 1:2, and 1:3 (1 µL protein with 3 µL of reservoir, 2 µL protein 

with 2 µL of reservoir, and 3 µL protein with 1 µL of reservoir). The hanging drop method was used by 

placing these drops upside down above the reservoir wells. The plates were then incubated for several days, 

and crystals were mounted as described in the previous procedure for further measurements. This co-

crystallization approach allows for the structural investigation of the protein-ligand complex, providing 

insights into the interaction between EcIspD and polyketomycin. 

7.1.2 DXPS Project 

“Adaptation and optimization of a coupled assay for diverse DXS enzyme homologues.” Establishing 

protocol and writing the manuscript in preparation. 

 

Introduction 

The enzyme 1-deoxy-D-xylulose-5-phosphate synthase (DXPS) is the first enzyme in the methylerythritol 

4-phosphate (MEP) pathway and acts as a rate-limiting step in the biosynthesis of isoprenoids in plants, 

bacteria, and protozoa. The enzyme DXPS is a crucial bacterial metabolic enzyme that catalyzes the 

formation of DXP from pyruvate and D-glyceraldehyde 3-phosphate (D-GAP). DXPS is essential in 

bacteria but absent in humans, making it a potential antibacterial target71. Recent studies have focused on 

understanding the structural and mechanistic properties of these enzymes, especially DXR, to support 

structure-based drug design and investigate their biotechnological applications71. The enzyme exhibits 

unique structural and mechanistic features, including a large active site and random sequential mechanism 

and displays catalytic promiscuity and relaxed substrate specificity72.  

 

 

 



102 

 

Methodology 

A different homologue of the DXPS enzyme such as Mycobacterium tuberculosis or MtDXS, Plasmodium 

falciparum DXS or PfDXS, and Deinococcus radiodurans DXS or DrDXS were investigated. The proteins 

were expressed and purified, and their binding affinity was assessed using various assays, including SPR, 

TSA, and a coupled assay. The DXPS-IspC coupled assay, or photometric assay for kinetic analysis of 

DXPS, was previously outlined by Masini et al. (2014). Optimization of this assay for different homologues 

has been carried out and is still ongoing73.  
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7.2 Conference Contributions 

Topic: “Evaluation of inhibitors against Energy-coupling factor (ECF) transporters using a bacterial uptake 

assay” 

7.2.1 Poster presentations: 

Atanaz Shams, Spyridon Bousis, Eleonora Diamanti, Mostafa Hamed, Ioulia Antonia Exapicheidou, Walid 

A. M. Elgaher, Jörg Haupenthal, Dirk. J. Slotboom, Anna K. H. Hirsch 

• DPhG Annual Meeting 2022, “From Behring to Biotechnology – moving Pharmaceutical Sciences 

towards One Health” 

• HIPS symposium 2022 

• Annual Meeting of the DZIF- 2023 

• Gordon Research Conference- Mechanisms of Membrane Transport 2023 

 

7.2.2 Oral presentation: 

Atanaz Shams, Spyridon Bousis, Eleonora Diamanti, Mostafa Hamed, Ioulia Antonia Exapicheidou, Walid 

A. M. Elgaher, Jörg Haupenthal, Dirk. J. Slotboom, Anna K. H. Hirsch 

• Joint retreat of the ABC transporters groups from the Netherlands and Germany – Prof. Dr. Slotboom- 

2023 

• Research (DZIF) and the Helmholtz International Graduate School for Infection Research- Summer 

School on Variome German Center for Infection- 2024 

 


