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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.
1t’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



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. Jorg 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, loulia, 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 mnovel 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
iiberméafigen und unsachgeméifen Einsatz von antimikrobiellen Wirkstoffen begiinstigt 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 Membranpermeabilitidt. 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 fiir die menschliche Gesundheit als auch fiir das
Uberleben von Bakterien. Bakterien, #hnlich 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 Verstindnis dieser
Transportmechanismen bietet Moglichkeiten zur Entwicklung antimikrobieller Wirkstoffe, die auf die

Vitaminabhéngigkeit von Bakterien abzielen.

Diese Studie untersucht die biochemischen und strukturellen Eigenschaften von ECF-Transportern, ihre
Rolle im bakteriellen Stoffwechsel und ihr Potenzial als medikamentdse Zielstrukturen. Durch die
Aufklarung der molekularen Mechanismen des Vitamintransports trigt diese Forschung zur Entwicklung

innovativer therapeutischer Strategien zur Bekdmpfung 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
intervention'. 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 spread”. 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 mortality”.

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 treatments*.



Antimicrobial resistance (AMR)

* Bacteria, viruses, fungi, and parasites no longer respond to antimicrobial medicines.
« Drug resistance makes antibiotics and other antimicrobial medicines ineffective.
* Infections become difficult or impossible to treat.

* Increased risk of disease spread, severe illness, disability, and death.

* AMR can affect anyone at any stage of life and anywhere in the world.

Common Antibiotic resistance mechanisms
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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 antibiotics*. Multidrug-resistant organisms, including
Escherichia coli, Klebsiella pneumoniae and Acinetobacter baumannii, are spreading rapidly and causing
outbreaks in healthcare facilities worldwide”.

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
market®. 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
infections’. Infection control measures, including enhanced hygiene practices and vaccination campaigns,
can limit the spread of resistant pathogens®. Research into alternative therapies, such as bacteriophages,
antimicrobial peptides, and immunomodulatory treatments, offers promising avenues for combating

resistant infections’. Additionally, advancements in rapid diagnostic tools can aid clinicians in identifying



resistant infections promptly, enabling targeted therapy and minimizing the overuse of broad-spectrum

antibiotics'’.

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 antibiotics''. 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 strategies'?.

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 life"*. 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 disease'*.

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 diet'*'¢. 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 deficiency'’. 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.



Vitamin B1 — Thiamine

Vitamin B2 - Riboflavin

Vitamin B3 - Niacin (Nicotinic acid)
Vitamin B5 - Pantothenic acid
Vitamin B6 - Pyridoxine

Vitamin B7 - Biotin Vitamin A - Retinol (Beta-carotene)
Vitamin B9 - Folate (Folic acid) Vitamin D - Cholecalciferol (Ergocalciferol)
Vitamin B12 - Cobalamin Vitamin E - Tocopherol

Vitamin C - Ascorbic acid Vitamin K - Phylloquinone (Menaquinone)

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 function'®. 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 conditions'*.

Vitamins are not only essential for human health but also for the survival and growth of bacteria and
archaca. 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 compounds'®. 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.



Table 1: B-type vitamins and their role in cellular metabolism?.

Vitamin Structure Role in pathogen

Precursor of cofactors for enzymes in

various pathways:

NH; ¢ catabolism of carbohydrates and
< .
Thiamin or B12"25 i )\\N/ _ energy metabolism
: e ¢ pyruvate conversion
¢ role in neurodegeneration and

transient betterment

Cofactor in redox metabolic reactions:

¢ energy generation from
carbohydrates, fatty acids, ketone
bodies, and proteins
. . 2627 . . .
Riboflavin or B2 ¢ amino acid and fat metabolism

¢ mitochondrial function

¢ production of glutathione as an

antioxidant

Precursor of coenzymes NAD and NADP,

which respectively are involved in:

o ¢ Dbreaking down of fat, carbohydrate,
Niacin or B33 | S OH protein, and alcohol along with cell
NT signaling and DNA repair

¢ building up fatty acids and cholesterol

synthesis




Precursor for biosynthesis of Coenzyme A,

which is involved in:

Pantothenate or B5™" o Ve H\/w/OH ¢ phospholipid biosynthesis
HiC CH3 0 0 ¢ fatty acid metabolism
¢ function of the tricarboxylic acid cycle
Involved in different enzymatic reactions as
Pyridoxal phosphate O HO_ O coenzyme such as:
or active form of HO~ oo
vitamin B6> Ny ¢ transamination reactions

¢ beta—elimination reactions

Biotin or B7*

H-H-H
& "> CooH

¢ cofactor for carboxylase enzymes
¢ involved in fatty acid biosynthesis,

amino acid metabolism

Methylated derivation of folate (THF)

involves in:

Folate or B ”N\JINJ/\H ﬁ\Coz'* ¢ single—carbon metabolism
HoN N
¢ Dbiosynthesis of DNA and RNA
¢ synthesis of methionine
Used by many bacteria as a cofactor for
H,NOC
CONH,

Cobalamin or B12%

R = 5'-deoxyadenosyl, CHs, OH, CN

various processes, including:

¢ Metabolism

¢ Gene regulation

Impacts host—microbe interactions by:

¢ Altering host physiology
¢ Modifying bacterial physiology




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 membrane®”. 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 eukaryotes®®. 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 evolved***.

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 flow*'.

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 delivery™®.

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 agents®®. 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 (Co**), and nickel ions (Ni**), makes them promising
targets for the development of anti-infective therapies. Targeting these essential transport mechanisms,

ECF transporters could be exploited to combat bacterial pathogens**.

Structurally, ECF transporters are composed of four distinct domains: (a) two cytosolic ATPases, referred
to as EcfA and EcfA’, (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 EcfA’) with the substrate-specific S-component, ensuring

coordinated transport activity™®.

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

- Group I: Each ECF module (ECFTA'A) 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 domains®.



The transport mechanism in Group Il ECF transporters is particularly intriguing. The EcfT protein features
two elongated a-helices that form an X-shaped structure”. Conformational changes in these helices
facilitate substrate translocation. When ATP binds to the nucleotide-binding pockets of EcfA’A, its
hydrolysis generates the energy required to move the a-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 a-helices of EcfT return to their

original position, and the nucleotide-binding pockets remain unoccupied®’ (Figure 4).

Energy-Coupling Factor (ECF) transporters

O . ‘ Substrate

Substrate binding
& ATP-dependent
ATPases closure

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 pocket*’. 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
process*’. 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 pathogens™:

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 evasion®®. The
ability of S. pneumoniae to survive and proliferate in diverse host environments requires it to acquire
essential nutrients, including vitamins®. 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 target®’. 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 strategy™’. Additionally, we conducted a study in our group to
identify and optimize compounds that inhibit ECF transporters>'.

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 ef 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 bacteriostasis™.

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)*’

. 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 Il ECF transporters, identifying key
residues essential for transporter activity and complex stability®>. 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 inhibitors®’. The conformational dynamics of ECF

module support its role as a scaffold mediating interactions with various EcfS or S-component proteins™**.

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 Strepfococcus
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 target>

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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Abstract

This study investigates the potential of energy-coupling factor (ECF) trans-
porters as promising anti-infective targets to combat antimicrobial resistance
(AMR). ECF transporters, a subclass of ATP-binding cassette (ABC) trans-
porters, facilitate the uptake of B-vitamins across bacterial membranes by utiliz-
ing ATP as an energy source. Vitamins are essential cofactors for bacterial
metabolism and growth, and they can either be synthesized de novo or absorbed
from the environment. These transporters are considered promising drug tar-
gets, underscoring the need for further research to harness their medicinal
potential and develop selective inhibitors that block vitamin uptake in bacteria.
Herein, we focused on the ECF transporter for pantothenate (vitamin B5) from
Streptococcus pneumoniae and the ECF transporter for folate (vitamin B9) from
Lactobacillus delbrueckii as a reference protein. We also included the energizing
module for pantothenate along with both full transporter complexes. Initially,
we transformed and purified the transporters, followed by an assessment of their
thermal stability under various buffer composition, pH, and salt concentrations.
Additionally, we monitored the melting temperature over six days to confirm
their stability for further assays. We then measured the binding affinities of six
ECF inhibitors using surface plasmon resonance (SPR) and evaluated their
inhibitory effects through in vitro assays, including bacterial growth assay,
whole-cell uptake, and transport-activity assays. After determining cytotoxicity
in two human cell lines, we established an in vivo infection model using Galleria
mellonella larvae to further validate our findings.
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1 | INTRODUCTION

Antimicrobial resistance (AMR) is a major global public
health threat that endangers humans. It occurs when a
microbe gains the ability to evade the effect of anti-
infectives (Murray et al., 2022). The World Health Orga-
nization (WHO) list of global-priority, drug-resistant
pathogens in 2024 includes macrolide-resistant Group A
Streptococci, penicillin-resistant Group B Streptococci,
macrolide-resistant Streptococcus pneumoniae, and Hae-
mophilus influenzae, underscoring the urgent need to
address their public health impacts, particularly for vul-
nerable populations in resource-limited settings. This
highlights the critical necessity to discover novel anti-
infective therapies, especially those with unprecedented
modes of action.

The energy-coupling factor (ECF) transporters are a
subfamily of the ATP-binding cassette (ABC) transporters
that mediate the uptake of substrates such as B-type vita-
mins, Ni**, and Co®" through the membrane of prokary-
otes. Due to their specific role in the bacterial
homeostasis, they might represent a new avenue to treat
infections caused by bacteria that rely on these trans-
porters for survival (Henderson et al., 1979; Rempel
et al., 2019; Rodionov et al., 2009).

We selected S. pneumeoniae as a suitable target patho-
gen to study the function of ECF transporters as it lacks
the biosynthetic route for pantothenate (vitamin B-5),
biotin (vitamin B-7), and folate (vitamin B-9), and it
depends on their uptake from the environment (Bousis
et al., 2018). S. pneumoniae is a Gram-positive pathogen
that causes pneumonia and meningitis by targeting and
colonizing the respiratory tract. Although many pneumo-
coccal infections can be treated using antibiotics, mutated
S. pneumoniae strains appear with resistance against cur-
rent antibiotics (Cilléniz et al., 2018).

Vitamins are indispensable for the survival of bacte-
ria, archaea as well as humans. Prokaryotes can synthe-
size vitamins from primary metabolites or conversely,
they can be auxotrophic and rely on the uptake of vita-
mins from the environment (Bousis et al., 2018). In the
latter case, bacteria cannot synthesize vitamins de novo
or do not have access to their entire biosynthetic pathway
(Jachme & Slotboom, 2014).

Intrigued by the critical role the ECF transporters
played in the uptake of B-type vitamins, the focus of this
work is directed toward the study of ECF transporter for
pantothenate in S. pneumoniae.

Structurally, ECF transporters contain four
domains: two cytosolic ATPases named EcfA and
EcfA’, a membrane-embedded substrate-binding pro-
tein known as EcfS or S-component, and a transmem-
brane protein called EcfT that connects the two

ATPases (EcfA and EcfA’) and the S-component
(Figure 1) (Zhang, 2013).

Two classifications are found for ECF transporters. In
group I, each ECF module (EcfTAA') interacts with its
specific S-component, and a single operon is responsible
for the genes encoding all different domains. In group II,
multiple S-components compete for the same ECF mod-
ule, engaging in shared competition. The genes encoding
S-components are distinct from the other three domains
and are scattered across the chromosome
(Slotboom, 2014).

To explore ECF transporters for pantothenate in
S. pneumoniae, we expressed and isolated three proteins:
(i) the S. pneumoniae full ECF transporter complex for
pantothenate  (ECF-PanT) with PanT as the
S-component, (ii) the S. pneumoniae EcfTAA’' (ECF mod-
ule), and (iii) the L. delbrueckii full ECF transporter com-
plex for folic acid (ECF-FolT2) as a comparative model.
We evaluated the stability of ECF-PanT and the ECF
module using thermal shift assay (TSA) and determined
the binding affinities and inhibitory activities of a series
of compounds previously identified by our group (Bousis
et al., 2021; Diamanti et al., 2023; Drost et al., 2022) using
various biochemical and biophysical assays. Ultimately,
we assessed the compounds in vivo against
S. pneumoniae using Galleria mellonella larvae infection
model.

This study serves as a proof-of-concept investigation
aimed at exploring and validating the feasibility of our
experimental approaches and hypotheses. By focusing on
the purification and characterization of the ECF-PanT
transporter and its interactions with various inhibitors,
we seek to establish a foundational understanding of
these systems. The insights gained from this work are
intended to guide further research and development in
the field, particularly in the context of targeting ECF
transporters for therapeutic applications.

2 | RESULTS

2.1 | Sequence alignment and protein
homology determination

Comparative genome sequence analysis indicated that
the energy-coupling modules are conserved among bacte-
ria (Rodionov et al.,, 2009). Previously, we carried out
sequence alignment of the ECF modules across seven
pathogens, including Staphylococcus aureus,
S. pneumoniae, Enterococcus faecium, Enterococcus faeca-
lis, Clostridium tetani, Clostridium novyi, and Clostridium
difficile, highlighting the presence of highly conserved
regions within the ECF modules. In particular, the
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Schematic representation of the ECF transporters subunits and mechanism of transport. The ECF transporters use the

integral-membrane S proteins (EcfS) to bind to a substrate and transport it into the cytoplasm in an ATP-dependent process (Zhang, 2013;

Zhang et al., 2014). Source: Created with BioRender.com.

ATP-binding pocket and the interfaces between EcfA,
EcfA’, and EcfT subunits, are quite conserved suggesting
that these regions are critical for the transport function
and could serve as potential drug targets (Bousis
et al., 2018).

In this study, we further aligned the ECF-PanT
sequence from S. pneumoniae with three other ECF
transporters, for which crystal structures have been deter-
mined, namely ECF-FolT2 from L. delbrueckii (PDB:
5JSZ) (Swier et al., 2016), ECF-PanT sequences from
L. delbrueckii (PDB: 6ZG3) (Setyawati et al., 2020), and
Levilactobacillus brevis (PDB: 4RFS) (Zhang et al., 2014)
using the NCBI BLAST tool (Altschul et al., 1997, 2005).
ECF-FolT2 was used as protein model for comparison in
our analysis (Swier et al., 2016). The results indicated
sequence homology across the queries with >40% identity
for L. delbrueckii ECF-PanT L. delbrueckii ECF-FolT2,
and >36% identity was observed in L. brevis ECF-PanT,
in agreement with previous findings (Figure S1,
Tables S1 and S2).

Consequently, we built a homology model of
S. pneumoniae ECF-PanT employing AlphaFold-
generated structures for the four ECF-PanT domains
(Jumper et al., 2021) and the structure of L. delbrueckii
ECF-FolT2 (PDB ID: 5]JSZ) as a template for assembling
the four protein subunits (Figure S2a). The homology
model of S. pneumonaie ECF-PanT revealed structural
similarities with L. delbrueckii ECF-FolT2 with an overall
root mean square deviation (RMSD) of 3.25 A. In particu-
lar, the two ATPase subunits (EcfA and EcfA’) showed

RMSD values of 1.71 and 2.12 A, respectively, which are
consistent with their conserved functional roles, whereas
high RMSD value was observed for the PanT component
(5.12 A) (Figure S2b), indicating potential structural
divergence, possibly related to differences in substrate
specificity. It is worth mentioning that high structural
similarity were also observed between the L. delbrueckii

ECF-FolT2 and ECF-PanT structures (Setyawati
et al., 2020).
2.2 | Stability determination

We investigated the stability of ECF-PanT, ECF module,
and ECF-FolT2 proteins using the thermal shift assay
(TSA). Furthermore, we used TSA to identify the buffer
conditions that optimize protein stability for binding
assays, specifically surface plasmon resonance (SPR). The
optimal concentrations of GloMelt and ROX dyes in com-
plex with ECF-PanT in TSA were found to be 1x and
0.5 uM, respectively. Under these conditions, clear melt-
ing curves and the highest melting temperature (Ty,),
indicating maximal biomolecule stability, were
determined (Table S4). Subsequently, we identified the
optimal concentrations of ECF-PanT, ECF module, and
ECF-FolT2 along with their respective melting tempera-
tures (Figure S6). The ECF-FolT2 from L. delbrueckii
exhibits an average Ty, of 54.6°C, which is higher than
that of the S. pneumoniae ECF transporter. This differ-
ence may be attributed to the fact that L. delbrueckii ssp.
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Assessment of LCI-PanT stability with and without DMSO. (a) Stability of CT-PanT, CCF-TolT2, and ECTI-module was

evaluated by monitoring melting temperatures (Ty,) at room temperature over 6 days with 0% and 5% (v/v) DMSO. The data represent the

mean and standard deviation from two independent experiments. (b) To assess protein stability, ECF-PanT samples were incubated at room
temperature in an optimal buffer (50 mM KPi pH 7.5, 50 mM NacCl, 0.05% DDM) with or without 5% DMSO. UV absorption at 280 nm was
measured using size exclusion chromatography (SEC) to determine the consistency of protein absorbance over time. Measurements were

performed in technical duplicate to ensure accuracy.

bulgaricus can withstand heat exposure up to 55°C
(Gouesbet et al., 2001). In contrast, the ECF-PanT and
ECF-module from S. pneumoniae show average Ty,
values of 39.7 and 39.5°C, respectively. The difference is
not statistically significant and although this interpreta-
tion requires further validation, the derivative melting
temperature graphs for the ECF-PanT protein (Figure S8)
reveal two peaks: a major peak around 39°C that might
corresponds to the ECF module and a smaller peak near
60°C possibly representing the S-component. This
hypothesis matches the known melting temperature of
the ECF module at approximately 39°C.

Building on this information, we systematically
screened a wide range of buffers with various pH values
and salt concentrations to investigate their effect on the
stability of ECF-PanT (Figure S7).

Non-ionic detergent n-dodecyl B-D-maltoside 0.05%
(DDM) (Rouse et al., 2013) and sodium chloride (50 mM)
were added to maintain the solubility of proteins and
ionic strength of the buffer; further details are reported in
Appendix S1.

Then, after selecting the KP; buffer due to the highest
T, We investigated the stability of the ECF-PanT, ECF-
module and ECF-FolT2 using TSA for 6 days at room
temperature. For ECF-PanT, we chose the so-called

“optimal buffer” that showed the highest T, (50 mM KP;
pH 7.5, 50 mM NaCl, 0.05% DDM) (Figure 2), while the
ECF-module and ECF-FolT2 were incubated in the SEC
purification buffer. All the above-mentioned conditions
were tested both in the absence and presence of 5%
DMSO (v/v). The addition of DMSO was intended to
mimic the SPR conditions used during our compound
screening, ensuring consistency throughout the
experiments.

Importantly, the melting temperature results, comple-
mentary to the corresponding curve shape, indicate that
ECF-FolT2 and the ECF-module are stable for up to
3 days (Figure 2a), while ECF-PanT is stable for up
to 6 days. In both cases, the buffer contains 5% DMSO
(Figures S8-S10). To further validate these results, we
loaded the samples on a SEC column followed by SDS-
PAGE, where all four bands exhibited no significant deg-
radation (Figures 2b and S11).

2.3 | Evaluation of known small-
molecule ECF transporter inhibitors

After identifying the optimal buffer and assessing the sta-
bility of the ECF transporter proteins, we proceeded to
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Chemical structures of known ECF inhibitors (1-6) with their IC5, values resulted from the Lactobacillus casei whole-cell

uptake assay as well as their respective MIC values using Streptococcus pneumoniae DSM-20566 strain.

X
HO\N;©\ ‘ Ho\’(©\ o, /&~
0 N 4
0 o HMX
R
1-3 46

Compound X R

1 OH H 315+ 15

2 OH Br 59 + 29.5
3 NHBoc H 492 + 3.4
4 p-Cl - 321 + 200*
5 m-Cl - 247 + 78

6 o-Cl - 285 + 293*

L. casei whole-cell uptake assay ICs, (M)

S. pneumoniae DSM-20566 MIC (uM)
128
8
16
64
128
128

“The mean ICs, values for the compounds was determined from two independent biological replicates. The range of ICs; values observed was 6-500 uM,

indicating substantial variability in the standard deviation (SD).

determine the binding affinity (K,) of small-molecule
inhibitors using SPR. This label-free technique allows for
the investigation of protein-ligand interactions in real
time and requires protein immobilization (GE Healthcare
Life Science, 2012). Specifically, for the three ECF trans-
porters, we used capture immobilization rather than
standard immobilization because it offers several advan-
tages, such as the ordered and uniform orientation of the
protein, which does not compromise the protein's bind-
ing sites, and the ability to regenerate the surface after-
ward. The ECF-PanT, ECF-module, and ECF-FolT2, each
bearing a histidine tag, were immobilized on a high-
affinity poly-nitrilotriacetic acid (poly-NTA) sensor chip,
which was initially activated using NiCl,. The His-tagged
proteins were then injected over the Ni*"-activated sur-
face to strongly bind to the metal (Knecht et al., 2009).
The immobilization resonance unit (RU) levels were
12,000-15,000 for ECF-PanT, 9000-12,000 for the ECF-
module, and 6000-9000 for ECF-FolT2.

The SPR assay was used to test in-house ECF inhibi-
tors 1-6 (Table 1) on the ECF-PanT, ECF-module, and
ECF-FolT2 (Bousis et al., 2021; Diamanti et al., 2023;
Drost et al., 2022).

As shown in Table 2, compounds 2 and 3 exhibited
the lowest dissociation rate constants (k4) and the highest
affinities for both ECF-PanT and ECF-FolT2 (Figures S12
and S13). Interestingly, no binding responses were
observed for any of the compounds at concentrations up
to 200 pM when injected over the ECF module
(Figure S14). These data may be consistent with our pre-
vious molecular-dynamics simulations, which predicted
compound 1 binding at the interface between the ECF

module and the S-component (Diamanti et al., 2023). The
absence of binding to the ECF-module alone, while
showing binding to ECF-FolT2 and ECF-PanT, suggests
that the S-component is necessary for compound binding.
Moreover, these results can be further explained by con-
sidering the conformational changes in the ECF trans-
porter proteins. In fact, the ECF-module undergoes a
conformational change when forming the full ECF com-
plex, which is different from that one of the ECF-module
alone (Thangaratnarajah et al., 2023). On the other hand,
the compounds exhibit a consistent binding trend to both
ECF-FolT2 and ECF-PanT, indicating no substrate
dependence. Thus, these findings support the idea that
our compounds might act as allosteric inhibitors by bind-
ing at the interface between the ECF-module and the
S-component.

It is worth mentioning that slightly higher inhibitory
activities of the compounds were observed in the whole-
cell assays (Table 1) compared to their binding affinities
(Table 2). This variation may be attributed to the
dynamic mechanism of action of ECF transporters, in
contrast to the relatively ‘locked’ conformation observed
in the SPR conditions from the EcfA side, where the His-
tag is attached.

2.4 | Transport-activity assay of ECF-
PanT from S. pneumoniae

Based on the reported transport activity assay on
L. delbrueckii (Swier et al., 2016), for the first time, we
adapted this assay to a pathogenic bacterium. To do so,
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we purified the ECF-PanT transporter, reconstituted it

into proteoliposomes, and carried out transport assays
with radiolabeled pantothenate. Upon the addition of
5 MgATP, the radiolabeled pantothenate is translocated
;E B S ] o 2 2 8 across the membrane via an ATP-dependent mechanism.
‘E S H H H H HH MgATP at 5 mM served as a positive control, supplying
) 883888 the proteins with the energy needed to complete the
transport cycle, while MgADP at 5 mM was used as a
negative control. The uptake of the radiolabeled substrate
IR into proteoliposomes was measured using a scintillation
B2 A+ HOHH counter.
55 g 228283 As shown in Figure 3, all compounds (1-6) exhibited
N . inhibition levels higher than 60% at the tested concentra-
'“8" § § § é‘ tion of 250 pM. Compared to the inhibitory activities
3%‘ _ <_|=_5| C-I:EI i ?-II ?-.I TI observed in the Lactobacillus casei whole-cell uptake
g T X 8 81k Y assays, which ranged from 38.7% to 95.4% (Bousis
§ E Z E rg“ Z et al., 2021; Diamanti et al., 2023; Kiefer et al., 2022), the
compounds demonstrated higher inhibition in our
§ o 'f: 1= transport-activity assay. The observed disparity in activity
E E - ERSE G E x may be attributed to several factors, including dissimilar-
§ B 2 ;' i ;" H ;" z ities in the ECF transporter sequences between L. casei
o & < 8 F RSB oH and S. pneumoniae, as well as variations in compound
8= concentrations. However, it is important to note that our
E a g study did not provide direct evidence to conclusively link
B i % S N . these sequence differences to the observed variations in
E @ g M = &8 £ 8 5 & activity. In addition to sequence variations, differences in
% assay conditions such as the use of proteoliposome-based
i versus whole-cell uptake assays can also contribute to dif-
2 . ferences in compound activity and efficacy. Variations in
E E cellular contents and assay conditions, as discussed by
& ,E g_ W o o®w o 3w Dvorak et al. (2021), can impact the observed results.
E 'g = :' ;' :: H ;" :;' Further research is needed to explore these potential fac-
g g% R EXRER tors in more detail.
: 2
b AN E 2.5 | Cytotoxicity evaluation
g BE 4 H H H HH g
% 5 M g8 &% & 28 g To investigate the cytotoxic potential of compounds 1-
5 = . g 6 and to further support the prospective therapeutic
2 § g § § é' g g g use of ECF inhibitors, we evaluated their effect on the
é g ~ i B P E viability of human hepatoma (HepG2) and lung cancer
g E s & g g E 5 E ; (A549) cells. At a concentration of 100 pM, compounds
,% - g S 22 2 5 o g 1 and 2 exhibited substantial cytotoxicity in HepG2
¥ 8 S cells (Table 3), reducing viability to 20% and 23%,
ki g E o E respectively. In contrast, only minimal effects were
%‘ % E ..I.“ M MM B E observed in A549 cells (viability >100%), suggesting
@ & Sles § 3 28 38 E selective toxicity toward liver cells. Also compound
g 8 3 displayed moderate cytotoxicity in HepG2 cells (49%
& - - g viability) and lower toxicity in A549 cells (86% viabil-
- % g £ ity). Compound 4 was only slightly toxic in both cell
= . }g ‘ lines, with 88% viability in HepG2 and 80% in A549
ﬁ 3 E g -B.B.B £ I cells. Compounds 5 and 6 were non-toxic against both
= = & cell types.
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FIGURE 3

Transport activity assay of reconstituted S. pneumoniae ECF-PanT with a protein-to-lipid ratio of 1:125. (a) Time-course

traces of pantothenate uptake over 4 min, showing transport activity in the presence of inhibitors with 5 mM Mg-ATP. The controls were
5 mM Mg-ADP (negative control) and 5 mM Mg-ATP (positive control) alone. The data demonstrate the uptake rates for each condition and
was performed in duplicates. (b) Percentage inhibition of pantothenate uptake in presence of ECF inhibitors 1-6, calculated relative to the

activity observed with 5 mM Mg-ATP.

TABLE 3 ECF inhibitors 1-6 were tested for toxicity against
HepG2 and A549 cells to investigate their effect on cell viability.

Percent (%) cell viability at 100 pM

Compound HepG2 cells A549 cells
1 20+ 2 111 £ 6

2 23+7 124 + 15

3 49 +3 86 + 11

4 88 +9 80 + 10

5 106 + 8 102 + 17

6 105 + 3 103 +7

2.6 | Galleria mellonella infection model

studies using S. pneumoniae

Next, we examined the antibacterial effect of the ECF
inhibitors under in vivo conditions by using G. mellonella
larvae. This model was adopted based on the work of
Alhayek et al. (2022) and serves to assess the efficacy
of ECF inhibitors against S. preumoniae induced infec-
tion. Larvae were injected with the overnight culture of
S. pneumoniae DSM-20566, incubated for 3 days at 37°C
and 5% CO, without shaking, and survival rates were
monitored daily for 3 days (Figure 4).

Based on the MIC, cytotoxicity, and affinity data, com-
pounds 2, 3, and 4 were selected for further investigation.
Compound 2 exhibited the strongest antibacterial activity,
with a MIC of 8 pM against S. prneumoniae and a moderate
ICs, of 59 pM in the L. casei whole-cell uptake assay. Com-
pound 3 also demonstrated potent antibacterial activity,
with a MIC value of 16 uM and good inhibitory activity
(ICsy of 49.2 pM). While both compounds showed some
cytotoxicity in HepG2 cells (in contrast to A549 cells), the
dilution effect in vivo would mitigate this potential concern.
Compound 4, despite having a higher MIC of 64 pM, exhib-
ited lower cytotoxicity, making it a safer candidate for fur-
ther studies. In the G. mellonella model, S. pneumoniae at
an ODgg, of 1.5 reduced larval survival to 30% after 3 days.
The controls (no injection and PBS injection) showed no
effect on survival. Treatment with 10 and 50 pM of com-
pound 2 increased survival by up to 70% compared to PBS-
injected larvae, while compound 3 increased the survival to
60% at 10 pM and 50% at 50 uM. Compound 4 improved
the survival rate to 40% at 10 pM and 60% at 50 pM. The
differences in survival rates between the two concentrations
might be attributed to a balance between effective antibac-
terial activity and cytotoxicity. For compound 2, the sub-
stantial survival rate at 50 uM suggests that its antibacterial
effects outweigh potential cytotoxicity. In contrast, the
decreased survival of compound 3 at 50 pM indicates that
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PBS S.p OD 1.5 + Compound 3 at 10 uM

SpatODof15 =+ S.pO0OD 1.5+ Compound 4 at 10 uM
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FIGURE 4 Simple survival analysis (Kaplan-Meier) was performed using GraphPad Prism. (a) The larvae were injected with

S. pneumoniae (S.p) at ODgyo of 1.5 in the absence and presence of compounds 2-4 at 10 pM. The control groups are with no injection and

PBS. (b) The larvae were injected with S. pneumoniae (S.p) at 0Dy, of 1.5 in the absence and presence of compounds 2-4 at 50 pM. The

control groups are with no injection and PBS.

increased cytotoxic effects may limit its efficacy. Notably,
compound 4 demonstrated enhanced survival with higher
concentrations, indicating its potential as a safer candidate.
These results validate our inhibitors as promising candi-
dates for targeting ECF transporters and confirm that the
boost in inhibitory activity observed in vitro translates to an
improved in vivo effect.

3 | DISCUSSION

Membrane proteins pose challenges as drug targets, with
stability being a crucial factor for experimental success.
Using the thermal shift assay (TSA), we demonstrated that
the ECF-module and full complex ECF-PanT from
S. pneumoniae, as well as the full complex ECF-FolT2 from
L. delbrueckii, are stable over 6 days. This study marks the
first report of the isolation, purification, and use of a stable
S. pneumonia ECF-module (or EcfTAA’). We further evalu-
ated their stability under assay conditions (room tempera-
ture, with and without 5% DMSO) using TSA. This
information is essential for drug discovery, serving as a
foundation for developing new bioassays.

Notably, the established protocol for membrane pro-
teins can be readily adapted to other ECF membrane
proteins, providing vital stability data and assisting in the
selection of optimal storage buffers for functional and/or
binding assays.

Additionally, we successfully developed a surface
plasmon resonance (SPR) protocol to determine the

binding affinities of six ligands against three non-
covalently immobilized ECF transporters. This method is
particularly effective with His-tagged target proteins,
ensuring uniform binding and orientation on the chip.
To our knowledge, we pioneered the use of SPR for asses-
sing ligand binding affinities to transmembrane proteins,
identifying HEPES (10 mM HEPES, 50 mM NacCl, 50 pM
EDTA, 0.05% (v/v) DDM, pH 7.5) as the optimal buffer
for SPR. In this proof-of-concept study, we successfully
investigated the binding of six small-molecule inhibitors
to three ECF proteins. Furthermore, these conditions can
be adapted to a 384-well plate format, making SPR an
accessible and robust screening method for identifying
new ECF transporter inhibitors. We also optimized the
G. mellonella infection model for S. pneumoniae to evalu-
ate ECF inhibitors in vivo. These findings pave the way
for the exploration and medicinal exploitation of ECF
transporters, potentially leading to significant advance-
ments in the treatment of bacterial infections.

4 | MATERIALS AND METHODS
4.1 | Transformation, overexpression,
and purification

The transformation was carried out using prepared
chemically competent E. coli cells of strain MC1061 and
modified p2BAD His-ECF PanT-StrepIl plasmid from
S. pneumoniae NCTC7465, modified p2BAD His-ECF
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from S. pneumoniae NCTC7465, and modified p2BAD
His-ECF FolT2 plasmid from L. delbrueckii subsp. bulgar-
icus ATCC 11842. The transformed E. coli cultures were
grown at 37°C overnight on LB-agar plates with ampicil-
lin, and the cell pellets were stored in 60% glycerol at
—80°C. Protein expression and purification followed
established protocols (Swier et al., 2016). Supplementary
figures corresponding to these methods can be found in
Appendix S1 (Figures S3-S5 and Table S3).

4.2 | Determination of protein stability
using TSA

TSA procedure requires incubation of protein and dye in
a 96-well plate (Huynh & Partch, 2015). All the experi-
ments were performed in biological and technical dupli-
cate or triplicate, as stated in the following.

In each step, the end volume was set to 20 pL. The
four main components are protein, buffer, and both
the GloMelt and ROX reference dye, which were accord-
ingly set to have the desired concentrations. (Table S1
and Figure S6).

The second step is buffer screening for the optimiza-
tion of protein stability. The composition of each condi-
tion in the well plates was set according to Appendix S1
(Figure S7).

The third step was investigating the stability in two
different conditions. For this purpose, two conditions
were prepared at seven times more than the total volume
and incubated at room temperature for almost 1 week,
and each day the melting temperature was monitored by
running TSA. More detailed procedures can be found in
Appendix S1 (Figures S8-510).

4.3 | Surface plasmon resonance

In this assay, we used HEPES buffer (10 mM HEPES,
50 mM NacCl, 50 uM EDTA, 0.05% (v/v) DDM, and a pH
value of 7.5) as recommended by Xantec Bioanalytics,
with a slight modification made to create a more favor-
able environment for the ECF proteins, enabling their
stability to be maintained throughout the assay. Addi-
tionally, the protein was maintained in the buffer con-
taining 5% (v/v) DMSO. For a more in-depth description
of the procedures, please refer to Appendix S1.

4.4 | Transport-activity assay

The assay was performed based on the published protocol
(Swier et al, 2016). The only modification was

reconstitution of S. prneumoniae ECF-PanT in a 1:125
(w/w) ratio of protein to E. coli polar lipids into large uni-
lamellar vesicles and using radiolabeled pantothenate for
uptake.

45 | HepG2 in vitro MTT assay

The assay was performed based on the published protocol
(Haupenthal et al., 2007), with some modifications,
which can be found in Appendix S1.

4.5.1 | G. mellonella infection model

G. mellonella larvae were used as an in vivo infection
model to test selected ECF inhibitors, following the
methodology established by Alhayek et al. (2022).
S. pneumoniae DSM-20566 was cultured in Todd-Hewitt
medium with 0.1% choline at 37°C with 5% CO, until an
0OD600 of 1.5 or higher was reached. Larvae were infected
by injecting 10 pL of the culture into the left proleg and
incubated at 37°C, 5% CO, for 72-96 h. Survival was
monitored daily. Control groups received either PBS or
no injection. Compounds 2-4 significantly improved lar-
vae survival compared to the untreated control. The
larvae used in this study were purchased from VALOMO-
LIA Company (Strasbourg, France).
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Sequence alignment

The NCBI BLAST program was utilized to conduct the BLAST analysis with specific parameters,
including Blastp and an E-value threshold of 0.05 and scoring matrix of BLOSUMG62 (Altschul et al.,
1997, 2005). The subject protein under examination was S. preumoniae ECF-PanT while the query
proteins were L. delbrueckii ECF-FolT2 (Swier et al., 2016), L. delbrueckii ECF-PanT (Setyawati et al.,
2020), and Levilactobacillus brevis ECF-PanT (Zhang et al., 2014) (Table S1).

Table S1: List of proteins with their respective source organisms, Protein Data Bank (PDB) identifiers, and

UniProtKB accession numbers.

Protein name PDBID | UniProtKB UniProtKB UniProtKB | UniProtKB
ID EcfS ID EcfT ID EcfAl | ID EcfA2

S. pneumoniae ECF-PanT n.a‘ AQA064C5C4 | AOA4LTULF4 | QO4HV7 Q97N51

L. delbrueckii ECF-FolT2 5ISZ Q1G929 A0A061BSU4 | QIGBIO Q1GBI9

L. delbrueckii ECF-PanT 6ZG3 Q1GBGO Q1GBI8 Q1GBJO Q1GBI9

Levilactobacillus. brevis ECF-PanT | 4RFS Q03SMO0 QO3PY7 QO3PY5 QO03PY6

“not applicable.

Table S2 provides an overview of the BLAST results, suggesting moderate sequence similarity between
the subject protein, S. pneumoniae ECF-PanT, and the query proteins. L. delbrueckii ECE-PanT appears
to exhibit the closest match, with a Max Score of 776, 99% query coverage, and 40.80% identity,
implying a relatively strong alignment. Similarly, L. delbrueckii ECF-FolT2 shows a Max Score of 745,
95% coverage, and 40.61% identity, indicating a comparable degree of similarity. L. brevis ECF-PanT,
on the other hand, displays a lower Max Score of 341 but a significantly higher Total Score of 1308,
with 95% coverage and 36.36% identity, which might point to a slightly weaker sequence similarity,
though the alignment still spans a substantial portion of the sequence. These results suggest a varying
degree of conservation across the proteins, but further analysis would be required to confirm their

functional relationships.
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Table S2: Summary of BLAST search results for the protein sequences analyzed in this study. The table
includes the maximum and total scores, query coverage ( %), percent identity (%), E-values, and accession
length. These metrics provide insights into the similarity and alignment quality between the query proteins

and the target sequences.

description Max | Total Query | E Value | Per. Acc. | Accession
Score | Score | Cover Ident Len

L. delbrueckii ECF-PanT | 776 | 776 99% 0.0 40.80% | 1041 | Query_7093401

L. delbrueckii ECF-FolT2 | 745 745 95% 0.0 40.61% | 1010 | Query_7093402

L. brevis ECF-PanT 341 1308 95% le-104 36.36% | 1038 | Query_7093403

In this study, the multiple sequence alignment with all the query and subject proteins was produced by
T-Coffee (Di Tommaso et al., 2011; Notredame, Higgins, & Heringa, 2000), and ESPript 3.0 was
employed to improve the visual representation of the multiple sequence alignments, enabling clearer
depiction of sequence similarities and conservation patterns. For consistency with the BLAST analysis,
the BLOSUMG62 substitution matrix was selected as the scoring system for visualizing sequence

similarity (Figure S1). (Robert & Gouet et al., 2014.)
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Figure S1. Visualization of multiple sequence alignment (MSA) performed by T-Coffee, visualized using
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Building of S. preumonaie ECF-PanT homology model

The ECF-PanT homology model was generated using Molecular Operating Environment (MOE),
version 2022.02, Chemical Computing Group ULC, 910-1010 Sherbrooke St. W. Montreal, Quebec,
H3A 2R7, Canada.

The sequences of L. delbrueckii ECF-FolT2 (PDB ID: 5]JSZ), and the AlphaFold-predicted S.
pneumoniae ECF-A (AF-Q04HV7-F1-v4), ECF-A' (AF-Q97N51-F1-v4), ECF-T (AF-A0A4L7ULF4-
F1-v4), and PanT S-component (AF-AQA064C5C4-F1-v4) were imported into the sequence editor
window, and each subunit of the S. pneumoniae ECF-PanT transporter was allocated to the
corresponding chain of the L. delbrueckii ECF-FolT2. From protein panel, homology model option was
selected and the sequence of S. preumoniae ECF-PanT was indicated as source, and the L delbrueckii
ECF-FolT2 as template with align sequence to template option was chosen. Model scoring was set to

RMSD to mean, and refinement gradient limit to 0.5.

B
RMSD = 3.250 A
1 5 6 7 8
1: 5ISZ.A+ 1.712.14 | 2.92
3.0
5: AF-Q04H... [1.71 >
6: AF-Q97N... [2.14 2.0
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7: AF-AGA4... [2.92
1.8
8: AF-ARAO...

Figure S2. (A) Alignment of L. delbrueckii ECF-FolT2 structure (yellow) (PDB ID: 51SZ) and S. pneumonaie
ECF-PanT homology model: ECF-A (blue), ECF-A' (magenta), ECF-T (red), and PanT S-component (green). (B)
RMSD values of the whole homology structure and individual subunits.




Transformation, overexpression, and purification
The transformation, expression and purification were performed according to established procedures
(Swier et al., 2016)

For confirmation of protein presence and effectiveness of purification, SDS-PAGE was carried out
(Figure S3-S5). The molecular weight of each component of ECF-PanT, ECF-module, and ECF-FolT2
was computed using EXPASY (Table S3).

Table S3. The molecular weight (MW) of ECF-PanT, ECF-module from S. pneumoniae, and ECF-FolT2

from L. delbrueckii.
Prétein S. pneumoniae ECF-PanT S. pneumoniae ECF-module L. delbrueckii ECF-FolT2
(MW in KDa) (MW in KDa) (MW in KDa)
EcfT 29,47758 29,47758 30,26036
EcfA 32,53077 32,53077 31,63017
EcfA’ 30,55329 30,55329 30,84509
EcfS 21,31286 - 19,42754
Total 113,8745 92,56164 112,16316
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Figure S3. The 12% SDS-PAGE from purified ECF-PanT. FT represents the flow through the sample, the wash
is the sample collected after wash, and F9, F17, F21-26, and F32 represent the elution fractions, from which A21-
26 is considered the purified protein with separation of 4 different components of energy-coupling factor

transporter.
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Figure S4 shows SDS-PAGE for ECF-FolT2. This time additionally we investigated the effect of
temperature as well as freezing and thawing on the protein. For this purpose, we had two conditions, in
which the protein was incubated at 95 °C and room temperature (RT) to investigate the purity of the
protein after purification. The two ATP-binding protein bands are observable at 95 °C and after one
thaw, but EcfT and EcfS (FolT2) bands are not present at 95 °C, which can probably be due to protein

precipitation at 95 °C, although a high concentration of SDS is present. As a result, heating the mixture
should be avoided.

Figure S4. 12% SDS-PAGE gel from Purified ECF-FolT2 fractions. 1) incubated at 95 °C for 5min 2) after one-

time thaw incubated at 95 °C for 5 min 3) incubated at RT for 5min 4) after one-time thaw incubated at RT for
Smin.

In the following (Figure S5), 12% SDS-PAGE was performed to confirm the purity of the ECF-module.
Indeed, the ECF-module contains the three domains EcfT, EcfA, and EcfA'.
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Figure S5. 12% SDS-PAGE gel from Purified ECF-module resulting from SEC.

SDS-PAGE results for ECF transporter proteins show four bands that do not align with their expected
molecular weights. It could be due to protein conformational changes which means that the structural
changes or conformational flexibility in proteins can influence their electrophoretic mobility. If the ECF
transporter proteins due to release from their native environment undergo conformational changes that

affect their shape or charge distribution, it can lead to different migration patterns on SDS-PAGE.
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Stability determination

Optimal concentrations for protein and dye

TSA was used to determine the optimal concentrations of GloMelt dye and the ECF-PanT protein. To
do so, we monitored how the melting temperature and shape of the curve changed as a function of
different concentrations of ECF-PanT protein and GloMelt dye. Subsequently, by adding various final
concentrations of protein, starting from 0.73 mg/mL which was the highest concentration of protein after
purification, to 0.05 mg/mL (Table S2), as well as different concentrations of GloMelt (2x, 1x, and
0.5x). The effect of ROX 0.5 pM was investigated by addition to different concentrations of GloMelt;
the total volume was set to 20 uL as well but the volume for each component was altered to keep the
desired concentration. Then, the well plate was centrifuged, and the melting temperature was measured
using a StepOnePlus® instrument. In run-setup, the start- and end-temperature were set to 20 °C and 95
°C, respectively; the heating rate was set to 0.5 °C per minute. The melting temperatures were analyzed
using protein thermal shift software.

The lowest concentration of dye 0.5x and the protein 0.05 mg/mL were not enough to generate a good
signal (Table S4). The experiment was carried out in two biological replicates for biological variability

and two technical replicates for experimental precision.

Table S4. Optimization of dye and the ECF-PanT protein concentration. Orange-color highlight exhibits

inadequate concentrations either due to low value or unclear curve shape.

E(il;l;zn;l‘ GloMelt Tw (°C)
2x 3953+ 0
0.73 1x 39.45 +0.07
0.5x 39.55 £0.02
2x 39.68 £0.14
0.20 1x 40.04 £0.07
05x 40430
2x 39.83+0
0.10 1x 40.49 £0.07
0.5x 41.18+0.14
2x Unknown
0.05 1x Unknown
05x Unknown
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As aresult, the optimal concentrations of GloMelt and ROX dyes were the same as the recommended
amount for real-time PCR Instrument x1 and 0.5 pM (4). In the next step, consequently, the
concentration of dyes was kept constant, while the protein concentrations for ECF-PanT, ECF-module,
and ECF-FolT?2 proteins were set to be between approximately 0.2 and 1 mg/mL. In Figure S6, a
summary of the melting temperatures of all three proteins is shown. With this information, we can
conclude the control melting temperature and start to screen different buffers and their effect on protein

T and finally investigate the stability.
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Figure S6. The melting temperature (Tr,) of the targeted proteins with constant GloMelt and ROX dye at x1 and
0.5 pM and different concentrations of proteins. The highest concentration is 10 pL of each protein stock from

purification in the final volume of 20 uL, and the lowest concentration is approximately a quarter of the high value.

S. pneumoniae ECF-PanT buffer screening

For buffer screening (Figure S7), four different buffers were chosen: 50 mM KP;, 0.5 M MES, 20 mM
HEPES, and 50 mM Tris buffer. For each buffer, three different pH values, and for each pH, three
different salt concentrations were selected. In addition, 0.05% DDM was added to each buffer. The
optimal protein concentration of 0.5 mg/ml. was used for this step. The ROX and GloMelt dye
concentrations were 0.5 uM and 1x, respectively. The total volume was set to 20 pLL with a similar setup
as explained above

As a negative control, no protein was added which shows no melting temperature and wasn’t included
in the graphs. The positive control was the size exclusion chromatography (SEC) purification buffer
e.g., 50 mM KP; buffer, pH 7.5 with 150 mM NaCl, and 0.05 % DDM which also is used for storage

and most of the experiments and is shown in bold format.
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Figure S7. Buffer screening for S. pneumoniae ECF-PanT, using four different buffers with three different pH and
salt concentrations for each. The control is 50 mM KP; buffer, pH 7.5 with 150 mM NaCl and 0.05 % DDM.

Among all the conditions tested (Figure S7), potassium phosphate (KPi), as well as HEPES buffers show
approximately the same melting temperature (i.e., Tm of 39.7 °C) as the control buffer e.g. size exclusion
chromatography (SEC) buffer (e.g., 50 mM KPi buffer, pH 7.5 with 150 mM NaCl, and 0.05 % DDM).
Tris buffer with a pH value of 7.6 and MES buffer at all tested pH values (especially pH 5.5 and 6),
showed lower melting temperatures for ECF-PanT (i.e., average Tm of 35.4 °C). Based on these results,
it was determined that KP; and HEPES buffers generally exhibited higher melting temperatures
compared to the control buffer used for SEC purification and storage.
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Protein thermal stability: 6-Day study

Based on this observation, we proceeded to investigate the stability of all three proteins over a period of
6 days, with the proteins incubated in the selected buffer. For the ECF-PanT protein, we selected the
optimal buffer based on the results obtained from the buffer screening process, which exhibited a higher
melting temperature (Tm). This buffer was denoted as the "optimal buffer" and comprised, for instance,
50 mM KP; at pH 7.5, 50 mM NaCl, and 0.05% DDM. Conversely, the ECF-module and ECF-FolT2
proteins were incubated in the buffer employed during the size exclusion chromatography (SEC)
purification, namely 50 mM KP; buffer at pH 7.5, with 150 mM NaCl and 0.05% DDM. T, for each
condition was monitored every day. One condition is incubating the protein with 5 % DMSO and the
other one is 0 % DMSO. The percentage of DMSO in the wells during the TSA will be set to 2.5 %.
The final ROX and GloMelt concentrations were set to 0.5 uM and 1x, respectively. Figure S8 depicts
the corresponding curves for the ECE-PanT protein, illustrating the first derivative of fluorescence
emission as a function of temperature. The first derivative of fluorescence emission provides valuable
insights into the thermal stability characteristics of the proteins under investigation. (Huynh & Partch,
2015)
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Figure S8. Corresponding ECF-PanT protein curves with A) 0% and B) 5% of DMSO.

In Figure S8-A, it can be observed that ECF-PanT, when incubated in the optimal buffer without DMSO
(0% DMSQ), remains stable for 3 days. However, beyond this period, the protein exhibits multiple
melting temperatures, suggesting a loss of stability. Although a peak with approximately 7, of 39.66 °C
is visible, it cannot be definitively concluded that the protein remains stable under these conditions. On
the other hand, Figure S8-B illustrates the stability of ECF-PanT in the respective buffer containing 5%
DMSO. In this case, the protein remains stable throughout the incubation period, indicating that the
presence of 5% DMSO helps to maintain its stability. The small variation between the starting intensities
could be due to an error in pipetting which could cause a difference in concentration. In Figures S9 and
S10, the corresponding curves for ECF-module and ECF-FolT2 are presented, respectively. These
curves provide insights into the stability profiles of these proteins under the specified experimental

conditions.
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Figure S9. Corresponding ECF-module protein curves with A) 0% and B) 5% of DMSO.

In Figure S9-A, it is evident that the ECF-module with approx. T, of 39.45 °C, when incubated in the
buffer without DMSO (0% DMSO), remains stable for 3 days. This indicates that the protein maintains
structural integrity and stability during this timeframe. On the other hand, in Figure S9-B, when the
ECF-module is incubated in the buffer containing 5% DMSO, it exhibits stability for an extended period
of 3-4 days.
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Figure S10. Corresponding ECF-FolT2 protein curves with A) 0% and B) 5% of DMSO.

Figure S9 shows that ECF-FolT2 is stable for 4 days with T,, of approx. 54.57 °C, and after that, the
curve shape and the fluorescence intensity start to change in both 0% and 5% of DMSO. The comparison
between the two figures highlights the influence of DMSO on the stability of the ECF proteins, with the
addition of 5% DMSO providing an advantage in terms of prolonging the protein's stability.
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Evaluation of stability data resulted from TSA

To evaluate the stability of ECF-PanT, we incubated the protein at room temperature in the optimal
buffer (50 mM KPi pH 7.5, 50 mM NacCl, 0.05% DDM) under two conditions: with and without 5%
DMSO. The stability was monitored by analyzing UV absorption at 280 nm using Size Exclusion
Chromatography (SEC) to ensure consistent absorbance (see Figure 2B). Technical duplicates were used
to confirm the reliability of the results. Following SEC, fractions were further analyzed by Sodium
Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis (SDS-PAGE) to verify the presence and integrity
of the protein bands. The results are shown in Figure S11, confirming the expected bands and

demonstrating the protein's stability.

1
1

Figure S11. SEC Fractions on SDS-PAGE (12% Gel). Each condition indicated by C can be described
respectively as C1) Day 0 (D0) without DMSO (0%). C2) Day 0 (D0) with 5% DMSO. C3) Day 2 (D2) without
DMSO (0%). C4) Day 2 (D2) with 5% DMSO. C5) Day 5 (D5) without DMSO (0%). C6) Day 5 (D5) with 5%
DMSO. C7) Day 6 (D6) without DMSO (0%). C8) Day 6 (D6) with 5% DMSO.

As depicted in Figure S11, all four bands corresponding to the protein of interest were observed
throughout the experimental period. However, it is noteworthy that on day 5, the protein volume
injection was lower compared to the other days. The presence of all four bands confirms the persistence

of the protein fragments.

Protein-ligand interaction study using TSA

The experimental setup, including run parameters, total volume, protein and dye concentrations, as well
as the selection of the optimal buffer, remained consistent with previous procedures. All the compounds
were diluted in 100% DMSO and for each compound, a specific range of concentration was chosen. The
volumes for each component were 10 pL of protein, 2.5 pL of ROX, 2 pL of GloMelt, 1puL of the
compound in 100% DMSO (or 100% DMSO only as control), and 4.5 pL of the buffer.
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Surface plasmon resonance (SPR)

The SPR binding studies were performed using a Reichert 4SPR surface plasmon resonance
spectrometer (Reichert Technologies, Buffalo, NY, USA), and medium—density NTA derivatized
polycarboxylate hydrogel NiHC200M sensor chips (XanTec Bioanalytics, Diisseldorf, Germany). The
experimental procedure involved two rounds of nickel activation and one immobilization step at a
concentration of 200 nM. The proteins ECF-module (92,56146 kDa), ECF-PanT (113,8745 kDa), and
ECF-FolT2 (112,16316 kDa) were immobilized in flow cells 1, 2, and 3, respectively according to the
standard protocol as provided by Xantec biocanalytics with a slight modification based on the
recombinant proteins. The flow-cell 4 was left blank to serve as a reference.

The immobilization buffer employed for the immobilization process consisted of 10 mM HEPES with
a pH of 7.5, 50 mM NaCl, 50 uM EDTA, and 0.05% DDM without DMSO. Following the
immobilization step, for the binding study of the compounds, the running buffer was exchanged for the
mentioned buffer with 5% v/v DMSO. This was done to ensure consistency in the percentage of DMSO
present in the solutions containing the respective testing inhibitors, as these inhibitors were soluble in
the DMSO solvent. By maintaining the same DMSO concentration, we aimed to minimize any potential
solvent-related effects on the assay results. All running buffers were filtered and degassed before use.
The system was initially primed with 5 mM NiCl, with an association and dissociation time of 2 min
for each to activate the NTA sensor chip. Then, the recombinant proteins with a concentration of 200
nM were injected at a flow rate of 10 pL/min for 8 min. Finally, the baseline check with the running
buffer showed a stable immobilization level of approximately 9.000 RU, 14.000 RU, and 6.000 RU for
the ECF-module, ECF-PanT, and ECF-FolT?2, respectively.

First, the calibration curve for correction of the DMSO effect was prepared; the concentrations were
3%, 3.5% 4%, 4.5%, 5%, 5.5%, 6%, 6.5%, and 7% v/v and were diluted with SPR buffer. Then, the
concentration of compounds started from 800 uM to 1.56 pM with a dilution factor of 2. The
concentration of DMSQ in all the samples was set to 5% v/v DMSQ. The samples (200 uL) were loaded
on a 96-well plate and were injected at a flow rate of 50 pl/min. Single-cycle kinetics were applied for
Kp determination. The association time was set to 60 s, and the dissociation phase was recorded for 120
s. For surface regeneration, 0.35 M EDTA (pH 8.5) and 0.1 M NaOH were used. Data processing and
analysis were performed by Scrubber software (Version 2.0c, 2008, BioLogic Software). Sensorgrams
were calculated by sequential subtractions of the corresponding curves obtained from the reference flow
cell and the running buffer (blank). SPR responses were expressed in the resonance unit (RU). The Kp
values were calculated by global fitting of the kinetic curves as well as fitting of the steady state binding
responses to a 1:1 Langmuir interaction model. The calculated values are in the same range.

The SPR experiments were conducted at least two times, representing independent replicates. The
response-time and response-concentration curves for each compound, illustrating the binding
interactions, are presented in Figure S12 for ECF-PanT, Figure S13 for ECF-FolT2, and Figure S14 for
ECF-module. These curves provide insights into the kinetics and concentration-dependent responses of

compounds 1-6 when interacting with the immobilized proteins.
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Figure S12. Response-time sensorgram overlay and response—concentration curves for the ECF-PanT protein
upon injection of compounds 1-6, denoted as A to F, respectively. Each compound is associated with a unique
curve, elucidating the temporal evolution of the ECF-PanT protein's response as well as its response at different
compound concentrations.
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Figure S13. Response-time sensorgram overlay and response—concentration curves for the ECF-FolT2 protein
upon injection of compounds 1-6, denoted as A to F, respectively. Each compound is associated with a unique
curve, elucidating the temporal evolution of the ECF-FolT2 protein's response as well as its response at different
compound concentrations.
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Figure S14. Response—time sensorgram overlay and response—concentration curves for the ECF-module upon
injection of compounds 1 and 4 as representative of the two classes, denoted as A and B, respectively.

In vitro cytotoxicity evaluation

As previously noted, this assay was conducted following the methodology of Haupenthal et al., 2007,
with minor modifications, which will be detailed below.

To obtain information regarding the toxicity of our compounds, their impact on the viability of human
cells was investigated. HepG2 and A549 cells (2 x 10* cells per well) were seeded in 96-well, flat-
bottomed culture plates in 100 pL culture medium (DMEM containing 10% fetal calve serum, 1%
penicillin-streptomycin). Twenty-four hours after seeding the cells, medium was removed and replaced
by medium containing test compounds in a final DMSO concentration of 1%. Compounds were tested
in duplicates at a single concentration in 1% DMSO/medium. Epirubicin and doxorubicin were used as
positive controls in serial dilutions starting from 10 pM, and rifampicin was used as a negative control
(at 100 uM). The living cell mass was determined 48 h after treatment with compounds by adding 0.1
volumes of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) solution (5 mg/mL
sterile PBS) (Sigma, St. Louis, MO) to the wells. After incubating the cells for 30 min at 37 °C
(atmosphere containing 5% CO-), medium was removed and MTT crystals were dissolved in 75 pL of
a solution containing 10% SDS and 0.5% acetic acid in DMSO. The optical density (OD) of the samples
was determined photometrically at 570 nm in a PHERAstar Omega plate reader (BMG labtech,
Ortenberg, Germany). To obtain percent viability for each sample, their ODs were related to those of
DMSO controls. At least two independent measurements were performed for each compound. The
calculation of ICsy was performed using the nonlinear regression function of GraphPad Prism 10

(GraphPad Software, San Diego, CA, USA).
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Herein, we present the first application of target-directed dynamic
combinatorial chemistry (tdDCC) to the whole complex of the
highly dynamic transmembrane, energy-coupling factor (ECF)
transporter ECF-PanT in Streptococcus pneumoniae. In addition,
we successfully employed the tdDCC technique as a hit-
identification and -optimization strategy that led to the identifi-
cation of optimized ECF inhibitors with improved activity. We
characterized the best compounds regarding cytotoxicity and per-
formed computational modeling studies on the crystal structure of
ECF-PanT to rationalize their binding mode. Notably, docking
studies showed that the acylhydrazone linker is able to maintain
the crucial interactions.

Energy-coupling factor (ECF) transporters are underexplored
transmembrane proteins involved in the uptake of vitamins in
a wide range of bacteria, predominantly in Gram-positive
species such as Streptococcus pneumoniae, Enterococcus faecium
and faecalis.' They are essential for bacterial survival and
absent in humans, making them attractive drug targets. They
comprise a substrate-specific binding protein termed the
S-component and an energizing module (ECF module) that
consists of a membrane-embedded scaffold protein (ECFT) and
two cytosolic nucleotide binding domains (ECFA) and (ECFA").
ECF transporters are divided into two groups. We focus on
group II, where a single inhibitor can block the uptake of
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multiple vitamins at once given that multiple S-components
compete for the same ECF module (Fig. 1).>*

These intriguing transporters are proposed to use a highly
dynamic bilayer-mediated toppling mechanism for the trans-
port of the substrates from the external environment to the
cytosol. Molecular dynamics (MD) simulations and cryo-EM
spectroscopy revealed that the protein-induced membrane
deformations enable the toppling of the S-component across
the membrane and its interaction with the ECF module.*” This
unique architecture and mechanism of action make the ECF
transporters fascinating and challenging targets. Over the past
decade, several structural and funectional studies have unravelled
their mechanism of transport. In 2016, we solved the crystal
structure of Lactobacillus delbrueckii ECF-FolT2.”° Later, we
determined the crystal structure of ECF-PanT in L. delbrueckii
by generating antibodies, which were used as a crystallization
chaperone.” In addition, the crystal structure of the ECF-PanT
from L. brevis was determined in 2014 by M. Zhang et al®
Recently, our group managed to express and purify S. pneumo-
nige ECF-PanT,” but unfortunately, structural information on
this protein is still lacking.

Herein, we aimed to expand the currently limited repertoire
of ECF inhibitors and to investigate the applicability of the

ECF Type
Group Il

————
I“ -“'\
- ~ -———
i -

- - = -’ ~

- g - ,
~

= P g

FolT ECFT

Fig.1 Architecture of group Il ECF transporters. All S-components

(shown in different colors) interact with a shared ECF module (ECFAAT)
shown in blue, thereby mediating the uptake of multiple vitamins.

This journal is ©® The Royal Society of Chemistry 2024
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Fig. 2 Application of target-directed dynamic combinatorial chemistry
(tdDCC) approach to ECF-PanT from S. pneumoniae.

dynamic combinatorial chemistry (DCC) approach to the full
complex of a highly dynamic, transmembrane protein from
S. pneumoniae (Fig. 2). Previously, our group reported the
applicability of DCC solely on the S-component from a non-
pathogenic organism L. lactis, while here we managed to extend
the applicability of DCC to the entire transmembrane protein.

DCC is a powerful tool that generates compound libraries
under reversible conditions.'” The combination of all building
blocks through covalent or noncovalent interactions leads to
the formation of a mixture of interchanging products under
thermodynamic control. Upon addition of the target, the library
composition alters as the members that have higher affinity for
the target are selected and stabilized at the expense of the non-
recognized species. Hence, this efficient technique allows the
target to select its own binders and circumvents the need for
synthesis and evaluation of all individual compounds.™"

Among the reported reversible reactions, the acylhydrazone
formation became appealing for DCC in medicinal chemistry,"
as aldehyde and hydrazide building blocks are commercially
available. In addition, the acylhydrazone is a relatively stable
amide-type linkage and also offers hydrogen-bond donor and
-acceptor sites. The aldehyde-hydrazide ratio ensures the
pseudo first-order behavior of the reaction and allows the fast
formation of all possible products.’®'* Under acidic condi-
tions, the equilibrium is reached rapidly, while this process is
slower at neutral pH. The addition of a nucleophilic catalyst
such as aniline leads to fast equilibration and fully reversible
dynamic combinatorial libraries (DCLs), allowing the freezing
of the reaction.*

To date, only a few applications of the DCC approach to
transmembrane proteins have been reported. In 2017, our
group used DCC as a fragment-growing method to identify
ligands of ThiT, the S-component of the ECF transporter for
thiamine in L. lactis."® Herein, we apply DCC for the first
time to the entire complex of ECF-PanT from the pathogen
S. pneumoniage. According to the WHO, 5. pneumoniae is a
medium-priority pathogen with an increasing number of
antibiotic-resistant strains. Furthermore, it is a suitable target

This journal is @ The Royal Society of Chemistry 2024
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for the study of ECF transporters as it lacks the endogenous
pathway for the biosynthesis of pantothenate and folic acid and
depends entirely on their uptake from the environment."

For this study, we chose a DCL that relies on the reversible
acylhydrazone formation, while ECF-PanT from S. pneumoniae
was selected as the target protein. The template effect of ECF-
PanT in the DCL was determined by comparing the blank
library (without protein) with the templated one (in presence
of the protein) by high-resolution mass spectrometry (HR-MS).
At the outset, as we are applying this technique for the first time
to the whole transporter, we had to optimize the experimental
conditions (temperature, pH, buffer influence) as well as the
protein stability in the presence of the DCL. To do so, we took
advantage of our group's recent data,” where we report the
determination of the protein stability at different pHs and
buffers over time using the thermal shift assay (TSA).® Among
all the screened conditions, we selected the KP; buffer (pH 7.5)
ensuring the stability of ECF-PanT over six days.

Having established the optimal conditions for the stability
of our protein, we proceeded with the design of three tdDCC
experiments as initially planned. The first tdDCC (tdDCC-1)
served as a pilot to establish the essential conditions and
confirm the applicability of tdDCC to ECF-PanT, by choosing
an “unbiased” library of commercially available in-house build-
ing blocks (see details in ESI{). Then, we followed a standard
DCC workflow: (i) identification of when the blank library
reaches equilibrium; (ii) determination of the relative peak
areas (RPAs); (iii) analysis of the samples via HR-MS.

Subsequently, we used tdDCC as a hit optimization method
to further advance our research endeavors. To the best of our
knowledge, the only ECF inhibitors described to date emerged
from a structure-based virtual sereening (SBVS) approach.'®™*
Hence, we decided to design a DCL bearing key motifs of the
two already-known series of ECF inhibitors namely 1 and 2'7**
with the aim to further optimize their in vitro and whole-cell
activities. Therefore, we designed a library containing two
aldehydes that resemble 1 and 2 (Scheme 1A). Aldehyde A4
retained the salicylic acid moiety, which is known to be
essential for the activity from a previous structure-activity
relationship (SAR) study.'” Thus, we decided to explore it
further. Accordingly, aldehyde A5 was based on 2 for which
an SAR study revealed that the “Western moiety” is the opti-
mum growth vector."® After our rational choice of the two
aldehydes (A4, A5), we selected seven diverse hydrazides (H9-
H15), encompassing both aliphatic and aromatic variations, as
well as a range of molecular sizes to explore a broad chemical
space and capture a wide spectrum of potential interactions.
This ECF-focused DCC experiment was called in this study
tdDCC-2. Under the conditions already described, aldehydes
and hydrazides were mixed in phosphate buffer (pH 7.5) with
an excess of aniline and 5% DMSO. Having reached the
equilibrium, we determined the composition of the blank
library. After 28 hours, the RPAs of the products did not show
any significant changes, indicating the end of the experiment.
By comparing the chromatogram of the blank library to the two
protein-templated ones, we observed the amplification of ASH9

Chem. Commun., 2024, 60, 870-873 | 871
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Scheme 1 (A) Design of target-directed dynamic combinatorial chemistry i.e. tdDCC-2 and 3 experiments based on the initial hits 1 and 2. (B) Structures

of the amplified compounds 4, 5 and 6 that showed inhibition against ECF transporter.

(5) and ASH10 (4) only in the mixture containing ECF-PanT and
proceeded with their synthesis (Fig. S2, ESIT).

Next, we decided to further expand our set of compounds
and designed a third tdDCC experiment referred to as tdDCC-3
with a primary objective of hit identification and optimization.
In this context, we selected a more diverse library of aldehydes,
including those with larger substituents such as A7 and A8, as
well as A6 (Fig. 2 and Fig. S3, ESI{), which features an amide
bond in place of the carboxylic acid found in compound 1.
Additionally, the hydrazides (H16-H23) chosen for this library
were also bulkier in order to explore more chemical space. The
experiment was performed under the same conditions as
before (Fig. S3a, ESIT). Following the same workflow, this time
acylhydrazones A6H19 (6), A7H15 and A7H19 were amplified
and then synthesized (Fig. 2 and Fig. S3, ESI}).

Next, we synthesized acylhydrazone 3 as an analogue to 1 and
used both of them as references in our study. All the compounds
synthesized were tested in a whole-cell uptake assay.'® The data
reported in Table 1 showed that we swiftly improved the activity of
our parent compounds. Despite 1 showing an ICs, value of 315 +
15 uM, compound 3 was comparably active. In fact, there is a
three-fold improvement of activity of our tdDCC-3 binder A6H19
(6), compared to 1. We were pleased to see that 6 showed an ICs,
value of 99.5 + 0.7 uM. In addition, the tdDCC-2 binders ASH10
(4), and A5H9 (5), exhibited IC5, values of 152.8 + 43 uM and 56 +
6.3 puM, respectively. These values represent several-fold improved
potencies compared to 2, which showed less than 10% inhibition
in the same whole-cell assay.'® We also evaluated the monomers
within the same assay, which confirmed that the observed activity
was attributed to the acylhydrazone products. Additionally, we
assessed the most promising compounds in a proteoliposome
uptake assay with ECF-PanT. To further profile our ECF

872 | Chem. Commun., 2024, 60, 870-873

Table 1 Biological evaluation of the compounds for inhibition in the
whole-cell uptake assay and in the proteoliposome uptake assay

Uptake assay into

Compound Whole-cell uptake assay proteoliposome
% Inh. 200 pM ICso M % Inh. @ 250 uM

1 42.7 + 8.9 315 +£15 34+9

2 <10 n.d. <10

3 11.6 + 1.3 308n=1 72.5 + 16

A5 <10 n.d. n.d.

A6 <10 n.d. n.d.

H9 <10 n.d. n.d.

H10 <10 n.d. n.d.

H19 <10 n.d. n.d.

4 59.5 + 10.2 152.8 + 43 85.8 + 4

5 68.5 £ 3.5 56 + 6.3 52.2

6 81.3 £+ 0.9 99.5 + 0.7 43.4 + 23

n.d. = Data not determined.

inhibitors, we evaluated 4, 5 and 6 for their antibacterial activity
and their toxic effects on three different human cell lines, namely
liver cancer cells (HepG2), embryonic kidney 293 cells (HEK293)
and adenocarcinoma alveolar basal epithelial cells (A549) using
an MTT assay. Encouragingly, none of them showed significant
toxicity against any of the cell lines used. (Table S4, ESIf).

To rationalize the binding mode of the three most active
ECF inhibitors, 4, 5 and 6, computational modeling was
performed (methods, ESIt). This study started from an
unbiased coarse-grained (CG) molecular dynamics (MD) simu-
lation previously performed by our group on ECF-PanT.’
Importantly, another short 60 picosecond MD simulation
revealed that the three selected compounds, behaved similarly
to compound 1, binding more stably to the so-called P9 pocket
at the interface between the S-component and the ECF module

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Ligand poses and main interacting residues from chain C (white)
and chain D (light red) within pocket P9 guided by SeeSAR. (A) Overlay of
hit 1 (blue), from the unbiased CG MD simulation and the selected pose of
6 (green). (B) Overlay of compounds 4 (viclet) and 5 {pink).

(Fig. S8, ESIf). Thus, this buried pocket was used for the
docking experiments with SeeSAR.'> Most of the generated
docking poses interact with the S-component (chain-C) and
ECF module (chain-D) primarily through hydrophobic interac-
tions (mainly Phe28-C and Leul64-D) on both ends of the
compounds. As shown before,'” hydrogen bonds are formed
with the Arg77-C residue (Fig. 3 and Fig. 89, ESI) in 72% of all
generated poses. In most poses, the salicylic acid of 6, or the
acylhydrazones of 4 and 5 form a hydrogen bond with Arg77-C
(Fig. 89, ESIt). We also observed a significant overlap of the
common structural motifs between the selected pose pairs, Le.,
the salicylic acid moieties of 1 and 6 from the CG-MD snapshot.
The orientation of the common parts of 4 and 5 poses also
overlap, while a shift along the longitudinal axis is observed.
This variation may result from the differing space required for
the bromophenyl and naphthyl rings, respectively (Fig. 3). The
stability of the selected poses was further investigated in a short
60 ps MD simulation. The selected poses remained stable in the
binding pocket (root mean square deviation (RMSD) = 3.18 A)
and the hydrogen-bond interactions with Arg77-C remained
intact (mean distance = 2.96 A, Fig. §10, ESI+).

In conclusion, we successfully established and applied the
conditions of the DCC strategy on the full complex of ECF-PanT
from S. pneumoniae, which represents a challenging target in
the design of innovative anti-infectives due to its highly
dynamic mechanism of transport. In addition, we confirmed
the applicability of tdDCC as a hit-optimization method as we
were able to enhance the potency of the already reported ECF
inhibitors 1 and 2 to derivatives 4, 5 and 6. We further profiled
these compounds for their eytotoxicity and found them non-
toxic. We also performed docking studies to gain insights into
the binding mode of these compounds, which showed that 6 is
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predicted to bind similarly to 1, whereas in 4 and 5 the
acylhydrazone linker acts as alternative interaction site. These
results further demonstrate the value of using the acylhydra-
zone linker in DCC for the discovery and optimization of novel
ligands for challenging targets such as transmembrane pro-
teins with dynamic pockets.
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synthesized the amplified products. A. S. purified ECF-PanT,
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General information

All reactions using oxygen- and/or moisture-sensitive materials were carried out in dry solvents (vide infra) under a nitrogen
atmosphere using oven-dried glassware. Reactions were monitored by a liquid chromatography-mass spectrometry (LC-MS)
system equipped with a Dionex UltiMate 3000 pump, autosampler, column compartment, detector, and ESI quadrupole MS (MSQ
Plus or 1SQ EC) from Thermo Fisher Scientific, Dreieich, Germany. Purification of the final products, when necessary, was
performed using preparative HPLC (Dionex UltiMate 3000 UHPLC+ focused, Thermo Scientific) on a reversed-phase column (C18
column, 5 uM, Macherey-Nagel, Germany). The solvents used for the chromatography were water (0.1% formic acid) and MeCN
(0.1% formic acid). High-resolution mass (HRMS) of final products was determined by LCMS/MS using a Thermo Scientific Q
Exactive Focus Orbitrap LC-MS/MS system. NMR data were collected on a Bruker Avance Neo 500 MHz (*H at 500.0 MHz; *3C at
126.0 MHz; 1°F NMR at 470 MHz), equipped with a Prodigy Cryo-probe. Chemical shifts are reported in parts per million (ppm)
relative to residual solvent peak (DMSO-dg, 1H: 2.54 ppm; 13C: 39.9 ppm). Coupling constants are reported in Hertz (Hz). Multiplicity
is reported with the usual abbreviations (s: singlet, br s: broad singlet, d: doublet, dd: doublet of doublets, ddd: doublet of doublet
of doublets, t: triplet, dt: doublet of triplets, q: quartet, p: pentet, dp: doublet of pentets, m: multiplet). The periodic progress and
analysis of DCC experiments were monitored by UPLC-MS (ThermoScientific Dionex Ultimate 3000 UHPLC System coupled to a
ThermoScientific Q Exactive Focus with an electrospray ion source) using an Acquity Waters Column (BEH, C8 1.7 um, 2.1 x 150
mm, Waters, Germany) at a flow rate of 0.250 mL/min with detection set at 210, 254, 290, and 310 nm, and the mass spectrum
recorded in a positive mode in the range of 100-700 m/z. The solvent system was 0.1% formic acid in H,O (Solvent-A) and 0.1%
formic acid in MeCN (Solvent-B). The gradient program began with 5% of Solvent-B for 1 min and was then increased to 95% of
Solvent-B over 17 min and held for 2 min, followed by a decrease of Solvent-B to 5% over 0.1 min, where it was held for 2 min.
Compounds were purified by prep. HPLC eluting with an alternating gradient of 5-100% ACN with 0.05% FA in H,O with 0.05% FA.
All the compounds have a purity > 95% according to LC-MS.

Chemicals

Unless indicated otherwise, reagents and substrates were purchased from commercial sources and used as received. Solvents not
required to be dry were purchased as technical-grade and used as received. All new compounds were fully characterized by 1H-
and 3C-NMR and HRMS techniques. The purity of all the final products was determined by LC-MS and found to be >95%.
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General procedure for DCC experiments

DCL preparation (GP-1):

To a 1.5 mL Eppendorf Tube® containing phosphate buffer (Phosphate buffer, pH 7.5) were added hydrazides (150 pM each, in
DMSO), aldehydes (S0 pM each, in DMSO), aniline (5 mM, in DMSQO), and an additional amount of DMSO to reach a final
concentration of 5% in the DCL with 500 pL of end-volume. The DCL was allowed to gently mix on a rotating wheel (7 rpm) at room

temperature and was frequently monitored via UPLC-MS. For analysis, 20 pL of the corresponding library was mixed with 28 pL
acetonitrile and 2 pL of NaOH (2 M), the mixture was centrifuged, and the supernatant was used for the analysis.1

Protein-templated DCL preparation (GP-2):

To a 1.5 mL Eppendorf Tube® containing phosphate buffer (pH 7.5) were added hydrazides (150 uM each, in DMSO), aldehydes
(50 uM each, in DMS0), aniline (5mM, in DMSO), Streptococcus pneumoniae ECF-PanT (11.77 — 13.17 uM) in phosphate buffer at
pH 7.5,%2 and an additional amount of DMSO to reach a final concentration of 5% in the DCL with 500 uL of end-volume. The DCL
with the protein was allowed to gently mix on a rotating wheel (7 rpm) at room temperature, was frequently monitored via UPLC-
MS ,and the traces were compared with the blank composition. For analysis, 20 pL of the corresponding library were mixed with
28 ulL acetonitrile and 2 pL of NaOH (2 M), the mixture was centrifuged and the supernatant was used for the analysis.?

Note: The protein-templated DCL-1, -2 and -3 were run as duplicates.

Assessment of DCL composition

The library composition was assessed after the equilibrium of acylhydrazone formation was reached as reported in the literature.
All the DCLs in this study reached an equilibrium after four to twenty eight hours. The “amplification factor” was determined with
the relative peak area (RPA), which is the percent of each peak when the sum of all peak areas was set to 100%. The “normalized
RPA” was used for the final assessment of amplification of the acylhydrazone products in the DCL.- 3

amplification factor = RPA(templated) RPA(blank)

normalized change of RPA = (RPA(templated) - RPA(blank)) RPA(blank)

DCC-experiments
tdDCC-1 for establishing the DCC conditions using ECF-PanT for the first time:

Initially, we built our first DCL library by choosing a diverse set of commercially available aldehydes and hydrazides with the aim
to find the optimal conditions for our protein and at the same time identify new hits as potential ECF inhibitors.

The composition of DCL-1 is depicted in Fig. S1A, ESIT and includes three aldehydes (A1—A3) and eight differently substituted
hydrazides (H1—H8). From the results of the tdDCL-1, we observed that the products formed did not show significant changes
after 28 hours (Fig. S1B, ESIT). Then, the blank library was compared to the two protein-templated ones. The analysis of this
experiment showed that the ECF protein altered the equilibrium and, thus, the composition of the DCL, as acylhydrazones A1HB6,
A1H7, A1H5, A2H5 and A3H8 were amplified (Fig. S1, ESIT) and then synthesized for testing.

DCL-1 (20 mol% protein): The DCC-experiment was carried out according to GP-1 (blank) and GP-2 (protein-templated) in
phosphate buffer at pH 7.5 and 5% DMSO.
Table 1: Composition of dynamic combinatorial library 1 (DCL-1) of target-directed dynamic combinatorial chemistry experiment 1 (tdDCC-1)

Blank Protein-templated (1) Protein-templated (11)
Entry
Amount Final conc. in DCL Amount Final conc. in DCL Amount Final conc. in DCL
Buffer phosphate pH 7.5* 475 ul - 222 L - 222 pL -
Aldehyde 100 mM 3%5 (3 %50 uM) 3x5 (3 %50 uM) 35 (3% 50 uM)
x x x
ehyce 1o m (15 pl) K (15 ul) H (15 pt) H
8x5 8x5 8 x5°
Hydrazide 100 mM X (8 x 150 uM) * (8 x 150 p) " (8% 150 uM)
(40 L) (40 L) (40 L)
Aniline 1M in DMSO 5uL 5mM 5puL 5 mM 5ulL 5mM
DMSO 13.25uL - 13.25 uL - 13.25 uL -
Streptococcus pneumoniae 0 283 L 10 UM 283 L 10 uM
ECF-PanT (11.77 uM) ) s H H H

*The buffer is 50mM KP;, pH= 7.5 with 50 mM NaCl and 0.05 %(w/v) DDM. #To minimize the error, the 15 pl stock solution was prepared by mixing 5 pL of each aldehyde
from the initial 100 mM stock, and 0.75uL were taken from this stock. “To minimize the error, the 40 pL stock solution was prepared by mixing 5 ulL of each hydrazide
from the initial 100 mM stock, and 6 pL were taken from this stock.

DCC-2:
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This experiment library consisted of two aldehydes (A4-A5) and eight hydrazides (H9-H15) as shown in S2A.

DCL-2 (20 mol% protein): The DCC-experiment was carried out according to the GP-1 (blank) and GP-2 (protein-templated) in
phosphate buffer at pH 7.5 and 5% DMSO.

Table 2: Composition of dynamic combinatorial library 2 (DCL-2) of target-directed dynamic combinatorial chemistry experiment
2 (tdDCC-2)

Blank Protein-templated (1) Protein-templated (I1)
Entry
Amount Final conc. in DCL Amount Final conc. in DCL Amount Final conc. in DCL
Buffer phosphate pH 7.5% 475 plL - 52 pL - 52 L -
Aldehyde 100 mM 2x5 (2 x50 pM) 2x5 (2 % 50 pM) 2x5% (2 x 50 uM)
(10pt) (10 1) (10 1)
Hydrazide 100 mM 7%5 (7x 150 pM) 7%x5 (7 x 150 puM) 7 x50 (7 x 150uM)
(35 L) (35 uL) (35 L)
Aniline 1M in DMSO 5pL 5mM 5puL 5mM 5plL 5mM
DMSO 13.25 pL - 13.25 uL - 13.25 -
Streptococcus pneumoniae 0 - 424 nL 10 uM 424 L 10 uM
ECF-PanT (11.77 uM)

*The buffer is 50mM KP,, pH= 7.5 with 50mM NaCl and 0.05 %(w,/v) DDM. *To minimize the error, the 10 pl stock solution was prepared by mixing 5 pL of each aldehyde

from the initial 100 mM stock, and 0.5 uL were taken from this stock. *To minimize the error, the 35 pL stock solution was prepared by mixing 5 pL of each hydrazide
from the initial 100 mM stock, and 5.25 pL were taken from this stock.

DCC-3:

This experiment library consists of three aldehydes (A6-A8) and seven hydrazides (H1-H7) as shown in S3A.

DCL-3 (20 mol% protein): The DCC-experiment was carried out according to the GP-1 (blank) and GP-2 (protein-templated) in
phosphate buffer at pH 7.5 and 5% DMSO. The DCL composition is depicted in Table 3.

Table 3: Composition of dynamic combinatorial library 3 (DCL-3) of target-directed dynamic combinatorial chemistry experiment
3 (tdDCC-3)

Entry Blank Protein-templated (1) Protein-templated (I1)
Amount Final conc. in DCL Amount Final conc. in Amount Final conc. in DCL
DCL
Buffer phosphate pH 7.5* 475 pL - 95.4 pL - 95.4 uL -
Aldehyde 100 mM 3x5 (3 x50 pm) 3x5 (3 % 50 uM) 3x5° (3 50 uM)
(15 L) (15 L) (15 ul)
Hydrazide 100 mM 8x5 (8 x 150 uM) 8x5 (8 = 150 pM) 8 x50 (8 x 150 puM}
40 pL (40 pL) (40 pl)
Aniline 1M in DMSO 5uL 5mM 5 uL 5mM 5puL 5mM
DMSO 13.25 pL - 13.25 - 13.25 -
S. pneumoniae ECF-PanT 0 - 379.6 uL 10 um 379.6 uL 10 uMm
(13.17 um)

*The buffer is 50mM KP;, pH= 7.5 with 50 mM NaCl and 0.05 %(w/v) DDM. *To minimize the error, the 15 uL stock solution was prepared by mixing 5 pL of each aldehyde
from the initial 100 mM stock, and 0.75uL were taken from this stock. ® To minimize the error, the 40 pL stock solution was prepared by mixing 5 pL of each hydrazide
from the initial 100 mM stock, and 6 pL were taken from this stock.
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Figure S.1. A) Dynamic combinatorial library 1 (DCL-1) composition, B) evaluation of the equilibrium state in the blank DCL-1 by comparing relative
peak areas (RPA) of products formed over time, C) amplification factor and normalized change of RPA of products, D) amplified acylhydrazones in

protein-templated target-directed dynamic combinatorial chemistry 1 (tdDCC-1). E) Comparison between blank and protein-templated tdDCC-1
samples at twenty-height hours.
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Target-directed dynamic combinatorial chemistry experiment 2 (tdDCC-2):
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Figure S.2. A) Dynamic combinatorial library 2 (DCL-2) composition, B) evaluation of the equilibrium state in the blank DCL-2 by comparing
relative peak areas (RPA) of products formed over time, C) amplification factor and normalized change of RPA of products, D) amplified
acylhydrazones in protein-templated target-directed dynamic combinatorial chemistry 2 (tdDCC-2). E) Comparison between blank and protein-

templated tdDCC-2 samples at twenty-height hours.
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Target-directed dynamic combinatorial chemistry experiment 3 (tdDCC-3):
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Figure S.3. A) Dynamic combinatorial library 3 (DCL-3) composition, B) evaluation of the equilibrium state in the blank DCL-3 by comparing
relative peak areas (RPA) of products formed over time, C) amplification factor and normalized change of RPA of products, D) amplified
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acylhydrazones in protein-templated target-directed dynamic combinatorial chemistry 3 (tdDCC-3). E) Comparison between blank and
protein-templated tdDCC-3 samples at twenty-height hours.

General procedure for acylhydrazone formation (GP-3):

To a crimp tube equipped with a magnetic stirring bar, the hydrazide (1-1.2 equiv.) and the corresponding aldehyde (1 equiv.)
were dissolved/suspended in MeOH (0. 6 M) under a nitrogen atmosphere. The reaction mixture was stirred at 65 °C until
complete consumption of the starting material. After cooling the reaction to room temperature, the reaction mixture was
precipitated by cooling the crimp tube to 0 °C in an ice bath. The resulting crude was purified by preparative HPLC on a reversed-
phase column (C18 column, pM, Macherey-Nagel, Germany) using 15-100% gradient of MeCN (0.05% formic acid) in water (0.05%

R, ©
\ /< N R
R‘/‘x\\o n —_— r; \NJ\ x-h2
HN=NH, R H
1

Ry= aromatic group
R,= aromatic or aliphatic group
X= CH,, OCHj,, CH,0, CH,0CHj,, (CHy)p, CH,CH,, Ry

Scheme 1. General conditions for the synthesis of acylhydrazones.
formic acid), affording the corresponding acylhydrazone products in 60-90% isolated yields.*

Characterization of acylhydrazones

Based on 'H-NMR data, the acylhydrazones reported in this work exist as a mixture of cis/trans rotamers in DMSO-d; solutions.
Thus, *H-NMR spectra for all compounds show resonances for the CO-NH group protons where the rotamers proton (cis/trans)
are reported as Ha and Ha’. After reviewing the available literature, it becomes apparent that the acylhydrazones synthesized
from aromatic carbaldehydes are essentially planar and exist completely in the form of geometric (E)-configuration about the C=N
bond due to steric hindrance on the imine bond. Therefore, we discarded the formation of Z, cis and Z, trans isomers.* *

(E)-1-(5-Chlorothiophen-2-yl)-2-({2-fluoro-4-hydroxybenzylidene)amino)ethan-1-one (A1H5)

According to GP-3, 2-fluoro-4-hydroxybenzaldehyde Al (60 mg, 0.43 mmol) and 2-(4-nitrophenoxy)acetohydrazide H5 (75.6 mg,
0.42 mmol) were mixed in MeOH (0.7 mL). The crude was purified by preparative HPLC (64% CH3CN) to afford A1H5 as a mixture
of two rotamers of the amide CO—NH (76:24) as an off-white solid (92.1 mg, 0.428 mmol, 72%). 'H NMR (500 MHz, DMSO-d;) 6
11.88 (br. s, 2H, 1Ha and 1Ha’), 10.54 (s, 2H, 1Ha and 1Ha’), 8.53 (s, 1H, Ha’), 8.21 (s, 1Ha), 7.88 (d, J = 4.1 Hz, 1H, Ha), 7.83 — 7.69
(m, 3H, 1Ha and 2Ha’), 7.26 (d, / = 4.1 Hz, 2H, 1Ha and 1Ha’), 6.80 (d, J = 8.7 Hz, 1H, Ha), 6.72 (d, J = 8.1 Hz, 1H, Ha’), 6.65 (dt, J =
9.9, 4.9 Hz, 2H, 1Ha and 1Ha’). 13C NMR (126 MHz, DMSO-d,;) 6 162.9, 161.3, 161.2, 160.9, 159.8, 156.5, 141.2, 138.3, 138.3, 137.6,
137.2,134.3,133.8, 130.7, 128.7, 128.3, 127.8, 127.8, 127.3, 126.5, 113.1, 112.9,112.2, 112.1, 102.8, 102.6, 102.4. *°F NMR (470
MHz, DMSO-d;) 6 -118.4 (s), -119.5 (s).

HRMS (ESI*): m/z calcd. for C1zHsCIFN;0:S [M-H]~ 296.9906, measured 296.99024.

(E)-5-Chloro-N'-((6-(trifluoromethyl) pyridin-3-yl)methylene)thiophene-2-carbohydrazide (A2H5)

F
F

F = o]

|
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According to GP-3, 6-(trifluoromethyljnicotinaldehyde A2 (60 mg, 0.34 mmol)} and 5-chlorothiophene-2-carbohydrazide H5
(60.52 mg, 0.34 mmol) were mixed in MeOH(0.52 mL). The crude was purified by preparative HPLC (70% CH5CN) to afford A2ZH5
as a mixture of two rotamers of the amide CO-NH (73:27) as a white solid (102 mg, 0.34 mmol, 89%). *H NMR (500 MHz, DMSO-
ds) 6 12.34 (br. s, 2H, 1Ha and 1Ha’}, 9.18 — 9.00 (m, 2H, 1Ha and 1Ha’), 8.48 — 8.35 (m, J = 7.5 Hz, 3H, 1Ha and 2Hza’), 8.24 (s, 1H,
Ha), 8.13 — 8.02 (m, J = 7.9 Hz, 2H, 1Ha and 1Ha’), 7.83 (s, 2H, 1Ha and 1Ha’), 7.29 (d, J = 4.1 Hz, 2H, 1Ha and 1Ha’). 13C NMR (126
MHz, DMSO-d;) § 160.8, 149.4, 147.2, 147.2, 147.2, 146.9, 146.9, 146.9, 144.1, 144.0, 144.0, 141.2, 141.1, 138.1, 136.6, 136.1,
135.4, 133.6, 130.5, 130.0, 129.9, 129.9, 128.9, 128.9, 128.8, 127.2, 123.1, 121.70, 120.98, 120.95, 120.93. 1°F NMR (470 MHz,
DMSO-dg) 6 —66.4, —66.5.

HRMS (ESI*): m/z calcd. for Cy;H;CIF3N;0S [M-H)- 331.98777, measured 331.98724.
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(E)-N'-(2-Fluoro-4-hydroxybenzylidene)-2-{4-nitrophenoxy)acetohydrazide (A1H6)

According to GP-3, 2-fluoro-4-hydroxybenzaldehyde Al (40 mg, 0.286 mmol) and 2-(4-nitrophenoxy)acetohydrazide H6 (60.3 mg,
0.286 mmol) were mixed in MeOH (0.48 mL). The crude was purified by preparative HPLC (60% CH3;CN) to afford A1H6 as a mixture
of two rotamers of the amide CO—NH (70:30) as a white solid (76 mg, 0.286 mmol, 80%).

14 NMR (500 MHz, DMSO-d) 6 11.59 (d, J = 13.1 Hz, 2H, 1Ha and 1Ha’), 10.48 (s, 2H, 1Ha and 1Ha’), 8.43 (s, 1H, Ha’), 8.24 (d, J =
9.2 Hz, 2H, Ha'), 8.20 (d, 9H), 8.11 (s, 5H), 7.77 (t, J = 8.7 Hz, 2H, 1Ha and 1Ha’), 7.71 (t, J = 8.7 Hz, 1H, Ha’), 7.20 (d, J = 9.3 Hz, 2H,
Ha’), 7.17 — 7.09 (m, 10H), 6.70 (dd, J = 8.6, 2.2 Hz, 7H), 6.62 (dd, J = 12.7, 2.2 Hz, 7H), 5.31 (s, 2H, Ha), 4.83 (s, 2H, Ha’). 13C NMR
(126 MHz, DMSO-dg) 6§ 167.9, 163.6, 163.1, 163.0, 162.9, 162.7, 161.0, 160.9, 160.7, 141.3, 141.3, 140.9, 137.5, 137.5, 127.5, 127.5,
127.4, 127.4, 125.8, 125.7, 115.3, 115.2, 112.8, 112.7, 112.3, 112.3, 102.6, 102.6, 102.4, 102.4, 66.7, 65.4. 1°F NMR (470 MHz,
DMSO-dg) § -119.45, -119.69.

HRMS (ESI*): m/z caled. for CysH1,FN3Os [M+H]* 332.06882, measured 332.06827.

(E)-N'-(2-Fluoro-4-hydroxybenzylidene)thiophene-2-carbohydrazide (A1H7)

F w
N—NH
HD@

According to GP-3, 2-fluoro-4-hydroxybenzaldehyde Al (50 mg, 0.36 mmol) and thiophene-2-carbohydrazide H7 (50.7 mg,
0.36 mmol) were mixed in MeOH (0.6 mL). The crude was purified by preparative HPLC (50% CH3CN) to afford A1H7 as a mixture
of two rotamers of the amide CO-NH (51:49) as a white solid (87 mg, 0.36 mmol, 90%).

1H NMR (500 MHz, DMSO-d;) & 11.78 (d, 2H, 1Ha and 1Ha’), 10.48 (s, 2H, 1Ha and 1Ha'), 8.55 (s, 1, Ha’), 8.21 (s, 1H, 1Ha), 8.04 (s, 1H, Ha),
7.98 - 7.64 (m, 4H, 2Ha and 2Ha’), 7.22 (t, ] =4.2 Hz, 2H, 1Ha and 1Ha’), 6.75 (dd, J = 21.3, 8.1 Hz, 2H, 1Ha and 1Ha'), 6.64 (d,J = 12.5 Hz, 2H,
1Ha and 1 Ha’). *3C NMR (126 MHz, DMSO-ds) 6 162.86, 161.09, 160.94, 160.87, 157.51, 157.5, %0.7, 138.3, 137.4, 134.8, 134.6,
133.2,131.8, 128.8, 128.14, 127.7, 127.6, 127.3, 126.7, 113.0, 112.8, 112.7, 112.6, 112.5, 102.7, 102.6, 102.5, 102.4. 1°F NMR (470
MHz, DMSO-d) & -118.3 (s), -119.4 (s).

HRMS (ESI+): m/z caled. for Cy,H1gFN;0,5 [M-H]- 263.02960, measured 263.02908.

(E)-4-Methyl-N'-((6-methylpyridin-3-yl)methylene)benzenesulfonohydrazide (A3H8)

According to GP-, 6-methylnicotinaldehyde A3 (80 mg, 0.66 mmol) and 4-methylbenzenesulfonohydrazide H8 (112.42 mg, 0.34
mmol) were mixed in MeOH (1.1 mL) to afford after purification by preparative HPLC (50% CHsCN) A3H8 as one rotamer of the
amide CO-NH) as a yellow solid (183.23 mg, 0.66 mmol, 96%).

1H NMR (500 MHz, DMSO-dg) & 11.75 (s, 1H), 8.82 (s, 2H), 7.90 (s, 1H), 7.77 (d, J = 8.2 Hz, 2H), 7.41 (d, J = 8.1 Hz, 2H), 2.61 (s, 3H),
2.36 (s, 3H). 13C NMR (126 MHz, DMSO-d) & 168.0, 154.8, 143.6, 141.7, 135.9, 129.7, 127.3, 124.8, 25.6, 21.0.

HRMS (ESI*): m/z caled. for Cy4H15N30,5 [M+H]* 291.09913, measured 291.08968.

(E}-5-((2-(1-Naphthoyl)hydrazineylidene)methyl)-2-hydroxybenzoic acid (3, AAH9)

0 OH

According to GP-3, 5-formyl-2-hydroxybenzoic acid, A4 (100 mg, 0.602 mmol) and 1-naphthohydrazide H9 (112.09 mg,
0.602 mmol) were mixed in MeOH (1.1 mL) to afford after preparative HPLC (70% CHiCN) (£E)-5-((2-(1-
Naphthoyl)hydrazineylidene)methyl)-2-hydroxybenzoic acid 3 (A4H9) as a mixture of two rotamers of the amide CO-NH (84:16)
as an off-white solid (105 mg, 0.602 mmol, 92%).

'H NMR (500 MHz, DMSO-ds) 6 11.96 (s, 2H, Ha and Ha’), 8.29 (s, 1H), 8.23 — 8.18 (m, / = 6.4, 2.8 Hz, 1H, Ha), 8.16 (d, /= 2.2 Hz,
1H, Ha), 8.09 (d, J = 8.2 Hz, 1H, Ha), 8.05 — 7.98 (m, 4H, 1Ha and 3Ha’), 7.90 (dd, / = 14.3, 7.1 Hz, 2H, 1Ha and 1Ha’), 7.74 (dd, 1H,
Ha), 7.69 (d, 1H, Ha’), 7.64 — 7.50 (m, 6H, 3Ha and 3Ha’), 7.29 (dd, J = 8.7 Hz, 1H, Ha’), 7.07 (d, J = 8.6 Hz, 1H, Ha), 6.83 (d, J = 8.6
Hz, 1H, Ha’). 13C NMR (126 MHz, DMSO-d;) & 171.4, 164.6, 163.0, 147.0, 133.4, 133.2, 133.0, 130.4, 130.0, 129.4, 128.4, 127.1,
126.5, 125.8, 125.2, 125.0, 117.9.

HRMS (ESI*): m/z calcd. for C19H14N,0, [M+H]* 335.10263, measured 335.1007.
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(E}-4-Bromo-N'-((5-(4-chlorophenyl)furan-3-yl)methylene)benzohydrazide (4, ASH10)

Br.

H

N\N = A Cl

(o] ll 0

According to GP-3, 5-(4-chlorophenyl)furan-3-carbaldehyde A5 (40 mg, 0.19 mmol) and 4-bromobenzohydrazide H10 (41.63 mg,
0.19 mmol) were mixed in MeOH (0.32 mL) to give after purification by preparative HPLC (80% CH;CN) 4 (A5H10) as a mixture of
two rotamers of the amide CO—-NH (91:9) as a yellow solid (59.2 mg, 0.194 mmol, 76%).
H NMR (500 MHz, DMSO-dg) 6 11.93 (brs, 2H, 1Ha and 1Ha’), 8.37 (s, 1H), 7.93 — 7.70 (m, 12H, 6Ha and Ha’), 7.54 (d, / = 8.4 Hz,
4H, 2Ha and 2Ha’), 7.15 (dd, J = 58.7, 3.2 Hz, 4H, 2Ha and 2Ha’). *C NMR (126 MHz, DMSO-ds) 6 162.1, 153.7, 149.3, 137.5, 132.7,
132.4,131.5,129.7,129.1, 128.3, 125.7, 125.6, 116.4, 109.1.
HRMS (ESI*): m/z calcd. for CygH1;BrCIN,O, [M+H]* 404.98230, measured 404.98146.

(E)-N'-{(5-(4-Chlorophenyl)furan-2-yl)methylene)-1-naphthohydrazide (5, ASH9)

O NN {‘\>-—C|

According to GP-3, 5-(4-chlorophenyl)furan-3-carbaldehyde A5 (100 mg, 0.48 mmol) and 1-naphthohydrazide H9 (90.1 mg,
0.48 mmol) were mixed in MeOH (0.8 mL). The crude was purified by preparative HPLC (84% CH3CN) to afford (A5H9) as a mixture
of two rotamers of the amide CO-NH (89:11) as a yellow solid (136mg, 0.64 mmol, 75%).

IH NMR (500 MHz, DMSO-d;) & 12.07 — 11.97 (m, 2H, 1Ha and 1Ha’), 8.25 (s, 1H), 8.23 — 8.19 (m, 1Ha), 8.18 — 8.06 (m, 3H, 1Ha
and 2Ha’), 8.03 (dd, 3H, 1Ha and 2 Ha’), 7.91 (td, J = 16.2, 7.4 Hz, 2H, Ha’), 7.84 (d, J = 8.5 Hz, 2H, Ha), 7.75 (d, J = 6.9 Hz, 1H, Ha),
7.64 —7.59 (m, 6H, 3Ha and 3Ha’), 7.55 (d, J = 8.5 Hz, 4H, 2Ha and 2Ha’), 7.22 (d, J = 3.6 Hz, 1H, Ha), 7.09 (d, J = 3.6 Hz, 1H, Ha),
7.02 (d, 1H, Ha"), 6.72 (d, 1H, Ha'). 13C NMR (126 MHz, DMSO-d;) & 164.6, 153.7, 149.3, 137.1, 133.2, 132.8, 132.7, 130.6, 129.9,
129.16, 128.4, 127.2, 126.5, 125.9, 125.7, 125.0, 125.0, 116.3, 109.1.

HRMS (ESI*): m/z calcd. for C;3H,5CIN,O, [M+H]* 375.08948, measured 375.0890.

5-((E)-(2-(2-({3R,5R,7R)-adamantan-1-yl)acetyl)hydrazineylidene)methyl)-2-hydroxybenzamide (6, A6H19)

According to GP-3, 5-formyl-2-hydroxybenzamide A6 (50 mg, 0.30 mmol) and adamantane-1-yl-acetic acid hydrazide H19
(67.3 mg, 0.30 mmol) were mixed in MeOH (0.5 mL). The crude was purified by preparative HPLC (75% CH3CN) to afford 6 (A6H19)
as a mixture of two rotamers of the amide CO—NH (57:43) as an off-white solid (78 mg, 0.3 mmol, 72%).

H NMR (500 MHz, DMSO-ds) 6 13.29 (s, 2H, 1Ha and 1Ha’), 11.16 (d, J = 10.8 Hz, 2H, 1Ha and 1Ha’), 8.53 (d, /= 9.3 Hz, 2H, 1Ha
and 1 Ha’), 8.09 (s, 1H), 8.04 (dd, J = 27.2, 1.6 Hz, 1H), 7.99 (s, 1H), 7.87 (s, 1H), 7.78 (ddd, J = 18.4, 8.7, 1.7 Hz, 2H, 1Ha and 1Ha’),
6.96 (t, /= 9.2 Hz, 2H, 1Ha and 1Ha’), 1.92 (d, J = 15.7 Hz, 8H), 1.74 — 1.42 (m, 25H).

13C NMR (126 MHz, DMSO-d;;) & 172.6, 172.0, 171.9, 166.6, 162.8, 145.5, 141.5, 132.1, 131.0, 128.8, 128.5, 125.7, 125.6, 119.0,
118.6, 115.8, 115.2, 115.2, 114.9, 49.1, 45.3, 42.9, 42.6, 36.9, 33.4, 33.2, 28.5.

HRMS (ESI*): m/z caled. for CyoH5N305 [M+H]* 356.19687, measured 356.19603.

(E)-N'-((6-(Benzyloxy)-1H-indol-3-yl)methylene)-2-(naphthalen-1-yloxy)acetohydrazide (A7H15)

° "’ &
N—NH
HN %/
According to GP-3, 6-(benzyloxy)-1H-indole-3-carbaldehyde A7 (50 mg, 0.2 mmol) and 2-(naphthalen-1-yloxy)acetohydrazide H15
(172 mg, 0.8 mmol) were mixed in MeOH (0.33 mL) to give after purification by preparative HPLC (78% CH3CN) A7H15 as a mixture
of two rotamers of the amide CO—-NH (67:33) as an off-white solid (63 mg, 0.2 mmol, 70%).
1H NMR (500 MHz, DMSO-d;) & 11.41 (s, 2H, 1Ha and Ha’), 11.38 (s, 1H, Ha), 11.34 (s, 1H, Ha’), 8.43 (s, 1H, Ha’), 8.37 — 8.31 (m,
1H, Ha’), 8.30 — 8.25 (m, 1H, Ha), 8.16 (s, 1H, Ha), 8.09 (d, / = 8.7 Hz, 1H, Ha’), 8.01 (d, J = 8.7 Hz, 1H, Ha), 7.92 — 7.86 (m, 2H, 1Ha
and 1Ha’), 7.69 (dd, J = 7.5, 2.6 Hz, 2H, 1Ha and 1Ha’), 7.59 — 7.36 (m, 14H, 7Ha and 5Ha’}, 7.32 (dt, J = 11.8, 5.8 Hz, 2H, 1Ha and
1Ha’), 7.00 (d, J = 1.8 Hz, 2H, 1Ha and 1Ha’), 6.97 (d, J = 7.6 Hz, 1H, Ha’), 6.92 — 6.85 (m, 3H, 1Ha and 2Ha’), 6.85 (d, J = 2.2 Hz, 1H,
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Ha’), 5.39 (s, 2H, Ha), 5.13 (s, 3H, 2Ha and 1Ha’), 4.84 (s, 2H, Ha’). 13C NMR (126 MHz, DMSO-d;) § 168.40, 155.8, 155.8, 154.26,
154.0, 145.6, 141.8, 138.3, 138.2, 137.9, 134.6, 134.6, 130.2, 128.9, 128.2, 128.1, 128.0, 127.9, 127.0, 126.9, 126.6, 126.5, 125.8,
125.7, 125.4, 125.4, 123.0, 122.8, 122.5, 122.2, 121.1, 120.6, 119.1, 118.9, 112.0, 111.9, 111.6, 111.4, 106.1, 105.7, 96.8, 96.7,
69.9, 69.9, 67.6, 65.7.

HRMS (ESI*): m/z caled. for CogHa3NsO3 [M+H]* 450.18122, measured 450.18049.

2-((3R,5R,7R)-Adamantan-1-yl)-N'-((E)-(6-(benzyloxy)-1H-indol-3-yl)methylene)acetohydrazide (A7H19)
HN o

)

According to GP-3, 6-(benzyloxy)-1H-indole-3-carbaldehyde A7 (50 mg, 0.2 mmol) and adamantane-1-yl-acetic acid hydrazide H19
(41.45 mg, 0.2 mmol). Were mixed in MeOH (0.33 mL). The crude was purified by preparative HPLC (80% CH3CN) to afford A7TH19
as a mixture of two rotamers of the amide CO-NH (46:44) as a yellow solid (80 mg, 0.24 mmol, 77%).

1H NMR (500 MHz, DMSO-dg)) 6 11.29 (dd, J = 12.8, 2.0 Hz, 2H, 1Ha and 1Ha’ ), 8.88 (s, 2H, 1Ha and 1Ha’), 8.25 (s, 1H), 8.06 (dd, J
=12.9, 8.6 Hz, 3H, 2Ha and 1Ha’), 7.56 (dt, J = 17.3, 8.6 Hz, 2H, 1Ha and 1Ha’), 7.45 (dt, J = 15.4, 7.8 Hz, 4H, 2Ha and 2Ha’"), 7.38
(td, J= 7.5, 1.8 Hz, 4H, 2Ha and 2Ha’), 7.34 — 7.28 (m, 2H, 1Ha and 1Ha’), 7.00 (dd, J = 6.5, 2.2 Hz, 2H, 1Ha and 1Ha’), 6.86 (ddd, J
=13.0, 8.7, 2.2 Hz, 2H, 1Ha and 1Ha’), 5.12 (d, J = 5.7 Hz, 4H, 2Ha and 2Ha’), 1.94 — 1.85 (m, 5H), 1.53 (t, / = 10.2 Hz, 47H). 13C NMR
(126 MHz, DMSO-dg) 6§ 172.14, 170.09, 155.72, 143.32, 139.80, 138.30, 138.18, 137.83, 137.82, 129.47, 129.37, 128.88, 128.20,
128.08, 128.00, 123.08, 122.41, 121.38, 119.06, 118.92, 112.20, 111.24, 96.98, 96.88, 96.65, 69.93, 48.35, 42.97, 42.48, 36.85,
33.57, 33.09, 32.59, 28.46.

HRMS (ESI*): m/z caled. for CgH33N30, [M+H]* 442.24890, measured 442.24831.
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Biological evaluation of synthesized compounds
Protein homology sequence and structure identity determination of the entire complex of ECF-PanT

The NCBI BLAST program was utilized to conduct the BLAST analysis with specific parameters, including BLASTp and an E-value
threshold of 0.05. The query protein under examination was S. pneumoniae ECF-PanT with UniProtKB database ID of EcfS:
AOA064C5C4, EcfT: AOA4L7ULF4, EcfAl: Q04HV7, and EcfA2: Q97N51, while the subject protein was L. delbrueckii ECF PanT with
PDB ID of 6ZG3 and UniProtKB ID of EcfS: Q1GBGO, EcfT: Q1GBI8, EcfAl: Q1GBIJO, and EcfA2: Q1GBI9. The resulting values obtained
from the analysis were an E-value of 0 and a percentage identity of 40.80 %.5 7

In this study, the multiple sequence alignment with both the query and subject proteins was produced by T-Coffee®? and
nimBOXshade was utilized to enhance the presentation of the sequence alignments in shade (Figure 54).10

S.ECF-PanT 1 ME------KRSNIAPIAIFFATMLVIHFLSSLIFNLFPFPIKPTIVHIPVIIA--SITIYG
L.ECF-PanT 1 MYDSEARQKTLNLTVSAVEVAILLLEAFIPNVGY-ITILPGLPAITTIPLTVAVFASLRG

B e ¢ SR - 1o [ | A St I 1o IR ¢ IO S = o}
S.ECF-PanT 53 PRVGVTLGFLMGLLSLTVNTITILPTSYLFSPFVENGNI----- YSATTAIVPRILIGLT
L.ECF-PanT 60 PKAGRAFGLVWGLTSLLRA---——-—--———-— YVAPNGLVTILLFQNPLIALLPRLAAGWA

eeea1.21300 0000 140....:.. 150....:.. 160....:.. 170....:.. 180
S.ECF-PanT 108 PYLVYKLM-====== KNKTGLILAGALGSLTNTIEVLG--———====== GIFFLFGNVYN

L.ECF-PanT 108 AGLAGQLADKWEKESRKPLAYALSGLLASAVNTLIVILLSDLVYFIHPOKLALALGAKSG

5.ECF-PanT 150 GNIQLLLATVISTNSIAELVISAILTLAIVP-RLOTL-KKMDSMILGRYIPGDSIVHRLD
L.ECF-PanT 168 QSLLVILFTALAVNGILEAVFSGLITPLITAPLKKRLKRRMSKIIIGRYLPGTTFVYRVD

5.ECF-PanT 208 PRSKLLAMMLLILIVFWANNPLTNLILFIATGIFIALSGVSLSFFIQGLKSIFFLIAFTT
L.ECF-PanT 228 PRAKLLTTFYFIIMIFLANNWVSYLVISIFGLAYVFATGLKARVEWDGVKPMIWMIVETS

5.ECF-PanT 268 IFQLFFISNGNVLFEFSFVRITDYALQQAGIIFCRFVLIIFFSTLLTLTTMPLSLASAVE
L.ECF-PanT 288 LLOTFFMAGGKVYWHWWIFTLSSEGLINGLYVFIRFAMIILVSTVMIVTTKPLEIADAME

5.ECF-PanT 328 ALLAPLKRVKVPVHEIGLMLSMSLRFVPTLMDDTTRIMNAQKARGVDFGEGSIVQKVKAM
L.ECF-PanT 348 WMLTPLKLFEKVNVGMISLVISIALRFVPTLFDQTVKIMNAQRSRGADFNDGGLVKRAKSV

S5.ECF-PanT 388 IPILIPLFATSLKRADSLAIAMEARGY(QGGKGRSQYRQLKWTLKDTLTILVILVLGCCLE
L.ECF-PanT 408 VPMLVPLFIDSLEVALDLSTAMESRGYKGSEGRTRYRILEWSKVDLIPVAYCLLLTILMI

S.ECF-PanT 448 -FLESMGIALENVNFTYQEGTPLASAALSDVSLTIEDGSYTALIGHTGSGKSTILQLLNG
L.ECF-PanT 468 TTRKHMAIKFENVSYVYSPGSPLEAIGLDQLNFSLEEGKFIALVGHTGSGKSTLMQHENA

5.ECF-PanT 507 LLVPSQGSVRVFDTLITSTSKNKDIRQIRKQVGLVFQFAENQIFEETVLKDVAFGPONEG
L.ECF-PanT 528 LLKPTSGKIEIAGYTITPETGNKGLKDLRRKVSLAFQFSERQLFENTVLKDVEYGPRNEG

5.ECF-PanT 567 VSEEDAVKTAREKLALVGIDESLFDRSPFELSGGOMRRVAIAGILAMEPAILVLDEPTAG
L.ECF-PanT 588 FSEDEAREAALKWLKKVGLKDDLIEHSPFDLSGGOMRRVALAGVLAYEPEIICLDEPARG

5.ECF-PanT 627 LDPLGRKELMTLFKKLHQSGMTIVLVTHLMDDVAEYANQVYVMEKGRLVKGGKPSDVEQD
L.ECF-PanT 648 LDPMGRLEMMQLFKDYQARAGHTVILVTHNMDDVADYADDVLALEHGRLIKHASPKEVFKD

5.ECF-PanT 687 VVFMEEVQLGVPKITAFCKRLADRGVSFKRLPIKIEEFKE----5LNGM--~-~ KSIIDV
L.ECF-PanT 708 SEWLQKHHLAEPRSARFAAKLEAAGLKLPGQPLTMPELADATKQSLKGGEHEMSDNIISE

5.ECF-PanT 738 KNLSFRYKENQNYYDVKDITFHVKRGEWLSIVGHNGSGKSTTVRLIDGLLEA---ESGEI
L.ECF-PanT 768 DHVTFTYPDSPR-PALSDLSFAIERGSWTALIGHNGSGKSTVSKLINGLLAPDDLDKSSI

5.ECF-PanT 795 VIDGQRLTEENVWNIRRQIGMVFQNPDNQFVGATVEDDVAFGLENQGLSRQEMKKRVEEAR
L.ECF-PanT 827 TVDGVKLGADTVWEVREKVGIVFQNPDNQFVGATVSDDVAFGLENRAVPRPEMLKIVAQA

5.ECF-PanT 855 LALVGMLDFKKREPARLSGGQKQRVAIAGVVALRPAILILDEATSMLDPEGRRELIGTVK
L.ECF-PanT 887 VADVGMADYADSEPSNLSGGQOKQRVAIAGILAVKPOVIILDESTSMLDPEGKEQILDLVR

eee.t..9700...:..980...,:..990....:.1000....:.1010....:.1020
S5.ECF-PanT 915 GIRKDYDMTVISITHDLEEVAMSDRVLVMKKGEIESTSSPRELFSRND-LDQIGLDDEFA
L.ECF-PanT 947 KIKEDNNLTVISITHDLEEARAGADQVLVLDDGQLLDQGKPEEIFPKVEMLKRIGLDIPEV
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ce..:.1030....:.1040....:.1050....:
S.ECF-PanT 974 NQLKKSLSQNGYDLPENYLTESELEDKLWELL---
L.ECF-PanT 1007 YRLKQLLKERGIVLPDEIDDDEKLVQSLWQLNSKM

Figure S4. The fraction of sequences that must agree for a consensus (0-1) was set to 0.5. The foreground color for both identical and similar
residues was set to black. The background color for identical and similar residues was set to green and yellow, respectively.

Uptake assay into proteoliposome

To assess the effectiveness of the tDCC compounds inhibiting the ECF proteins, we performed an uptake assay inspired by Swier
et al.l1 In this assay, the ECF transporter for folate (ECF-FolT2) from L. delbrueckii was used and reconstituted into lipid vesicles
known as proteoliposomes. For our purposes, we utilized the ECF transporter for pantothenate (ECF-PanT) from L. delbrueckii.
This choice was made for two reasons: firstly, it originates from the same organism for which the assay was initially designed, and
secondly, it exhibits homology to 5. pneumoniae ECF-PanT as confirmed through BLASTp analysis (Figure 54), demonstrating a
sufficient sequence similarity of 34%. This similarity allows us to use L. delbrueckii ECF-PanT as a representative model, enabling
meaningful comparisons and insights applicable to both proteins and their respective organisms. Figure S5 exhibits the percentage
of inhibition for each compound at 250 uM. In Figures S6A and S6B, pantothenate uptake traces are shown. Mg-ATP and Mg-ADP
were used as positive and negative controls, respectively. The differences in the uptake patterns for the 5 mM Mg-ATP control
can be explained by how recently we purified the protein, as over time, the protein tends to lose its activity.

120+ . [ Mg-ADP 5 mM
100 & 2 } B Mg-ATP 5 mM
- 2 A1H5
2 = o
= 80+ T B ATH5
2 60- ATH19
= o 1 3 [AdHO]
c 404 b
£ [ 4 [A5H9)]
20- B 5 [A5H10]
o [ 6[A4H19]
0_ Q

u\ fb\ (,;\?' \?

Figure S5. The graph displays inhibition percentages for individual target-directed combinatorial chemistry (td-DCC) product compounds at
a concentration of 250 uM, obtained through the proteoliposome uptake assay, and is presented in column format.
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Figure S6. A and B both show the pantothenate uptake traces for Lactobacillus delbrueckii ECF-PanT protein reconstituted in a 1:125
ratio. The corresponding line for each compound is between Mg-ATP as a positive control and Mg-ADP as a negative control. Figure 6. A
depicts the results of the assay conducted with three technical replicates, each of which was performed as a duplicate biological assay.
Figure 6. B illustrates the results obtained from a single biological and technical replicate assay.Whole-cell bacterial uptake assay (ECF-T

assay)
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The ECF inhibitors and their inhibitory effect on folate uptake in the Gram-positive model organism L. casei were studied in a
whole-cell uptake assay as recently published in our group.'? For this purpose, 20 pL of inhibitor, was added to the wells of a
MultiScreen HTS Filter Plate containing 175 pL of L. casei culture diluted in citrate buffer. The blank was determined with 185 pL
citrate buffer and 10 plL of DMSO. 5 uL of radiolabeled folic acid was added to each well (2 uM, Moravek Biochemicals, Brea, CA).
Using this method, we determined the percentage of inhibition at 200 uM for the building blocks and the amplified compounds
(Figure 57) and the ICs, values for our best compounds. The assay was done in both technical and biological duplicate ensuring the
reliability and consistency of the data. Subsequently, the gathered data were analyzed using GraphPad Prism, a robust statistical
software tool.

A B
90+
12 o
an- 8095 9.7622
70 s BT 104
60+ 8
50+ 65
. 40 088 W0 o 19.35 —~ 4 08are
g = ! - aﬁ 28089
‘: :: 18.70 g 24
2 g 11.60 P
2 10- : g 0
£ o £ -2
=10+ -4
-20-
5
-30_ 18298
40~ -1.30 -84
=50+ 1845 -104 25926
'so 1 1 1 1 T T T T T T T '12 T T T Ll Ll
R G Qf: QE’ é,}. 2O vb" N & Qf: ) o ° %)
A Yoy N
& & \gﬁ’"b LD SR O .@!'Q‘ v A
PAMPAM L i)

Figure §7. The figure depicts the percentage of inhibition of A) target-directed combinatorial chemistry (tdDCC) product compounds and B)
building blocks at a concentration of 200 UM, as determined through the whole-cell-based uptake assay.

Cytotoxicity assays

To obtain information regarding the cytotoxicity of our compounds, their impact on the viability of human cells was investigated.
HepG2, HEK293 and A549 cells (2x105 cells per well) were seeded in 24-well, flat-bottomed culture plates. Twenty-four hours after
seeding the cells, the incubation was started by the addition of compounds in a final DMSO concentration of 1%. Duplicates were
prepared for each compound concentration. Epirubicin and doxorubicin were used as positive controls (each at 1 uM), and
rifampicin was used as a negative control (at 100 pM). The living cell mass was determined 48 h after treatment with compounds
by adding 0.1 volumes of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) solution (5 mg per mL sterile PBS)
(Sigma, St. Louis, MO) to the wells. After incubating the cells at 37 °C for 30 min (atmosphere containing 5% CO2), MTT crystals
were dissolved in a solution containing 10% SDS and 0.5% acetic acid in DMSO. The optical density (OD) of the samples was
determined photometrically at 570 nm in a FLUOstar Omega plate reader (BMG labtech, Ortenberg, Germany). To obtain percent
inhibition values for each sample, their ODs were related to those of DMSO controls. At least two independent measurements
were performed for each compound.®®

Table 4. Antibacterial activity and cytotoxicity results for compounds 4, 5 and 6 in three different cell lines.

Cytotoxicity % Inh. @ 100 uM Antibacterial profile ( pM)
Compound
Streptococcus pneumoniae Streptococcus pneumoniae
HepG2 A549 HEK293 DSM-20566 DSM-11865 (PRSP)
4 <10 <10 <10 >64 >64
5 <10 <10 <10 >64 >64
6 <10 20+3 <10 >64 >64




Computational Modeling
Methods:

Data sets: From the coarse-grained MD simulation of L. delbrueckii ECF-PanT transporter X-ray crystal structure (PDB ID: 6ZG3)
with hit compound 1, two snapshots with the best calculated free energies were selected.2 These snapshots provided two distinct
binding pockets, P11, a cavity in the S-component, and P9, a hidden pocket at the interface between ECF-T and the S-component,
as described in Diamanti et al.»® Three potent inhibitors, two compounds from the hit 2 series {4 and 5) and compound 6 from the
hit 1 series, were chosen to examine the binding mode commonalities and differences between both different hit series. Distinct
isomers were used as input for the docking study for compounds that contain an acylhydrazone moiety (4, 5 and 6) to be able to
pick the enantiomer that fits better to the binding site for the downstream studies.

Docking: As in the previous study,’* we used FlexX for protein—ligand docking from SeeSAR version 13.0.1'% to generate docking
poses for the selected three compounds. The CG-MD snapshot with hitl compound bound to pocket P9 was used as input, and
the bound ligand, 1, served to define the binding site. Thirty poses for every compound were generated using the default
parameters. All poses were evaluated using the built-in HYDE scoring function.1®

Manual pose selection: We selected poses with favorable estimated affinity that mimic the key interactions of hit compound 1,
contained in pocket P9 in the CG-MD snapshot. Thus, for 6, the pose was chosen that most closely overlapped with the salicylic
acid moiety of 1. In both series, poses forming hydrogen-bond interactions with the side chain of ARG77-C were preferred. Note
that for 4, 5 and 6 the E-enantiomers were selected for analysis and for MD simulations due to their better fit.

MD Simulations: MD simulations were performed to answer different questions, the general set-up has been the same, only the
chosen poses differ.

First, the protein structure was prepared using PDBFixer from OpenMM.Y” Missing hydrogen atoms were added, and missing
residues were ignored. Selected poses were prepared using RDKit'® to protonate the compounds and to assign the bond order
correctly. The system was then prepared for the MD simulations: Parameters for the protein were generated from the amber14-
all force field within OpenMM; for the compound parameters, we used the General AMBER Force Field (GAFF).1? The complex was
embedded in a cubic box, the dimensions of the box were set based on the largest dimension of the complex, including padding.
The system has been solvated using the standard three-site water model TIP3P.2° Langevin integrator?! was the method of choice
for simulating the created system by integrating the equations of motion. The starting position was set by minimizing the energy
of the system first to decrease the probability of simulation failures. We simulated 60 picoseconds of MD corresponding to 30,000
steps of 2 femtosecond each. Snapshots were saved every 2000 steps (4 picoseconds), having 150 snapshots at the end of each
MD simulation.

1) MD simulations to select pocket: To confirm the selected binding pocket, we performed an MD simulation using the three potent
compounds (4, 5 and 6) for both binding pockets P11 and P9. The highest-scoring poses were selected for each binding pocket
from the FlexX docking using HYDE scoring function (see docking section).

1) MD simulations to test stability: To support the docking hypothesis, the selected poses for compounds 4, 5 and 6 were tested
for their stability in pocket P9. Furthermore, the interaction of selected poses with ARG77-C was determined for every frame.

Analysis: For the analysis of the MD simulation, the trajectory was aligned based on the protein. The root mean square deviation
(RMSD) was calculated to assess the deviation of atom positions compared to the starting pose over time. Furthermore, distances
between the interacting protein and ligand atoms for the hydrogen bond were tracked over the whole trajectory.
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Figure S8. Binding pocket difference: Stability of the high scoring poses in binding pockets P11 and P9 to select the more suitable
starting structure for this study. Results are shown for the three compounds: A) 6, B) 5 and C) 4. Left: Results for pocket P11, right

results for pocket P9.
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Figure S9. 2D interaction diagrams for the selected poses of the three hit compounds using PoseView.22

Compound 1 series: derivatives 6

Atomic distance between atoms ARG77-C residue and 6 (A6H19)

0s

0o

o 20 © L L 100 120 140
frame

Compound 2 series: derivatives 4 and 5

Atomic distance between atoms ARG77-C residue and 4 (ASH10) Atomic distance between atoms ARG77-C residue and 5 (ASH9)
40 =
35
10
30
23
228 o
? ? 20
g 20 é
Z
= 13
15
10
10
os
0s
00 a0
o 20 %0 60 80 100 120 140 ° 0 © L ad 100 2o o
frame frame.

Figure S10. Selected poses and ARG77-C distance: As shown in MD analysis, selected poses remained intact with ARG77-C over the 6
picoseconds.



SUPPLEMENTARY FIGURES

800

G004

400

% DCC-KTGS #87 [manually intearated]

HIPSETES

UV VIS 1

o

1204

Apax Poak #1 Scan #791 RT: 3,92 min NL 5 65E+ 005

Apex

+ ¢ ESI 5id=000 Full ms [100 000-600.000]

e

26851

1 3011

20

miz

bl

00

80 200 280 300

Figure S11. HPLC purity analysis of A1H5.

2,000

1,500+

7,000

dan

120 Apex Peak £1 Scan' #703 RT: 2 75 min NL° 2 S51E+007

Apex

+ o ESI sid=0 00 Full ms [100 000-600 000]

2911

20

100

1500 200 250 300 350

400

450 500 550 800/

Figure S12. HPLC purity analysis of A3H8.

69



wen_ BIAE4 178 UV_VIS_1

250
Figure S13. HPLC purity analysis of A2H5.

¥ AE4 #1786 UV_VIS_1

120 ABox Pook #1 Scan #312 RT 362 mn N 102€+006 _ Ape - ES1 5020 00 Full s (100 000.600.000]
%
100 3120
504
0
o
e
20

100 150 200 250 300 350 400 450 500 560 600
Figure S14. HPLC purity analysis of A2H6.

70



i : il 2 e 1
357 38 3py |
: i T e gy B4 B0 D | "I
Abe 238 518

! k| .'.' MR R | . | ||;|||\|"'i|
||||..‘|I|"" | |”|“ ‘ | AT !I“

T T T T T T T T T
oo 0s 1m0 15 10 25 a0 s a0 45 0 (11 60 65

363 105 W141-148 RT 296312 AV. 6 WL 21
T 00 .cwwwuuguglmwm-uwwmm
"
12008

RT: 288

Figure $15. HPLC purity analysis of compound A1H7 as a mixture of both
rotamers.

120 & DCCKTGS #83 [ lly i HIPS5459 UY_VIS_1
hoo ]
50
o]
40
0o 100 2bo alo <bo 510

42, Poux Peak #1 Scan #7268 RT. 2,85 min NL 6236005 Apex ¢ ES| $i8=0 00_Full ms [100.000-500.000]
I ES
izl 32
504
1 332
Q
1 iz
b= T T T T T T T T T
100 150 200 250 300 350 400 450 500 550 £a0

Figure $16. HPLC purity analysis of compound 3 (A4H9).

71



DCCKTGS #96 [manually integrated)

UV_VIS_1

12781

120 Apex Posk #2 Scan #1004 R 401 mn NL 3 1E+004_ Apex - cES1 5:d=0 00 Full ms (100 000-600.000
%
100 4020
«0fo
504
'
odlat 1 Bl A Ll "
Y miz
100 150 200 250 300 360 400 450 500 560 600

Figure S17. HPLC purity analysis of compound 4 (A5H10) as a mixture of both rotamers.

205 & DCC-KTGS #90 [manually integrated) uv_vIs_1
©
600+ ]
400 4
2004
04 T
0% 1% 2% 13 400 519
120 Aex Poak #1 Scan W59 RT 382 min NL 2 02E+006  Apex + c 81 81d=0 00 _Full ms (100 000-600.000) |
1955kt 751
1
504
112 1 ¥
o L.
20 "' rrotamers.
100 150 200 250 300 350 400 450 500 560 600

72



120 Apex Peas #1 Scan #6567 RT 354 min NL 2 GOE+005  Apex

= cES 5d0=0.00 Full ms [100.000-500 000

4

1004

50 450.2

100 150 200 250 360 350 a0 450 500

550

802

Figure §19. HPLC purity analysis of A7H15.

100

0ho 100 200 abo

120 Apex Peak #1 Scan: £858 RT: 3.38 min NL: 14564006 Apex

- ¢ ESI9d=000 Full ms [100.000-600.000]

| % -
1004 ez

0

204

v i T T T T iy T
100 150 200 250 300 350 400 450

o
&l

Figure 520. HPLC purity analysis of compound 6 (A6H19).

73



;

Relstve Atundance
o3 .8 8 8 88 38 8 8

— w2
2918
| =en
wx I 3233138125 3 SO% s ee 56 TT15e @1 $I62 w074y seser
00 20 %0 0 0 ) £ =0 %00 1000
™
RT000-702
RT-493
1 15165
140000 wws_1
120000
1000007
; e
0000
40000
20000
Yy v Y T T v g
o0 s " 15 20 25 30 35 @0 a5 50 55 60 s 70
Time (men)

Figure S21. HPLC purity analysis of compound A7H19.

74



75

Supplementary References

1

v wN

10

11
12
13
14

15
16
17

18
19
20

21
22

R. P. Jumde, M. Guardigni, R. M. Gierse, A. Alhayek, D. Zhu, Z. Hamid, S. Johannsen, W. A. M. Elgaher, P. J.
Neusens, C. Nehls, J. Haupenthal, N. Reiling and A. K. H. Hirsch, Chem. Sci., 2021, 12, 7775-7785.

A. Shams, unpublished work.

0. Ramstrém and J. M. Lehn, Nat. Rev. Drug Discov., 2022, 1, 26-36.

M. Durgun, H. Turkmen, M. Ceruso and C. T. Supuran, Bioorg Med Chem, 2016, 24, 982-988.

S.N. P.V. V. Syakaev, B. |. Buzykin, S. K. Latypov, W. D. Habicher, A. |. Konovalov, J. Mol. Struct., 2006, 788,
55-62.

T. L. M. S. F. Altschul, A. A. Schaffer, J. Zhang, Z. Zhang, W. Miller and D. J. Lipman, Nucleic Acids Res. 1997,
25, 3389-3402

J. C. W. S. F. Altschul, E. M. Gertz, R. Agarwala, A. Morgulis, A. A. Schaffer, Yi. K. Yu, FEBS J., 2005, 272, 5101-
51069.

P. Di Tommaso, S. Moretti, I. Xenarios, M. Orobitg, A. Montanyola, J. M. Chang, J. F. Taly and C. Notredame,
Nucleic Acids Res., 2011, 39, W13-W17.

C. Notredame, D. G. Higgins and J. Heringa, J. Mol. Biol., 2000, 302, 205-217.

Tutorial: How to  generate a publication-quality multiple sequence  alignment,
https://labs.mcdb.ucsb.edu/weimbs/thomas/sites/labs.mcdb.ucsb.edu.weimbs.thomas/files/docs/multipl
esequencealignmenttutorial.pdf.

L. J. Swier, A. Guskov and D. J. Slotboom, Nat. Commun., 2016, 7, 11072.

S. Bousis, S. Winkler, J. Haupenthal, F. Fulco, E. Diamanti and A. K. H. Hirsch, Int. J. Mol. Sci., 2022, 23.

J. Haupenthal, C. Baehr, S. Zeuzem and A. Piiper, Int. J. Cancer., 2007, 121, 206-210.

E. Diamanti, P. C. T. Souza, |. Setyawati, S. Bousis, L. M. Gémez, L. J. Y. M. Swier, A. Shams, A. Tsarenko, W. K.
Stanek, M. Jager, S. 1. Marrink, D. 1. Slotboom and A. K. H. Hirsch, Communications Biology, 2023, 6, 1182.
SeeSAR version 13.0.3 BioSolvelT GmbH, Sankt Augustin, Germany, 2023.

N. Schneider, G. Lange, S. Hindle, R. Klein and M. Rarey, J. Comput. Aided Mol. Des., 2013, 27, 15-29.

P. Eastman ,J. Swails, J. D. Chodera, R. T. McGibbon, Y. Zhao, K. A. Beauchamp, L. P. Wang, A. C.
Simmonett,M. P. Harrigan, C. D. Stern, R. P. Wiewiora, B. R. Brooks and V. S. Pande, PLoS Comput. Biol.,
2017, 13, e1005659.

Landrum, G. 2010. “RDKit.” Q2. https://www.rdkit.org/.

J. Wang, R. M. Wolf, J. W. Caldwell, P. A. Kollman and D. A. Case, J. Comput. Chem., 2004, 25, 1157-1174.
W. L. Jorgensen, I. Chandrasekhar, J. D. Madura; R. W. Impey and M. L. Klein, J. Chem. Phys., 1983, 79, 926~
935

1. A. Izaguirre C. R. Sweet and V. S. Pande, Pac Symp Biocomput., 2010, 240-251.

K. Stierand and M. Rarey, ACS Med. Chem. Lett., 2010, 1, 540-545.



76

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 B,, 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 pathogens®®.

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 bacteria’.
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 RibU. 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 protocol®.

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% CO: for 24 hours or more without shaking,
with the Erlenmeyer covered using a breathable seal. After 24 hours, the Optical Density (ODeoo) 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 uL of DMSO or test compounds was added to each well, or 1 pL. from each compound and RoF was
used for combinations. Then, 98 pL of diluted culture (OD 0.06) and 100 uL. 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% CO:, 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 (uM)
HIPS 6989 2.5+0.1

HIPS 8231 52+03

HIPS 8235 34+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 uM 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 uM, while the
RoF concentrations were at 1 and 5 uM, respectively. In SA, the combination of RoF and the compound at
1 uM 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 uM of HIPS 6989 with 1 uM and 5 uM of RoF, respectively. Figures C and D shows 2 uM of
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HIPS 8231 with 1 uM and 5 uM of RoF, respectively. Figures E and F shows 1 uM of HIPS 8235 with 1 uM
and 5 uM of RoF, respectively.

Figure 5B exhibits that the OD for DMSO remains the same, while RoF at 5 uM almost completely inhibits
the growth. The compound at 1 pM 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 SE shows that the OD for RoF at 1 uM 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 SF, RoF at 5 uM 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 uM, while compound HIPS 6989 was tested at concentrations
of 0.3, 1, 1.5, and 2 uM 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 Strepfococcus pneumoniae in
combination with HIPS 6989 at different concentrations and 3 uM RoF.
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The next step was to assess the competition between RoF at 1 uM and three standard antibiotics with
different mechanisms of action namely levofloxacin, ampicillin, and meropenem at 0.7, 0.025, 0.008 uM,

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 1V, enzymes crucial for
DNA replication, transcription, repair, and recombination™. It acts as a bactericide by preventing DNA

separation and supercoiling, ultimately stopping bacterial cell division®.
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Figure 7: Competition of roseoflavin (RoF) (1 uM) with three standard antibiotics. A) Levofloxacin at 0.7
uM, B) Ampicillin at 0.025 uM, and C) Meropenem at 0.008 puM tested alone and in combination with RoF.
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As a fB-lactam antibiotic, ampicillin inhibits bacterial cell-wall synthesis by interfering with the cross-
linking of peptidoglycan chains, leading to bacterial cell lysis °'.

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 death®’. Meropenem is
highly resistant to degradation by many B-lactamases®.

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 uM RoOF significantly inhibits bacterial growth compared to the DMSO control. However, when
combined with either 0.7 uM levofloxacin (Figure 7A), 0.025 pM ampicillin (Figure 7B), or 0.008 uM
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. preumoniae. 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.



88

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 inhibitors™. 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 context™®

. The proteoliposome uptake assay also plays a critical role in the
investigation of inhibitors throughout the drug—discovery process®’. Additionally, coarse-grained
molecular dynamics simulations have been used to investigate the binding modes and inhibition
mechanisms of a promising class of ECF transporter inhibitors™. 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)
transporters>>>'°_ These transporters are attractive antibacterial targets due to their absence in humans and
crucial role in bacterial metabolism®’. Through virtual screening, design, and synthesis, we have developed

a novel chemical class that effectively inhibit ECF transporters>*®,

The study of Diamanti et al. 2023 *° 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 production®®®’.

Given that S. preumoniae 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 survival®’, 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. prneumoniae,
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

ER]

“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 .

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 agents®. 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 terpenoids®-".

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 (ODgoo) of 0.8; then, protein expression was induced by adding
isopropyl B-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 B-mercaptoethanol) and Complete EDTA-free antiprotease
(Roche Diagnostics, Meylan, France) (1 tablet Complete in 50 mL buffer), and 2 pL 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 NacCl for E. coli IspD, 10 mM Hepes pH 7.4, 150 mM NaCl
for MtlspD, and 10 mM Tris pH 8, 800 mM NaCl for AblspD. 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 pM
in its respective purification buffer, with a final volume of 300 pL. 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 pL of 15% Cryo
BD with 8.5 pL of the condition well solution (15%), and 1 pL 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 EclspD, 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 pM) 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 uL drops were prepared on specific slides
at protein to reservoir solution ratios of 1:1, 1:2, and 1:3 (1 uL protein with 3 uL of reservoir, 2 puL protein
with 2 pL of reservoir, and 3 pL protein with 1 pL 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 EclspD 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 target’'. 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 applications’'. The enzyme exhibits
unique structural and mechanistic features, including a large active site and random sequential mechanism

and displays catalytic promiscuity and relaxed substrate specificity’.
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Methodology

A different homologue of the DXPS enzyme such as Mycobacterium tuberculosis or MtDXS, Plasmodium
falciparum DXS or PIDXS, 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 ongoing™.
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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, loulia Antonia Exapicheidou, Walid

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

e DPhG Annual Meeting 2022, “From Behring to Biotechnology — moving Pharmaceutical Sciences
towards One Health”

e HIPS symposium 2022

e Annual Meeting of the DZIF- 2023

e Gordon Research Conference- Mechanisms of Membrane Transport 2023

7.2.2 Oral presentation:

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

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

e Joint retreat of the ABC transporters groups from the Netherlands and Germany — Prof. Dr. Slotboom-
2023
e Research (DZIF) and the Helmholtz International Graduate School for Infection Research- Summer

School on Variome German Center for Infection- 2024



