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Summary

Finding new ways to fight infections is more important than ever, particularly due to
the global threat of antimicrobial resistance, which has rendered many current
treatments ineffective, leading to prolonged hospital stays and increasing healthcare
costs. This thesis tackles this challenge by investigating underexplored drug targets,
discovering new antitubercular agents, and improving antibiotic efficacy through
advanced drug-delivery systems.

First, we focus on an underexplored drug target, energy-coupling factor transporters,
which are crucial for nutrient uptake in Gram-positive bacteria but are absent in
humans, making them an ideal target for selective inhibition. In parallel, we explore
the development of new antitubercular agents targeting Mycobacterium
tuberculosis. Both projects involve compound library screening, hit identification,
and lead optimization to discover new inhibitors that serve as potent anti-infective
agents against these pathogens.

Second, we explore biodynamers, dynamic biopolymers with pH-responsive
reversible covalent bonds, for the delivery and controlled release of potent drugs.
These biocompatible and biodegradable materials offer unique drug-delivery
advantages such as infection and endo/lysosome-responsive behavior. This
research focuses on designing a novel fluorescent biodynamer to study polymer
behavior and fate in situ after cellular uptake, with the potential to answer unresolved

questions and advance drug-delivery applications.



Zusammenfassung

Die Entwicklung neuer Strategien zur Bekdmpfung von Infektionen ist angesichts der
weltweiten Bedrohung durch antimikrobielle Resistenzen, die viele aktuelle
Behandlungen unwirksam gemacht haben, dringender denn je. Diese Doktorarbeit
befasst sich mit diesem Problem, indem sie wenig erforschte Zielproteine
untersucht, neue antituberkulose Wirkstoffe entdeckt und die Wirksamkeit von
Antibiotika durch fortschrittliche Wirkstofftransportsysteme verbessert.

Im ersten Teil konzentrieren wir uns auf den Energy Coupling Factor (ECF)-
Transporter, der fur die Nahrstoffaufnahme Gram-positiver Bakterien unerlasslich
ist, beim Menschen jedoch nicht vorkommt und daher ein ideales Ziel fur selektive
Hemmstoffe darstellt. Parallel dazu erforschen wir die Entwicklung neuer Wirkstoffe
gegen Mycobacterium tuberculosis. Beide Projekte umfassen das Screening von
Substanzbibliotheken, die Identifizierung von hits und die Optimierung von
Leitstrukturen, um neue potente Hemmstoffe zu entdecken.

Im zweiten Teil werden Biodynamere, dynamische und pH-sensitive Biopolymere mit
reversiblen kovalenten Bindungen, flr die Abgabe und kontrollierte Freisetzung
wirksamer Arzneimittel untersucht. Diese biokompatiblen und biodegradierbaren
Materialien zeichnen sich durch ein infektions sowie endo-/lysosomenresponsives
Verhalten aus. Ein neuartiges fluoreszierendes Biodynamer wurde entwickelt, um
dasintrazelluldre Verhalten des Polymers und den Verbleib in situ nach der zellularen
Aufnahme zu untersuchen, um die Anwendung der Arzneimitteltransport

voranzutreiben.



1 Introduction

1.1 Antimicrobial resistance

Antimicrobial resistance (AMR) poses a serious global health challenge, defined by
the ability of microorganisms—such as bacteria, viruses, fungi, and parasites—to
develop mechanisms that render antimicrobial drugs ineffective.!"” This growing
phenomenon, particularly bacterial resistance, has become one of the leading
causes of morbidity and mortality worldwide. The introduction of antibiotics in the
20" century has initially brought hope that bacterial infectious diseases could be
eradicated.?’ However, factors such as the overuse and misuse of antibiotics in
human health care (e.g., for non-bacterial diseases and poor patient compliance)&4,
in agriculture practice®™ and in animal husbandry and healthcare® have contributed
to the emergence of resistant strains against nearly every antibiotic developed so far.
The history of AMR dates back to the early days of antibiotic use, beginning with
Alexander Fleming’s discovery of penicillin in 1928.7 Following its widespread use,
resistance emerged almost immediately, with the first case of penicillin-
resistant Staphylococcus aureus reported in early 1940s® and tetracycline
resistance in 1953.° The overuse of antibiotics during the 1950s—60s in agriculture
and healthcare further accelerated resistance, leading to the emergence of multidrug
resistance (MDR) against multiple antibiotic classes.!'"" By the 1980s, MDR
tuberculosis became a global issue,'™ and gram-negative bacteria (GNB) like
Klebsiella pneumoniae and Escherichia coli developed extended-spectrum f-
lactamase resistance.l®! As a result, we now face a post-antibiotic era, where
common infections and injuries could once again become life-threatening.[''4

In response to this urgent crisis, the World Health Organization (WHO) launched the
‘Global Action Plan’ in 2015 to combat AMR and ensure effective treatment."s! This
plan categorizes priority pathogens into critical, high, and medium groups to guide
research and development efforts. Despite the development of nine new antibiotics
over the past seven years, resistant strains have surfaced for many of them,
highlighting the dynamic nature of AMR and the critical need for ongoing efforts to

address this pressing issue.l'® Therefore, understanding the molecular mechanisms



underlying AMR is important for developing novel therapeutic strategies and

improving existing treatments to effectively combat these resistant pathogens.!"”!

1.1.1 Mechanisms of AMR

Antimicrobials and bacteria coexist in the same environment, prompting bacteria to
develop defenses against the harmful effects of antibiotics. To address this problem
of resistance, we first need to understand how antimicrobial agents work, the types
of bacterial resistance, and their mechanisms.['”:8

Antimicrobial agents usually target essential bacterial functions such as the cell
envelope, protein and nucleic acid synthesis. They can be classified based on their
molecular structure, activity, mode of action, and their effects on bacteria by either
killing them or inhibiting their growth.['®2°] Bacterial resistance is categorized into two
distinct forms: intrinsic and acquired resistance. Intrinsic resistance refers to the
natural ability of certain bacterial species to resist specific antibiotics due to its pre-
existing structural or functional characteristics, independent of therapy.?"??! For
instance, the impermeable cell wall in GNB often prevents antibiotic access. In
contrast, acquired resistance arises through bacteria genetic changes, such as
mutations, transformation, transposition, or conjugation, usually occurring during
therapy and often leading to treatment failure.?*?4 The primary mechanisms by which
microorganisms develop resistance fall into four main categories: limiting drug
uptake, modifying the drug target, inactivating the drug, and actively expelling the
drug via efflux pumps. Additionally, microorganisms can form biofilms, a surface-
bound community that further restrict antibiotic penetration.?':'8] These resistance
mechanisms are illustrated in Figure 1 and are discussed briefly in the following

paragraph.
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Figure 1. Illustration of the possible mechanisms of antimicrobial resistance in bacteria. Figure
created using BioRender.

Limiting drug uptake is mostly observed in GNB due to the presence of a double-
membrane structure, known as the lipopolysaccharide (LPS) outer membrane, which
acts as a protective permeability barrier against many antibiotics.?% For antibiotics to
exert their effects, they first must penetrate the bacterial cell envelope to reach their
targets. Generally, hydrophilic antibiotics, such as B-lactams and fluoroquinolones,
rely on porin channels to penetrate membrane barriers. However, acquired
resistance can occur through reduced porin expression or mutations that alter porin
selectivity.?®?”! For example, Enterobacteriaceae reduces porin numbers to resist
carbapenems,?82°l while Neisseria gonorrhoeae mutations impair the entry of B-
lactams and tetracyclines.*® Similarly, mycobacteria, with their lipid-rich outer
membranes, restrict the uptake of hydrophilic drugs while allowing easier access for
hydrophobic agents like rifampicin (RIF).B" Beyond membrane barriers, biofilm
formation adds another layer of resistance. By producing a protective
exopolysaccharide layer, these microbial communities obstruct drug diffusion and
prevent the accumulation of bactericidal drugs concentration, thereby enhancing

bacterial survival.®?%!



Most antibiotics are highly selective for specific bacterial cellular targets, where they
bind and disrupt cellular functions.®* In response, bacteria modify and protect these
binding targets, thereby reducing or blocking the drug-binding affinity. These changes
can occur through genetic mutations or enzymatic modification.[':** For instance,
fluoroquinolone resistance in either GNB or Gram-positive bacteria (GPB) is due to
mutations in the quinolone-resistance-determining region of deoxyribonucleic acid
(DNA) gyrase and topoisomerase enzymes.B% Another modification method is
methylation, where ribosomal methyltransferases, such as erm methylases,
methylate ribosomal ribonucleic acid targets to prevent the binding of macrolides,
lincosamides, and streptogramins antibiotics.?®!

Unlike drug-target modification, drug inactivation does not affect any core bacterial
components butinstead alters the drug structure. This mechanism typically involves
enzymes and follows two pathways: degradation or chemicaltransfer of groups to the
drug.B”! For example, the amide-bond of the B-lactam ring is hydrolyzed by B-
lactamases enzymes in penicillin and cephalosporins.®® Tetracycline is another drug
that can be inactivated through oxidation, mediated by the tetX gene.®°! Additionally,
aminoglycosides are modified by various transferases (acetylation, phosphorylation,
adenylation), which modify their hydroxyl or amino groups, significantly reducing
their effectiveness.®

The final mechanism by which bacteria can achieve intrinsic or acquired self-
resistance is through efflux pumps, located on the cytoplasmic membrane. These
membrane-proteins actively expel antimicrobial compounds from the cells, thereby
reducing their intracellular concentration and preventing them from reaching their
targets.*!In the early 1980s, the first plasmid-encoded efflux pump was identified in
E. coli, which exported tetracyclines from the cell.*? Since then, various efflux
mechanisms have been discovered in both GPB and GNB, contributing to the
evolution of AMR. Efflux pumps are classified into several families based on their
unique structures and energy sources: the multidrug and toxic compound extrusion
family, the adenosine 5’-triphosphate (ATP) binding cassette (ABC) family, the small
multidrug resistance family, the resistance-nodulation-cell division family, and the

major facilitator superfamily.?*



1.1.2 Strategies proposed to overcome AMR

As previously discussed, the emergence of AMR is a natural evolutionary process that
resulted in life-threatening infections. According to WHQO's priority pathogen list!'®,
fifteen bacterial species show resistance to currently available antibiotic treatments
(Table 1). The real challenge here lies in developing innovative strategies to stay
ahead of this growing threat. These strategies include, but are not limited to: i)
discovering, developing, and optimizing new antibiotics; ii) enhancing the efficacy of
existing antibiotics through combination and conjugation therapy e.g., antibiotic

adjuvants or nanotechnology.

Table 1. WHO priority pathogens list 2024

First Priority: Critical group

Enterobacterales, carbapenem-resistant
Enterobacterales, third-generation cephalosporin-resistant
Acinetobacter baumannii carbapenem-resistant
Mycobacterium tuberculosis, rifampicin-resistant

Second Priority: High group

Salmonella typhi, fluoroquinolone-resistant

Shigella spp., fluoroquinolone-resistant

Enterococcus faecium, vancomycin-resistant
Pseudomonas aeruginosa, carbapenem-resistant
Non-typhoidal Salmonella, fluoroquinolone-resistant
Neisseria gonorrhoeae, third-generation cephalosporin, and fluoroquinolone-
resistant

Staphylococcus aureus, methicillin-resistant

Third Priority: Medium group

Group A Streptococci, macrolide-resistant

Streptococcus pneumoniae, macrolide-resistant
Haemophilus influenzae, ampicillin-resistant

Group B Streptococci, penicillin-resistant

Modern drug discovery is undergoing a revolutionary transformation, employing
cutting-edge technologies in nearly every phase of the process. The use of artificial
intelligence and advanced computational methods such as high-throughput virtual
screening, structure-based bioinformatics, molecular docking, and de novo drug
design, significantly accelerate identification, optimization and preclinical
development of a new drug, while reducing development timelines and costs.[*!

The phases of drug discovery and optimization are illustrated in Figure 2. The process



begins with target identification and validation, where potential biological targets and
their role in disease are thoroughly studied. Next, a library of compounds is selected
and screened against a specific bacterial target to identify compound known as "hit"
capable of modulating the desired activity. Alternatively, fragment-based drug
discovery using endogenous ligands, kinetic target profiling, or dynamic covalent
chemistry can also be employed. Further optimization of the hitis carried out through
structure—activity relationship (SAR) analysis, which involves in-depth investigation
of the core structure of the compound. This analysis aims to generate more selective
and potent lead compounds, ultimately yielding better candidates for preclinical
development.“¢4’] Despite these advancements in drug discovery, the development
of new classes of antibiotics remains time- and cost-intensive, often accompanied
by commercial risks.*8 Thus, alternative strategies have also been implemented to

enhance conventional antibiotics and combat AMR.
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Figure 2. Overview of the drug discovery and development process (around 4—7 years).

One approach involves the use of adjuvants, also known as antibiotic potentiators,
which are chemical entities that enhance the efficacy of antibiotics by restoring their
susceptibility against resistant pathogens. Adjuvants typically exhibit little to no
antimicrobial activity on their own but work synergistically with conventional
antibiotics by inhibiting bacterial resistance mechanisms, such as improving
antibiotic penetration into cells, inhibiting efflux pumps, or disrupting biofilms
formation.[4950]

Another approach involves nanoantibiotics, which combine existing antimicrobial
agents with nanotechnologies, like nanoparticles.'%2 These nanoparticles not only
serve as carriers to deliver antimicrobials to target sites but can also exhibit intrinsic
antimicrobial or adjuvant properties. Due to their small size and high surface area-to-

volume ratio, nanoantibiotics offer advantages in membrane penetration,



pharmacokinetics and therapeutic potential compared to their conventional
forms.!% Existing antibiotics can be conjugated to nanoparticles or encapsulated
within the nanoscale structure. Ultimately, co-delivery of multiple therapeutic agents
through simultaneous conjugation or encapsulation within a single nanoparticle is
possible, potentially enhancing treatment efficacy through synergistic effects. Other
advantages of this approach include the potential to bypass bacterial resistance
mechanisms, protect drugs from degradation, improve solubility, enable targeted
delivery, increase drug accumulation at infection sites, and minimize toxicity.
Consequently, nanoparticles and antibiotic potentiators offer promising treatment
strategies to prolong the life and efficacy of existing drugs and counteract the
development of AMR.[50:53-%5]

In the following sections, the role of ABC efflux pump transporters, with a specific
focus on the energy-coupling factor (ECF) transporter family in GPB pathogens like
Streptococcus pneumoniae, and Enterococcus faecalis, and their implications for
antimicrobial resistance, will be addressed. Additionally, the challenges posed by
Mycobacterium tuberculosis (Mtb), a WHO-critical pathogen, will be highlighted.
Finally, the exploration of biodynamers, dynamic polymers with potential adjuvant
and delivery properties, will be discussed as strategy to enhance the efficacy of

antimicrobial agents.



1.2 ECF transporters
1.2.1 ATP Binding cassette (ABC) transporter family

Any substrate, whether it’s a nutrient, virus, ion or waste, must pass through specific
membrane proteins to enter, move within or exit a cell.®® The ATP-binding cassette
(ABC) transporters are one of the largest and most ancient groups of membrane
proteins, found in all living organisms, from bacteria to humans.b”? These
transporters harness the energy derived from ATP-hydrolysis to adenosine 5’-
diphosphate (ADP) to translocate a wide variety of substrates including lipids, amino
acids, sugars, vitamins, and antibiotics across biological membranes, often against
their concentration gradients.®

ABC transporters have two main functions: importers, primarily present in
prokaryotes, facilitate uptake of nutrients into cells; or exporters, found in both
prokaryotes and eukaryotes, pump out drugs and toxins out of cells.?%¢% Moreover,
ABC transporters are involved in various cellular processes such as ion flux, protein
secretion, pathogenesis, and translation of DNA and mRNA. Dysfunctions in these
processes can lead to diseases, such as cystic fibrosis and Tangier disease. These
transporters have also beenimplicated in multidrug resistance inboth GNB and GPB,
as well as in the progression of human cancer.Fé6"

Despite the fact that each ABC transporter has specific functionality, regulation and
mechanism, they all share a similar architecture. It consists of two transmembrane
domains (TMDs) that span the lipid bilayer and control substrate specificity and
pathway (influx or efflux), and two nucleotide-binding domains (NBDs) located in the
cytoplasm that facilitate ATP binding and hydrolysing. In prokaryotes, these four
domains are typically expressed as four independent polypeptide chains and require
a substrate-binding protein (SBP) to transfer the substrate into the TMDs. In contrast,
in eukaryotic, the TMDs and NBDs are often fused together forming a “half-
transporter” that assembles into functional complexes as homodimer or

heterodimer and do not require SBP (Figure 3).[62%4
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Figure 3. Schematic representation of ATP-binding cassette (ABC) transporters, showing how the
hydrolysis of ATP into ADP and phosphate (Pi) provides the energy to transport substrates across the
cellmembrane. The four structuraldomains are highlighted: two transmembrane domains (TMDs) and
two nucleotide-binding domains (NBDs), along with the substrate binding protein (SBP), which is

specific forthe ABC importers. Figure created using BioRender.

1.2.2 Discovery of ECF transporters

Energy-coupling factor (ECF) transporters are transmembrane proteins that belong
to the superfamily of ABC transporters, and they are exclusively classified as
importers in prokaryotes.%! These transporters mediate the uptake of essential
micronutrients such as biotin®”], cobalamin®®, folate®!, riboflavin%,
pantothenatel’", and thiaminel’?, as well as metal cations”3*’4 like Ni** and Co?*.

ECF transporters were first identified in the late 1970s by Henderson et al. during
studies on the uptake of various vitamins (e.g., folate, thiamine, and biotin) in
Lactobacillus casei. Their work revealed that the transport process depends on a
highly hydrophobic, specific integral membrane protein (later termed the S
component) and is driven by ATP hydrolysis. Interestingly, it was also observed that
thiamine inhibited folate transport without binding to the protein, suggesting the
presence of a shared energy component, which was subsequently termed energy-

coupling factor.”7°1The molecular identities of ECF transporters remained unknown



until the mid- to late 2000s, when Rodionov et al. used comparative genomics
analysis and experimental approaches to identify them as a distinct subclass of ABC
importers.[©580-82]

ECF transporters are predominantly found in GPB and are absentin humans, making
them crucial transmembrane proteins for the survival of many pathogens.®! For
instance, Listeria monocytogenes lacks the biosynthetic pathway for thiamine and
relies on an ECF transporter to acquire this essential micronutrient.®! Similarly,
Mycoplasma genitalium®, S. pneumoniae®®, and S. aureus ¥, also rely on genes
encoded ECF transporters, likely due to their inability to synthesize folate, biotin, and
thiamine, respectively. Therefore, ECF transporters play a critical role in pathogen
survival and growth and are promising targets for the development of new

antimicrobial drugs.

1.2.3 Structure of ECF transporters

The architecture of ECF transporters consists of four domains: a transmembrane
protein (EcfT or T-component), two NBDs also called cytosolic ATPases (EcfA and
EcFA’), which together form an energy-coupling module (ECF module), and a specific
integral membrane protein known as S-component. While ECF transporters share
structural similarity with ABC transporters, with two domains embedded in the lipid
bilayer and two NBDs in the cytoplasm, they differ functionally. Instead of using an
extracytoplasmic SBP, ECF transporters rely on their S-component to capture the
specific substrates and use the ECF module to provide the necessary energy for
micronutrient transport.©88°]

Like all other ABC transporters, each ATPase consists of a RecA-like domain, an a-
helical domain, and sometimes a C-terminal extension.®**" ATP binding induces a
transition from an open to a closed conformation, bringing the RecA-like domain of
one subunit in close contact to the a-helical domain of the other subunit. ATP
hydrolysis to ADP and phosphate restore the open conformation of the dimer,
preparing it for the next cycle.[48392.93]

The transmembrane protein EcfT forms the structural core of ECF transporters

complex, connecting the two ATPases with the S-component. EcfT interacts with the

10



cytoplasmic ATPases through two long a-helices that extend from the membrane and
form an X-shaped structure, known as the coupling helices.!®®%! Unlike other ABC
transporters, which typically have only one coupling helix per membrane domain, the
EcfT domain uniquely have both helices, allowing simultaneous interaction with the
two ATPases.®™! These coupling helices likely transmit conformational changes
caused by ATP binding and hydrolysis in the ATPases to the S-component, potentially
leading to its dissociation and reorientation, which facilitates substrate
transport. 669196

The S-component’s structure consists of six hydrophobic a-helices arranged in a
cylindrical configuration, with a typical size of 20—-25 kDa. The interaction of the S-
component with EcfT coupling helices occurs via complementary hydrophobic
surfaces, stabilizing the resulting complex.®°!

ECF transporters are divided into two groups (Figure 4): Group | involves a
“dedicated” ECF module that exclusively interacts with one “single” S-component,
with all subunit genes located within the same operon. In contrast, Group Il features
a “common” ECF module that interacts with multiple S-components, whichcompete
for binding to the ECF module. In this group, the genes encoding the various S-

components are scattered across the chromosome. #9°7]

11
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Figure 4. Architecture of energy-coupling factor transporters. A) A special ECF module interacts with
dedicated S-components to form group | ECF transporters. B) A shared ECF module interacts with
exchangeable S-components (shown in different colors) for specific micronutrient substrates [e.g.,
riboflavin (RibU), pantothenic acid (PanT), folic acid (FolT)] to form group Il ECF transporter. Figure

created using BioRender.

1.2.4 Transport mechanism of ECF transporters

The ECF transporters operate through a series of dynamic states to transport
substrates across the membrane. Here, we discuss the most recently identified ECF
mechanism for group Il, shown in Figure 5, and proved by new cryogenic electron

microscopy insights.!®!
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Figure 5. Mechanism illustration of Group Il energy-coupling factor transporters. The ATPases (EcfA
and EcfA’) are shown in orange andred. The transmembrane protein EcfT is shown in turquoise, along
with its coupling helices (a-helices) shown in dark blue. The S-components are shown in yellow and
grey. The figure design is adapted from Thangaratnarajah C. et. al.!®

First, in the inward-facing state, the substrate is released into the cell and the
unloaded S-component remains associated with the ECF module. At this stage, the
coupling helices of the EcfT subunits adopt a concave shape (state 1). Upon ATP
binding, the ATPase domains shift from an open to a closed configuration, triggering
the coupling helices to adopt a convex shape. This conformational change reorients
the S-component to an outwards-facing state and ejects it into the lipid bilayer (state
2). During ATP hydrolysis, the coupling helices return to their original concave shape,
and EcfT moves away from the S-component, resetting the binding site for a new S-
component (state 3). Finally, the substrate-loaded S-components compete with
each other to interact with the ECF module, which bends the membrane and guides
the selected S-componentinto a 90-degree toppled orientation. This interaction and

orientation enable the continuation of the transport cycle.
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1.2.5 ECF transporter inhibitors

The crucial role of ECF transporters in many WHO-priority pathogens, including S.
pneumoniae, S. aureus and E. faecium, coupled with their absence in humans,
makes them highly promising targets for the development of novel drugs to combat
the growing challenge of AMR. Our research group focuses on designing and
optimizing allosteric inhibitors that target “Group 1I” ECF transporters by binding to
the ECF module, specifically the EcfT domain. This approach effectively blocks the
uptake of multiple vitamins with one single inhibitor, thereby impairing bacterial
growth and survival.

The biological evaluation of ECF transporter inhibitors is performed using
radiolabeled uptake assays to measure their ability to reduce vitamin uptake across
the membrane. The in vitro transport-activity assay uses two transporters, ECF-FolT2
(folate transporter) and ECF-PanT (pantothenate transporter) from Lactobacillus
delbrueckii, which are expressed in E. coli, purified and reconstituted into
proteoliposomes. This method allows testing of the intrinsic property of Group Il ECF
transporter, specifically the competition between two S-components for the same
ECF module, without interference from other cellular components.®! Alternatively,
the recently developed whole-cell based assay for evaluation of folic acid uptake
inhibitionis conductedin L. casei, a nonpathogenic GPB strain known for its ability to
transport multiple vitamins from the environment. This bacterial assay offers higher
throughput, enabling rapid and convenientidentification of ECFtransporter inhibitors
while allowing the monitoring multiple parameters such as the vitamins uptake,
permeability, and activity.!'%!

Our research group embarked on the discovery of new ECF inhibitors through
structure-based virtual screening (SBVS) campaign, using the crystal structure of the
ECF-FolT2 transporter from L. delbrueckii (PDB ID: 5JSZ)®¢l. We first identified key
druggable pockets with the DoGSiteScorer algorithm!®, focusing on allosteric
inhibitors while avoiding ATP-binding subunits. The P2-pocket, located at the
interface between ECF-FolT2 and the coupling helices near the membrane surface,
was first predicted as the preferred target site for binding. Then, the Princeton

BioMolecular Research library (1.3 million compounds) was screened, and twelve
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promising drug-like compounds were selected. These compounds were further
tested in the transport-activity assay using purified ECF-FolT2, leading to the
identification of the first two ECF transporters inhibitors hit 1 and hit 2 (Figure 6).[102.10%]
Both hits were further developed, characterized and validated for their ability and
selectivity to inhibit ECF transporters.

OH ©O o
OH

o c = )—NH
OO cl Hit 2 Hit 3
Hit 1

Figure 6. Chemical structures of the energy-coupling factor transporters inhibitors. Hit 1 from the
salicylic acid class, Hit 2 with its Zwitterionic nature, Hit 3 from the ureidothiophene class.

Hit 1 exhibited a half-maximalinhibitory concentration (ICso) value of 282 £+ 108 pMin
the in vitro transport activity assay and showed its ability to effectively reduce the
translocation of both folate and pantothenate across the membrane. This strongly
indicated that this compound targets the group Il ECF transporter. Moreover, hit 1
was evaluated against the ABC transporter OpuA from Lactobacillus lactis, which is
responsible for glycine betaine uptake, and showed no inhibitory activity, indicating
selectivity for the ECF transporter family. Through systematic SAR, derivatives were
identified with significantly improved activity against ECF transporters, while showing
minimal cytotoxicity across a panel of human cell lines.!"°% Furthermore, coarse-
grained molecular dynamic simulations were performed on L. delbrueckii ECF-FolT2
and ECF-PanT to validate the predicted binding pocket and to profile the binding
mode of this series. The simulations suggested that, in addition to the P2-pocket
binding site, the interface between the S-component and the ECF module could act
as a potential binding site (P9-pocket).[10%:104]

Hit 2 initially demonstrated limited potency, with an ICs, > 1.2 mM in the in vitro
transport activity assay, compared to hit 1. Although a more potent derivative was
identified through an SAR study, showing an ICso 0f 204 + 22 yMin the L. casei whole-
cell based assay, its low solubility and unfavorable physicochemical properties

hindered further development.!'°
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In 2022, a SBVS of our in-house library of over 2,000 small molecules combined with
the whole-cell uptake assay, identified the substituted ureidotheiophene hit 3 as a
potent ECF inhibitor (Figure 6). Subsequent SAR studies led to the development of
two analogues, which exhibited single-digit micromolar inhibition in the L. casei cell-
based assay (ICs values of 2.3 uM and 2.8 yM). Further profiling revealed strong
antibacterial effects against a panel of GPB, particularly penicillin-resistant S.
pneumoniae (Minimum inhibitory concentration (MIC)= 0.5 uM), with minimal

cytotoxicity observed in human cell lines. "%
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1.3 Mycobacterium tuberculosis

1.3.1 Origin and evolution

Mtb is the bacterium responsible for tuberculosis (TB), a life-threatening infectious
disease that primarily affects the lungs but can also spread to other parts of the body.
The disease is transmitted through airborne droplets expelled when an infected
patient coughs, sneezes, or speaks.'%I Mtb is characterized by its slow growth, ability
to evade the hostimmune system, capacity to enter a dormant state known as latent
TB, and complex cell-wall structure. These features make TB one of the deadliest
human pathogens worldwide. Following infection with Mtb, several outcomes may
occur: in some individuals, the immune system may eliminate the bacteria; others
may immediately develop active TB, which is symptomatic and highly contagious;
and some may harbor the bacteria in a latent form, remaining asymptomatic with the
risk of developing active TB laterin life.!"?”]

TB has a long history, with evidence of its existence in human remains dating back to
ancient civilizations, including Egyptian mummies and a Neolithic infant and woman
from the Eastern Mediterranean. The understanding of TB as a disease evolved
gradually over time. It was described invarious cultures under different names, such
as "schachepheth" in the Old Testament, "phthisis" by Hippocrates, and
“consumption” in many 19" century myths. The term "tuberculosis" was first
introduced in 1834 by Johann Lukas Schoénlein, who identified the characteristic
tubercles present in all forms of the disease. In 1865, Jean-Antoine Villemin
demonstrated the infectious nature of TB, and a significant breakthrough followed in
1882 when Robert Koch isolated and identified Mtb as the causative agent.[9810]
This discovery paved the way for improved diagnosis, treatment, and prevention
strategies. The introduction of the sanatorium cure in 1854 marked the first
successful remedy against TB.!'"° Subsequent milestones included the development
of the Bacillus Calmette-Guérin vaccine in 1920, the discovery of streptomycin in
1944, and the introduction of isoniazid (INH) in 1952. These advancements, along
with improved living conditions and public-health measures, led to a significant
decline in TB cases, particularly in industrialized countries by the mid-20t™

century.l'®1%1 However, the emergence of drug resistance, observed shortly after the
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discovery of streptomycin, when many TB patients initially improved but later
relapsed, has hindered efforts to eradicate this disease.'""! Thus, despite being
preventable and treatable with various discovered antibiotics, TB continues to be a
major global health challenge, with more than 10 million people develop TB, and over

1.3 million deaths annually.[''2

1.3.2 Progression of TB: from inhalation to active disease

The progression of TB infection occurs in four stages (Figure 7). Stage 1 begins when
Mtb particles are inhaled, traveling through the mouth and nose to reach deep into
the lungs. Once there, the bacteria invade alveoli of the host, where they resist
destruction by manipulating the host's immune system. Alveolar macrophages and
dendritic cells attempt to phagocytize the bacteria by activating T-cells to initiate an
immune response. If eradication fails, stage 2 begins, in which Mtb rapidly multiplies
within these cells and spreads throughout the lung tissue, triggering an adaptive
immune reaction. In stage 3, as an attempt to contain the TB infection, the immune
system forms a cluster of immune cells that forms a structure called “granuloma”.
This granuloma helps isolate and control the infection by confining it to a localized
area. Initially, granulomas are well-vascularized, allowing immune cells and drugs to
reachthe infection site. As they mature however, they develop thick fibrous walls and
necrotic cores, forming a protective niche where Mtb can persist in a latent, non-
contagious state. The final stage occurs when the immune system weakens, causing
the granulomas to break down and release the bacteria within the lungs, leading to
active TB. This stage is characterized by rapid bacterial reproduction and systemic
symptoms, with the potential for transmission. Approximately 5—10% of individuals
with latent TB progress to active TB during their lifetime. In advanced stages, Mtb can
spread beyond the lungs to other organs, through the bloodstream, resulting in

extrapulmonary TB, which complicates treatment.['"31]
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Figure 7. The life cycle of Mycobacterium tuberculosis infection: From inhalation to persistence in
macrophages, escaping immune system and leading to active disease. Figure created using

BioRender.

1.3.3 Challenges in tuberculosis treatment: drug resistance

Forover40years, TB has been treated with a standard six-month regimen comprising
a combination of first-line drugs: INH, RIF, ethambutol, and pyrazinamide. The
treatment begins with an intensive two-month phase, during which all four first-line
drugs are used, followed by a four-month continuation phase involving only INH and
RIF. This regimen typically achieves a success rate of approximately 85%, provided
the infecting strain is drug-susceptible and the prescribed regimen is adhered to
consistently.l""® The rise of multidrug-resistant (MDR) and extensively drug-resistant
(XDR) TB, however, significantly complicate this treatment. MDR-TB results from Mtb
strains resistant to INH and RIF, necessitating the use of second-line drugs such as
fluoroquinolones, bedaquiline (approved in 2012), linezolid, and pretomanid
(approved 2019). In contrast, XDR-TB involves resistance to INH and RIF, in addition
to any fluoroquinolone (e.g., moxifloxacin or levofloxacin), and at least one of the key
second-line injectable drugs (e.g., amikacin, kanamycin, bedaquiline). Treatment of
both resistant forms often requires prolonged regimens lasting up to two years,
increased costs, higher side effects, and lower success rates.!''¢:1"7]

A major barrier to effective treatment and development of TB drug-resistance is the
unique structure of Mtb cell wall. Although Mtb is classified as GPB, its outer
membrane closely resembles that of GNB. The outer layer is rich in long-chain fatty
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acids, primarily mycolic acids, and free lipids such as lipoglycans or
glycopeptidolipids, creating a highly hydrophobic barrier around the bacilli. Beneath
this lipid-rich outer membrane lies a thick layer of peptidoglycan linked to
arabinogalactan, which is also covalently linked to mycolic acids, forming a
protective complex known as mycolyl-arabinogalactan-peptidoglycan complex.
These structural features are crucial for the pathogen's survival and resistance,
enabling it to evade host immune systems and withstand antibiotic treatment.!''8120]
For instance, the first line-drug INH is a prodrug that targets the Mtb cell wall by
inhibiting the biosynthesis of mycolic acid. Upon entering the Mtb cell via passive
diffusion, INH is activated by the catalase peroxidedase (KatG) enzyme. Any
mutations in the KatG enzyme leads to resistance against INH by preventing its
activation. Similarly, resistance to RIF arises from mutations in the rpoB gene, which
encodes the RNA polymerase B-subunit, the drug's primary target, thereby impairing
the drug's efficacy against actively growing bacteria.l'®! A breakthrough in MDR-TB
treatment occurred with the discovery of bedaquiline, the first novel MDR-TB drug
approved in decades. Bedaquiline targets a unique mechanism by inhibiting Mtb ATP
synthase and disrupting energy production crucial for bacterial survival. However,
resistance to bedaquiline emerged shortly after its introduction, involving
mechanisms such as the upregulation of efflux pumps or mutations in the atpE gene,
which encodes the binding site of the drug.[''812"]

Hence, the rapid emergence of drug-resistance, along with the pathogen’s
persistence in a latent state, showcases the challenges of combating TB. This
highlights the urgent need for innovative strategies and the continuous development
of new antitubercular drugs to meet the WHO's goal of eliminating TB as a public

health threat by 2050.1"22
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1.4 Biodynamers
1.4.1 Definition and background

The concept of biodynamers has evolved since the early 21% century from
Constitutional Dynamic Chemistry (CDC). CDC involves a library of molecules
capable of constructing/deconstructing and reshuffling their constitution through
reversible linkages at both molecular and supramolecular levels, driven by external
or internal factors. These linkages include reversible covalent bonds, belonging to
dynamic covalent chemistry (DCC), as well as noncovalent interactions referred to
as dynamic non-covalent chemistry.!'23-2%1 The implementation of CDC principles in
polymer science has revolutionized the field, leading to the rise of constitutionally
dynamic polymers known as “dynamers”.l'6-1291These polymers exhibit adaptability,
self-healing, reconfigurability, monomers exchange, and stimuli-responsive behavior
through reversible interactions at both molecular and supramolecular levels,
allowing them to generate the best dynamer under given condition. Additionally,
dynamers that combine both reversible covalent and noncovalent interactions can
give rise to dual dynamers, exhibiting properties at both levels
simultaneously.[126:130.131]

As the study of dynamers at the molecular level expanded into biopolymers, a new
class of materials “biodynamers” emerged.!"*" Biodynamers combine the adaptive
properties of DCC with the biofunctionality of naturally occurring biological
molecules, resulting in synergistic effects. These materials are thus capable of
undergoing spontaneous physical and chemical modification via reversible dynamic
covalent bonds (DCBs) under specific conditions, while also mimicking biological
processes like enzyme catalysis, molecular recognition, and cellular interactions.
Therefore, biodynamers have gained significant attention as an innovative class of
stimuli-responsive polymers.['*? By bridging the gap between natural and synthetic
polymers, they hold immense potential for various biomedical applications including
drug delivery, drug discovery, treatments, and diagnostics, making them also a
promising strategy to tackle AMR challenges.['3":133-135]

In the following section, we will explore the key types of biodynamers, focusing on

their structural features and inherent properties of biopolymers.
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1.4.2 Types of biodynamers and their structural properties

As described earlier, biodynamers are dynamic polymeric structures based on
biorelevant monomers, connected via reversible DCBs. The ability of these materials
to self-heal, assemble, disassemble, and adapt to various conditions is due to the
dynamic and reversible nature of their covalent bonds.!32.133]

Polycondensation reactions between amino and carbonyl groups to form C=N bonds
represent the most fundamental DCBs used in synthesizing biodynamers. The
formation of imine, acylhydrazone, and oxime bonds occurs through the
condensation of primary amines, hydrazides, or hydroxylamine with aldehyde or
ketone groups, respectively, each exhibiting unique features in DCC (Scheme 1).1"%¢!
Imine-bonds are highly reversible, biocompatible, with fastreaction kinetics between
formation and hydrolysis. Their behavior is strongly dependent on pH, particularly
under mild acidic conditions, making them very dynamic and responsive. Their weak
stability in aqueous solutions generally favors reversibility which often limits their
applications in biomaterials.l'¥-'3! Acylhydrazone-bonds, on the other hand, are
more stable due to the additional nitrogen atom and acyl group, offering
chemoselectivity in aqueous media, biocompatibility and tunable reaction kinetics
under weak acid catalysis. Their pH-dependent reversibility enables hydrolysis or
exchange of monomers, typically accelerated under acidic conditions, with these
processes often occurring within one hour.'*41 Oxime-bonds are the most stable
of the three in aqueous solution, characterized by rapid formation and high yields
under mildly acidic conditions. They exhibit superior resistance to hydrolysis, owing
to their inherent stability derived from the alpha effect of the adjacent oxygen
atom. However, this stability is pH- and temperature-dependent, with increased
susceptibility to hydrolysis in strongly acidic environments. Their biorthogonality, and
potential for nucleophilic catalysis make oxime bonds particularly useful for
bioconjugation applications.['2744 |n conclusion, all three bond types offer a
spectrum of adaptability, reactivity, stability, and tunability, making them highly
valuable for stimuli-responsive dynamic systems, especially in biological

environments.
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Scheme 1. Polycondensation reactions between amino and carbonyl groups, illustrating the
formation of imine, acylhydrazone, and oxime bonds, which are reversible under specific conditions.
Building on the versatility of these C=N bonds, various classes of biodynamers have
been developed to mimic biological macromolecules (e.g., polysaccharides,
proteins, and nucleic acids) and to modify and enhance their functionality.['31.13]
Dynamic analogues of nucleic acids (DyNAs) are one class of biodynamers designed
to replicate the structure and function of nucleic acids. These dynamers are
synthesized through DNA-templated reversible polymerization via imine or
acylhydrazone bonds, allowing sequence-specific and length-controlled properties.
DyNAs can dynamically adapt their structure in response to stimuli such as pH
changes, electrostatic forces, or target binding. By combining the biomimetic
features of nucleic acids with the reversibility of DCBs, DyNAs hold significant
promise in biomedical applications, including gene delivery and biosensors.['33:145-147]
Another notable class of biodynamers are the glycodynamers, which mimic
polysaccharides, abundant biopolymers foundin living organisms and are involved in
immune responses, cell-cell recognition, and other biological processes. The
synthesis of glycodynamers often involves the formation of reversible oxime or
acylhydrazone bonds, which can occurinthe main chain, side chains of the polymer,
or a combination of both. These bonds allow structural and physicochemical
modifications, as well as tunable properties, by reorganizing the molecular
componentsinresponse tovarious chemical or physical stimuli, such as pHchanges

or enzymatic activity. Therefore, glycodynamers combine the bioactivity of
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carbohydrates such as biocompatibility and biodegradability, with the adaptability of
DCBs, making them valuable for biomedical applications including drug-delivery
systems, self-healing materials, studies for carbohydrate-mediated biological
interactions, and biosensing platforms.[133:148.149]

Lastly, proteoid biodynamers represent a unique class of molecular biodynamers,
that mimic proteins and peptides, which have recently been developed and
investigated. These dynamers are formed by polymerizing amino acid (e.g.,
lysine(Lys), histidine (His), and arginine(Arg)) hydrazides with carbazole-dialdehyde
hexaethylene glycol (CA-HG) monomers via reversible imine and acylhydrazone
bonds (Figure 8).1321%0.1511 A key feature of proteoid biodynamers is their amphiphilic
nature, derived from the m-1t stacking and hydrophobic interactions of carbazole-
dialdehyde components along with the hydrophilic hexaethylene glycol (HG) shell.
This enables them to fold into single-nanorod structures with high stability, high
molecular weights (70—-130 kDa), and improved biocompatibility. For instance, in the
cell viability assay, Lys-biodynamers demonstrated 44 times higher 1Cso value
comparedto conventional poly-L-lysine. They also exhibit dynamic behavior, such as
polymerization and depolymerization or changes in molecular weight in response to
concentration and pH. For example, when the concentrationis reduced tenfold (from
10 to 1 mg/mL), their molecular weight decreases by approximately 50% at pH 5. The
nanorod  structure, amphiphilic characteristics, biodegradability, and
biocompatibility of proteoid biodynamers make them ideal candidates for various

biomedical applications, such as drug loading and drug delivery.['52:153]
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Figure 8. Illustration of biodynamers i) Carbazole-dialdehydes conjugated hexaethylene glycol (CA-
HG) and amino acid hydrazides derivatives undergo reversible polymerization in acidic aqueous
medium through acylhydrazone and imine bond formation. ii) The biodynamer self-assembles into a
nanorod structure, featuring a hydrophobic carbazole core and a hydrophilic outer shell incorporating

hexaethylene glycol and amino acid derivatives. This figure was adapted from Lee et al.l'>®
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1.4.3 Biodynamers pharmaceutical application

Biodynamers have emerged as a promising class of materials in biopharmaceutical
applications, with significant advancements made in recent years. Their unique
properties, such as pH-responsiveness and biocompatibility, make them ideal
candidates for overcoming biological barriers and improving drug-delivery systems
leading to advanced strategies to combat AMR.

One of the primary applications of biodynamers in drug-delivery systems lies in gene
therapy, where they enhance the delivery of nucleic acids, such as mRNA, through
the formation of dynaplexes. Lee et al. showed that positively charged biodynamers,
synthesized from Lys, Arg, and His amino acid hydrazides combined with CA
moieties, form dynaplexes with negatively charged mRNA. These complexes protect
the cargo from degradation, promote efficient cellular uptake and ensure successful
delivery to intracellular targets. Within the acidic environment of endosomes,
biodynamers undergo conformational changes, enabling them to disrupt endosomal
membranes up to 10 times more effectively than conventional vectors. They change
their structure, swell, and degrade in endosomes, leading to controlled release of
their cargo into the cytoplasm. This method has shown significantly improved
transfection efficiency with reduced cytotoxicity compared to traditional agents like
polyethyleneimine. Additionally, biodynamer ability to form stable complexes with
MRNA positions them as promising carriers for mRNA vaccines, ensuring efficient
delivery and antigen expression within target cells. '3 Similarly, Liu et al. reported
that biodynamers cross-linked with siRNA form stable nanocomplexes that exhibit
pH-dependent size changes, ensuring efficient siRNA release. They serve as potent
inducers of apoptosis in carcinoma cells, outperforming lipid-based transfection
agents. This underscores the potential of biodynamers in overcoming barriers in gene
therapy, particularly for cancer and infectious diseases.!"®

Beyond nucleotide delivery, biodynamers have been explored as innovative
nanoparticle carriers in protein and peptide delivery. They can form polymeric nano-
complexes or double emulsion nanoparticles that encapsulate and deliver proteins
efficiently. They are capable of delivering both anionic and cationic proteins by

adapting the charge properties of their amino-acids derivatives. They exhibited high
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encapsulation efficiency and high loading capacity for various proteins like
ovalbumin. For instance, these systems have achieved drug loading efficiencies of
up to 78% for fluorescent dye-conjugated proteins due to their cylindric shape and
their hydrophobic component, significantly outperforming other systems, which
typically exhibit loading rates of only 1-5 wt%.["551%]

Furthermore, biodynamers have shown promising potential as biosensors,
particularly for metal ion detection. For instance, Zeroug et al. have identified His-
derived biodynamers as biocompatible and water-soluble Cu(ll) sensors. The
fluorescent properties of biodynamers, often derived from the CA components,
provide a direct indicator of ion binding, enabling their use as effective tools for
monitoring cellular processes and advancing disease diagnostics.'%”!

Lastly, biodynamers have been investigated for their potential activity as antibiotic
potentiators, enhancing the effectiveness of existing antibiotics against resistant
bacterial strains by improving drug interaction with bacterial membranes. Kamal et
al. found that Arg-biodynamers interact with the lipopolysaccharide (LPS) layer of the
outer membrane of Gram-negative bacteria, thereby enhancing antibiotic
penetration and efficacy. In experiments with E. coli, Arg-biodynamers improved the
MIC value of colistin by 32-fold, with similar enhancements observed in
Pseudomonas aeruginosa strains. This potentiation effect was attributed to the
biodynamers' ability to adopt a predominant B-sheet structure in the LPS
microenvironment, facilitating stronger interactions with bacterial membranes.
Moreover, Arg-biodynamers retain their antibacterial activity while exhibiting
significantly reduced cytotoxicity to mammalian cells compared to traditional
polymers such as poly-L-arginine. This combination of properties highlights
biodynamers as promising adjuvants to existing antibiotics, offering an approach to
combating AMR.['%8!

Overall, biodynamers represent a groundbreaking class of dynamic polymers with
different approaches in combating the challenge of AMR. They can enhance the
efficacy of existing antibiotics, improve drug-delivery to bacterial targets by
overcoming biological barriers and might potentially reduce the development of

resistance by allowing for lower antibiotic doses using nano-delivery systems.
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1.5 Aims of the thesis

The rapid emergence of resistance to commonly used antibiotics is increasingly
limiting therapeutic options, even for minor infections. This growing challenge in AMR
calls for the identification of novel bacterialtargets and effective strategiesto combat
resistant pathogens. The aim of this PhD thesis is divided into two main parts. Each
of these sections offers potential solutions for combating AMR by advancing

therapeutic targets and improving treatment efficacy:

Part | of the thesis focuses on the identification and optimization of new anti-infective

agents using diverse medicinal-chemistry strategies targeting critical pathogens:

a. ECFtransporters as drug targets: These are transmembrane proteins crucial for
the survival and growth of GPB, as they facilitate the uptake of essential
micronutrients and vitamins. These transporters were identified as potential
underexplored drug targets in several pathogenic bacteria linked to serious
infections. Herein, we describe the discovery of a novel chemical class of ECF
transporter inhibitors. This class consists of picolinic acid derivatives, initially
identified through experimental screening of compound libraries using a whole-
cell uptake assay. Acomprehensive SAR study was conducted to the initial hit by
sequentially refining its chemical structure, followed by biological evaluations to
assess the antimicrobial efficacy of the frontrunner compounds (Section 2.1,

Chapter A).

b. TB drug discovery: TB, caused by Mtb, remains one of the deadliest diseases
worldwide. This project aims to identify new antitubercular agents, through
screening of compound libraries. An initial hit was identified, and a systematic
SAR study was performed to develop potent frontrunner compounds. Further
investigations are ongoing to elucidate the mode of action of these compounds
against Mtb (Section 2.2, Chapter B).

Part Il focuses on the design and optimization of a novel dynamic biodynamer, based

on BODIPY-dialdehyde and lysine hydrazide (BDP-Lys), with the aim of enabling real-

time monitoring of polymer degradation within biological systems. This approach

seeks to address critical questions about the fate of biodegradable polymers and
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their interaction in situ, ultimately advancing the understanding and development of
biodynamers as effective tools for drug delivery applications (Section 2.3, Chapter

C).
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Abstract

This study presents picolinic acid derivatives as a novel class of energy-coupling
factor transporters (ECF-T) inhibitors, thereby enriching the landscape of existing
ECF-T inhibitors library. ECF-T are integral transmembrane proteins responsible for
the uptake of various micronutrients mainly in Gram-positive species. Due to their
critical role in bacterial growth as well as their absence in human cells, ECF-T are
considered to be promising and selective antimicrobial target. Picolinic acid
derivatives were identified through experimental screening of in-house and external
compound libraries. A comprehensive structure-activity relationship (SAR) study
yielded potent inhibitors. The most promising derivatives translated their ECF-T
inhibition into strong antibacterial activity, and in addition, showed no cytotoxicity as
well as high metabolic and plasma stability. These results pave the ground for
combating infections by Gram-positive bacteria addressing novel bacterial drug

targets with drug candidates.

Keywords: antimicrobial resistance, AMR, ECF-T; picolinic acid; inhibition;

antibacterial activity

Introduction

Antimicrobial resistance (AMR) of virulent pathogens poses an ever-growing health
threat worldwide, necessitating both the identification of novel drug targets and the
development of new classes of antibiotics [1]. The World Health Organization (WHO)
has classified resistant bacteria into priority lists, emphasizing the treatment of
multidrug-resistant pathogens such as Streptococcus pneumoniae [2]. Gram-
positive bacteria can obtain essential vitamins for their survival and growth either
through de novo biosynthesis or via a prokaryote-specific class of transmembrane
proteins. These transmembrane proteins, referred to as energy-coupling factor
transporters (ECF-T), belong to the superfamily of adenosine-triphosphate (ATP)-
binding cassette (ABC) transporters [3]. ECF-T are responsible for the uptake of B-
type vitamins such as folate, pantothenate, riboflavin, as well as metal ions into
bacteria. Their predominance in Gram-positive species, coupled with their absence

in humans, make them promising targets for antimicrobial drugs [4,5].
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ECF-T consists of a substrate-specific binding protein (S-component) and an energy-
coupling module (Ecf module). The latter is composed of a transmembrane protein
(T-component, EcfT) and two cytosolic nucleotide binding proteins (EcfA and EcfA’)
[6]. This amongst ABC transporters unique architecture allows a single S-component
to interact either with a ’dedicated‘ Ecf module (Group | ECF-T) [7], or various S-

components with a ‘common‘ Ecf module (Group Il ECF-T; Figure 1) [8].

A "y 'y "y
S
RibU EcfT PanT FolT
EcfA EcfA'
. J

Figure 1. Group-ll ECF-T architecture. A shared Ecf module interacts with exchangeable S-
components for specific micronutrient substrates [e.g., pantothenic acid (PanT; yellow), folic acid
(FolT; green), or riboflavin (RibU; red)] to form a functional ECF-T.

ECF-T employ a toppling mechanism, where the S-component tightly binds to the
substrate pocket and subsequently undergoes a 90-degree rotation within the
membrane. In this toppled state, the S-component binds to the Ecf module, leading
to substrate release into the cytoplasm. ATP hydrolysis through the cytosolic EcfA
and EcfA’ subunits induces a conformational change in the Ecf module re-orientating
the S-component to toward the extracellular space, initiating a new transport cycle
[5,9]. Our research focuses on identifying new inhibitors that target group-ll ECF-T

and thus, inhibiting the uptake of multiple vitamins using one single inhibitor.

Several series of ECF-T inhibitors have been reported so far. The first ECF-T inhibitors
were discovered through a structure-based virtual screening (SBVS) approach using
the X-ray crystal structure of the folate-specific transporter ECF-FolT2 from
Lactobacillus delbrueckii (L. delbrueckii) (PDB ID: 5JSZ). Unbiased coarse-grained
molecular dynamics simulation with the hitcompound provided its binding mode and

mechanism of action which suggested a binding site at the interface between S-
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component and Ecf module [10]. In-depth structure—activity relationship (SAR) study
led to improved ECF-T inhibitors with enhanced antimicrobial activities [11]. Hit
optimization for the two chemical classes derived from the SBVS campaign was
achieved via target-directed dynamic combinatorial chemistry (tdDCC) addressing
the pantothenate ECF-T (ECF-PanT) in S. pneumoniae [12]. In 2022, a SBVS approach
merged with a newly derived whole-cell assay provided ureidotheiophenes as very
potent inhibitors of ECF-FolT2 [13,14]. Finally, we reported very recently on a new
target repurposing approach which provided various structurally diverse drugs and
drug-like compounds as potent ECF-T inhibitors, with moxidectin as the most potent

representative known so far [15].

Here, we report a promising new chemical class for ECF-T inhibition discovered
through screening applying our functional whole-cell uptake assay. This class
contains a picolinic acid (PA) moiety linked to a phenoxy phenyl group via an amide
bond. PA is a pyridine derivative containing a carboxylic acid function at position 2
and is associated with immunological, neuroprotective, and antiproliferative
properties [16,17], and furthermore, showed antimicrobial activity against
Mycobacterium avium [18]. In this regard, PA represented an excellent starting point
for further investigation and optimization. We performed an SAR study to enhance
both ECF-T inhibitory activity and antibacterial activity, ultimately leading to the

identification of novel antimicrobial agents to tackle the challenge of AMR.

Results and discussion

Discovery of hit compound

This study aimed to identify novel ECF-T inhibitors using experimental screening of in-
house and external compound libraries. The initial screening provided compound 1
as a hit showing 18% inhibition at 50 uM in our whole-cell uptake assay. Analogs from
our in-house library bearing similar structural features provided compounds 2-5
containing a pyridine carboxylate scaffold in the Western part of the molecule (Table
1). Allanalogs differed only in the position of the aromatic nitrogen, where compound
5 (ortho to carboxylic acid, para to the amide linker) emerged as the most potent

analog, achieving 100% and 91% inhibition at 50 uM and 12.5 uM, respectively. The
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determined half-maximalinhibition concentration (ICs) value of 5.2 uM qualified it as
one of the most potent ECF-T inhibitors identified so far [14,15]. Thus, compound 5

served as template for further optimization.

Table 1. Inhibitory activities of hit compounds 1-5in the whole-cell uptake assay.

HO
(0]
% uptake inhibition
+
Compound X at 50 UM ICs0 £ SD (UM)
1 18 3.1 n.d.
~. N\ -
2 | <10 n.d
=
SN
3 | <10 n.d.
N
NP
4 | <10 n.d
_N
A
5 | 100 £ 0.9 5.2+0.8
N~

S.D.: Standard deviation derived from two independent experiments, n.d.: Not determined

Chemistry

The synthesis of compounds 5-24, featuring variations in the Western part, Eastern
part, and middle ring of the molecule was achieved through a two-step synthetic
approach (Scheme 1).The first step involved an amide coupling reaction between the
commercially available carboxylic acids (5b, 9b-24b) and either methyl 4-
aminopicolinate (5¢) or amino derivatives (6c-8c¢), using propane phosphonic acid
anhydride (TsP) as the coupling reagent. If applicable, resulting esters were

hydrolyzed in the second step to yield the final derivatives (9-24).
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5a R= COchg
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O\H/©/ R1

R 2 NH, O  5b,9b—18b )H/\j/

Nx (i), (i)
5c R=CO;CH, X=0, Ry= H 14 X= 0, Ry= OCF;
6c R=H 9 X= 0. R;= OCH; 15 X=CH,, Ry=H
7c R=CH, 10 X=0.R;=CN 16 X= OCH,, Ry=H
8c R=CFs 11 X=0,R,=F 17 X=C=0, Ry= H
12 X= 0, Ry=Cl 18 X=NH, R,=H
13 X= 0, Ry= CFs
R
HO 2
o)
O 19b—22b A Rz
HO = |
(i), (i) N o
19 R2= H

20 R,= 2-phenoxy
21 Ry,= 3-phenoxy
22 R,= 3-(p-tolyloxy)pyridin

° 0
‘n/ . Q H ° \© 23 Ar= 2,5-furan
23b, 24b HO N N 24 Ar= 2,5-pyridin
N~ O

(i), (ii)

Scheme 1. Synthesis of compound 5 derivatives that vary in the Western part (5a, 6-8), the Eastern
part (9—-22) and the middle ring (23-24). Reagent and conditions: (i) EtOAc, pyridine, T3P, 40 °C, 12 h; (ii)
ester, THF, LiOH, rt, 15 min.

In addition, a synthetic route was developed to substitute the amide bond of
compound 5 with bioisosteric functional groups as shown in Scheme 2. The reversed
amide 25 was synthesized through a two-step approach as described earlier. This
involved an amide coupling reaction between commercially available 2-
(methoxycarbonyl) isonicotinic acid (25¢) and 4-phenoxyaniline (25b), followed by
treatment with lithium hydroxide (LiOH) to give the desired derivative 25. The reaction
between 1-(bromomethyl)-4-phenoxybenzene (26b) and 5¢ in the presence of a base
resulted in methylamine derivative 26. Methyl 4-bromopicolinate (27c) exposed to
25b using Xantphos reagent and cesium carbonate (CsCQs;) directly afforded
derivative 27 after purification by preparative HPLC. By combining 5c with

phenoxybenzene isocyanate (28b) in DMF at room temperature and subsequent
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treatment with LiOH the urea derivative 28 was obtained. On the other and,
combining 5¢ with 4-phenoxybenzenesulfonyl chloride (29b) in the presence of K,CO3
and subsequent hydrolysis (LiOH) resulted in the sulfonamide derivative 29. To
accessthe triazole moiety, compound 27¢ was firstreacted with sodium azide (NaN3)
in DMF at 80 °C, yielding the azide intermediate 30c. This intermediate was then
subjected to a click reaction with the commercially available alkyne 1-ethynyl-4-
phenoxybenzene, forming triazole 30a with an ester group, which after hydrolysis,
gave the desired triazole 30. Conversely, compound 27c¢ could undergo a
Sonogashira reaction followed by desilylation with tetrabutylammoniumfluorid
(TBAF) to provide the corresponding alkyne 31c. On the other hand, azidation of 25b
under Sandmeyer conditions with TMSN, provided the azide intermediate 31b. The
combination of compounds 31b and 31c¢ yielded in the desired reversed triazole 31

after hydrolysis via LIOH.

25

26 (i)

27 (i)

28  (iv) then (vii)
(
(

o) 29 (v)then (vii) NF 0
N _ R o} 30,31 (vi) then (vii) or (viii) |
(@) | + HO N
R
R

i) then (vii)

N
2

5¢ R,=NH 25b R,= NH ° -
c 1= NH3 2= NH> _ _ N
25¢ Ry= COOH 26b  R,= CH,Br > RZ_CONH- 30 R= \/\>‘;
27¢ R,=Br 28b  R,=-N=C=0 27 o Nnohe N
30c R1= N3_ 29b R2= SOZ_CI 28 R= _NHCONH-— %
31c R;=—C=CH 30b  R,=—C=CH

29 R=-NHSO,—

N
31b R,= Nj 31 R= N

Scheme 2. Synthesis of amide linker derivatives 25-31. Reagents and conditions: (i) EtOAc, pyridine,
T3P, 40°C, 12 h (25); (ii) K.COg3, THF, rt, 16 h(26); (iii) Xantphos, palladium (ll) acetate, Cs,COQOg, butanol,
95 °C, 16 h (27); (iv) 5c, DMF, rt, 1 h (28); (v) 5¢, K,.CO3, ACN, 80 °C, 16 h (29); (vi) azide derivative,
corresponding alkyne, THF/H,O (2:1) (30) or MeOH (31), sodium ascorbate, CuSO,-5H,0, 2 d, 65 °C
(80) or12 h, rt (31); (vii) ester, THF, LiOH, rt 15 min (25, 28, 29) or 16 h (31); (viii) ester, MeOH, NaOH, 65
°C (30).

Structure—activity relationship study

Compound 5 represented the template molecule for a comprehensive SAR study to
further optimize and develop ECF-T inhibitors, which included four primary
modification areas: (i) the Western part; (ii) the Eastern part; (iii) the middle ring; and

(iv) the amide linker (Figure 2). Initially, all synthesized compounds were assessed in
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our whole-cell uptake assay for their inhibition of the radiolabeled folic acid uptake
into Lactobacillus caseiat 12.5 uM. Compounds with more than 80% inhibition were

evaluated in-depth for their ICs, values.

Amide Eastern Part
Linker —
— O
USSR
HO SN
N Middle

— Ring

Western Part

Figure 2. Chemical structure of hit compound 5. The scaffold was divided into four subunits: (i)
Western part; (ii) Eastern part; (iii) middle ring; and (iv) amide linker.

We first investigated the importance of the carboxylic acid group in the Western part
of the molecule using a small set of compounds (compounds 5a, 6-8; Scheme 1).
Removal of the carboxylic acid group (6), its methyl esterification (5a), and its
replacement by methyl (7) or trifluoromethyl (8) led to a significant loss of the
inhibitory activity (Table 2). These results underscore the critical role of the carboxylic
acid group with respect to ECT-T inhibition, and thus, was left unchanged in the

following SAR.

Table 2. Inhibitory activities of compounds with Western part modifications (5a and 6—8) in the whole-

cell uptake assay.

Compound R % up;ff;?zi:;ition
5a COOCH, 13.6+2.9
6 H <10
7 CHs 13.0+1.7
8 CF, <10

S.D.: Standard deviation derived from two independent experiments, n.d.: Not determined
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A series of modifications at the Eastern part and the middle ring of the molecule
included three key changes: at the terminal phenylring (9-14, 19-22); the ether linker
(15-18); and the middle ring (23-24) (Scheme 1, Table 3).

Diverse electron-withdrawing (EWG) and electron-donating groups (EDG) at para
position of the Eastern part provided varying effects on the potency against ECF-T.
The trifluoromethoxy (OCF;) group (14) was the most potent, showing comparable
activity to the non-substituted hit 5 (ICs: 4.8 uM), followed by OCH; (9) > CF; (13) > F
(11). In contrast, cyano (10) and chloro (12) derivatives led to decreased activities.
Replacing the ether linker at the Eastern part by different functional groups led to a
reduction [methylene (15) and oxymethylene (16) derivatives] or (almost) complete
loss [carbonyl (17), and amino (18) derivatives] of biological activities at the tested
concentrations, which also resulted after complete removal of the terminal phenoxy
group (19). Interestingly, the position of the phenoxy group affected the biological
activity: While the ortho position (20) resulted in decreased potency, the meta
position (21) retained almost similar activity as the para position (5). Introduction of
a pyridine at the eastern part (22) abolished biological activity. Finally, we replaced
the middle ring by heterocycles: The furan derivative 23 reduced the biological
activity almost by half, while the pyridine derivative 24, led to an entire loss of activity.

Table 3. Inhibitory activities of compounds with modifications inthe Eastern part and the middle ring

(9—24) inthe whole-cell uptake assay.

% uptake inhibition

Compound R
P at12.5uM ICs0 (M)

0
9 ©/ \Q 80.8 £ 5.6 6.7%1.1
-7 OCHj,4
0
10 ©/ \Q 21.3+9.8 n.d.
-7 CN
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R
1 ©/ \Q 81.6+7.7 8.2+0.7
- F
)
12 ©/ \Q 48.0+7.8 n.d.
. Cl
0
13 ©/ \Q 85.6 0.6 7.7+0.3
-7 CF3
0
14 ©/ \Q 97.6+1.4 4.8+0.2
-7 OCF
15 49.3+5.8 n.d.
16 ©0v© 68.0+2.8 n.d.
O
17 16.6 + 13.4 n.d.
H
N
18 O/ @ <10 n.d.
19 O <10 n.d.
e
20 ©/ \@ 28.3+4.8 n.d.
< 0
21 O/ \© 85.8+1.6 6.1+0.3
o X
22 ©/ @ <10 n.d.
-7 N
0. 0
23 g \© 56 +6.3 n.d.
0
AN
24 JC( \© <10 n.d.

S.D.: Standard deviation derived from two independent experiments, n.d.: Not determined
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The final set of modifications aimed to design bioisosteric replacements to replicate
the properties of the amide bond. However, the synthesized bioisosteres [e.g.,
reversed amide (25), methylamine (26), secondary amine (27), urea (28) and
sulfonamide (29)] failed to enhance inhibitory activity. Nevertheless, introducing a
triazole moiety (30) significantly increased activity by two-fold against ECF-T (ICs: 2.1
pM), revealing it to be one of the most potent ECF-T reported until today [14,15].
These results support the idea that a 1,4-substituted 1,2,3-triazole moiety is
proficient in mimicking the configuration and activity of an amide bond [19]. Finally,
reversing the triazole moiety (31) did not show an improvement in activity, suggesting
that the specific orientation and electronic properties of the triazole are critical for
maintaining the desired potency.

Table 4. Inhibitory activities of compounds with modifications at the amide linker (25—-31) inthe

whole-cell uptake assay.

o
Compound R % uptake inhibition ICs0 =S.D
at12.5uM (LM)
O
25 N 30.8+ 1 .
H
H
26 AN <10 n.d.
27 \H/ <10 n.d.
0
% e <10 n.d.
H H
Q .
2 \N/S\é) <10 n.d.
H
\\N
30 h',:; - 98.0% 1.2 01505
v
31 "@,{, 86.0+5.4 6.0+4.7

S.D.: Standard deviation derived from two independent experiments, n.d.: Not determined
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Proteoliposome uptake assay

As a next step, the initial hit compound 5, and the triazole derivative 30 were selected
for evaluation in a proteoliposome uptake assay employing L. delbrueckii ECF-FolT2
and radiolabeledfolic acid [20] (Figure 3). Both compounds showed ICs, values inthe
low micromolar range comparable to those determined in the whole-cell uptake

assay (Table 5).

Table 5. Inhibitory activities of 5 and 30 in a proteoliposome uptake assay using ECF-FolT2.

c q Struct ECF-FolT2
ompoun ructure ICso (M)
5 12.3
30 6.9

S. D.: Standard deviation derived from two independent experiments, n.d.: Not determined
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Figure 3. Concentration-effect curves of compounds 5 (left) and 30 (right) in the proteoliposome

uptake assay.

Antibacterial profile

The most potent inhibitors identified through our SAR study were assessed against a
panel of Gram-positive pathogens for their antimicrobial profile (Table 6). Compound
5 exhibited low micromolar activities against S. pneumoniae strains, while it
displayed no effects against Enterococcus species. In a similar manner, analog 14
was inactive against the Enterococcus species, but demonstrated a slightly stronger
antimicrobial effect against penicillin-resistant and wild-type S. pneumoniae
[minimum inhibitory concentration (MIC) values: 2 uM and 16 uM, respectively].

Surprisingly, compound 30 showed minor activity againstS. pneumoniae strains; one
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strain exhibited a complete loss of activity, while the other penicillin-resistant strain

showed an MIC of 16 uM.

Table 6. Determination of minimum inhibitory concentration (MIC) values of compounds 5, 14 and 30

against a panel of Gram-positive bacteria.

MIC (uM) Compound
5 14 30
PR- Streptococcus pneumoniae 4 5 16
DSM-11865M
Streptococcus pneumoniae
>
DSM-20566 32 16 128
Enterococcus faecalis
DSM-20478 >128 >128 >128
Enterococcus faecalis
> > >
DSM-20477 128 128 128

[a] PRSP: Penicillin-resistant Streptococcus pneumoniae.

In vitro ADMET profiling

The selected frontrunners 5, 14, and 30 were further evaluated for their in vitro ADMET
profile. Allcompounds were found to be stable (>2 h) in both murine and human liver
microsomes and no instability in plasma was observed over 4 h. Furthermore, low
cytotoxicity was determined for 14 with 50% cytotoxic concentration (CCsy) around
100 pM, while 5 and 30 did not impair HepG2 viability at 100 pM, which is a
concentration far above the determined ICso and MICs, values. Additionally, 14 and
30 showed reduced solubility compared to compound 5. Hence, in view of the similar
antibacterial and on-target activity of the three compounds tested, 5 seems to be

more favorable for further development.

Table 2. /n vitro ADMET profile for derivatives 5, 14, and 30.

Properties species Compound
5 14 30
logDy7.4 2.01 3.41 1.51
Kinetic Solubility . . .
5% DMSO/PBS [UM] 130+ 25 22.4+0.5 208
Kinetic Solubility 05+ 3 84 39+15

1% DMSO/PBS [uM]
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Cytotoxicity HepG2, 41 +15
92 +18 110+ 3
viability @100 pM [%] 102 % 26 (CCso%)
Liver Microsomes mouse | >120/<11.6 | >120/<11.6 >120/<11.6
tip b[min] /
Cline® [UL/min/mg] human >120/<11.6 >120/<11.6 >120/<11.6
mouse >240 >240 >240
Plasma, t1,2° [min]
human >240 >240 >240

aConcentration at which cell viability is reduced by 50% [puM]. ?Half-life. °Intrinsic clearance. Means =

S.D.: Standard deviation derived from at least two independent experiments.

ABC transporter selectivity

Another important factor in ADMET profiling is the potential interaction of the drug
candidates with human ABC transporters at biological barriers, which would
significantly influence their pharmacokinetics and could also lead to undesired off-
target effects. Thus, lead compounds 5 and 30 as the most potent ECF-T inhibitors
were assessed against the most prominent ABC transporters ABCB1 [P-glycoprotein
(P-gp)], ABCC1 [multidrug resistance-associated protein 1 (MRP1)], and ABCG2
[breast cancer resistance protein (BCRP)]. Both compounds showed no biological
activity against any of the transporters assessed, and thus ABC transporter-related
pharmacokinetic constraints and/or toxicity could not be expected from compounds

5 and 30.

Conclusions

In summary, we have identified picolinic acid analog as a new class of ECF-T
inhibitors through experimental screening using in-house and external compound
libraries. In terms of structure-guided optimization, we have conducted a
comprehensive SAR study to get valuable insights into the chemical features required
for optimal inhibitory potency of this chemical class. In addition, we successfully
proved the selectivity of our series towards ECF-T over the human ABC transporters
ABCB1, ABCC1, and ABCG2. ADMET profiling of the frontrunner compounds
highlighted high metabolic and plasma stability of this series without any critical
cytotoxic effects. The compounds also exhibited potent antibacterial activity against
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S. pneumoniae with even stronger effect on the penicillin-resistant strain. Further
investigation and optimization of this class is needed to refine and enhance solubility

and antibacterial activity.
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Chemicals, materials and methods

NMR experiments were run on a Bruker Avance Neo 500 MHz spectrometer. Spectra
were acquired at 300 K, using deuterated solvents. Chemical shifts for "H and *C
spectra were recorded in parts per million (ppm) using the residual non-deuterated
solvent as the internal standard. Coupling constants (J) are given in Hertz (Hz). Data
are reported as follows: chemical shift, multiplicity (s = singlet, d =doublet, t = triplet,
m = multiplet, br = broad and combinations of these) coupling constants and
integration. Flash chromatography was performed using the automated flash
chromatography system CombiFlash Rf+ (Teledyne Isco, Lincoln, NE, USA) equipped
with RediSepRf silica columns (Axel Semrau, Sprockhovel Germany). TLC was
performed with aluminum-backed silica TLC plates (Macherey-Nagel MN ALUGRAM
Sheets SIL G/UV 254 20 x 20cm 818133) with a suitable solvent system and was
visualized using UV fluorescence (254 & 366 nm). All reactions were carried out in
oven-dried glassware under an atmosphere of argon. Anhydrous DMF was purchased
from Aldrich and used directly.

Liquid chromatography-mass spectrometry was performed on a LC-MS system,
consisting of a Dionex UltiMate 3000 pump, autosampler, column compartment and
MWD or DAD detector (Thermo Fisher Scientific, Dreieich, Germany) and ESI
quadrupole MS (MSQ Plus or ISQ EC, Thermo Fisher Scientific, Dreieich, Germany).
Columns used: 1) Hypersil Gold column, 100 x 2.1 mm, 3 um. At a flow rate of 700
pL/min, the gradient of H,O (0.1% FA) and ACN (0.1% FA) starting from 5% ACN and
then increased to 100% over 7 min. 2) Hypersil Gold column, 100 x 1.9 mm, 2.1 um.
At a flow rate of 600 puL/min, the gradient of H,O (0.1% FA) and ACN (0.1% FA) starting
from 5% ACN and then increased to 100% over 5.5 min. The mass spectrum was
measured in positive and negative mode in a range from 100-600 m/z. The UV
spectrum was recorded at 254 nm. High-resolution mass spectra (HR-MS) were
recorded with a ThermoScientific system where a Dionex Ultimate 3000 RSLC was
coupled to a Q Exactive Focus mass spectrometer with an electrospray ion (ESI)
source. An Acquity UPLC® BEH C8, 150 x2.1 mm, 1.7 um column equipped with a
VanGuard Pre-Column BEH C8,5x 2.1 mm, 1.7 um (Waters, Germany) was used for
separation. At a flow rate of 250 pL/min, the gradient of (A) H.O + 0.1% FAand (B) ACN
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+0.1% FAwas held at 10% B for 1 min and then increased to 95% B over 4 min. It was
held there for 1.2 min before the gradient was decreased to 10% B over 0.3 min where
it was held for 1 min. The mass spectrum was measured in positive mode in a range
from 120-1000 m/z. UV spectrum was recorded at 254 nm.

Preparative RP-HPLC was performed using an UltiMate 3000 Semi-Preparative
System (Thermo Fisher Scientific) with nucleodur® C18 Gravity (250 mm x 16 mm, 5
pm). Separation was done using gradient 5-100% CH3;CN + 0.05% HCOOH in water +
0.05% HCOOH in 53 min at a flow rate of 10 mL/min and end with a 5 min step at
100% CH3;CN. The sample was dissolved in DMSO and manually injected to the HPLC

system.

Abbreviations

Acetonitrile (ACN), chloroform (CHCLl;), copper (ll) sulfate pentahydrate
(CuS0,4-5H,0), dichloromethane (DCM), dimethylsulfoxide (DMSQ), ethyl acetate
(EtOAc), formic acid (HCO;H), hydrochloric acid (HCLl), isopropanol (i-PrOH), lithium
hydroxide (LiOH), methanol, CH;OH, propanephosphonic acid cyclic anhydride 50%
in ethyl acetate (Ts;P), sodium sulfate (Na,SO,), tetrahydrofuran (THF), trifluoroacetic
acid (TFA), water (H,O). Other abbreviations used are: aqueous (aqg.), calculated
(calcd), equivalents (equiv.) hours (h), HRMS (high-resolution mass spectrometry),
minutes (min), room temperature (rt), on (overnight), saturated (sat.) part(s) per

million (ppm).

Synthesis and characterization of compounds 5-31

General procedure for amide coupling (GP1) (5a, 9a—24a):

To a solution of the respective carboxylic acid (1 equiv.) and methyl 4-
aminopicolinate (5¢) (1.1 equiv.) in EtOAc (0.15 M) and pyridine (70 equiv.), TsP (11
equiv.) was added. The reaction mixture was stirred at 40 °C overnight. After cooling
to rt, the reaction mixture was poured into concentrated aq. Na,CO; solution and
extracted with EtOAc (3 x). The combined organic layers were dried over Na,;SOy,
filtered and concentrated under vacuum. The crude material was purified by

preparative HPLC to afford the respective methyl esters.
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General procedure for basic-methyl ester hydrolysis (GP2):

To a suspension of the corresponding ester (1 equiv.) in THF (0.3 M), an aq. solution
of LiOH (4M) was added and the reaction mixture was stirred at rt for 15-30 min. After
completion of the reaction, THF was removed under vacuum and the reaction mixture
was treated with 2M HCL (3—-4) and the aq. phase was extracted with a mixture of
CHCL3/i-PrOH (3:1). The combined organic layers were dried over Na,SO,, filtered and
concentrated under vacuum. The crude material was purified by preparative HPLC to

afford the respective acid.

Compounds 1-4 were synthesized according to the reported procedures [1].

methyl 4-(4-phenoxybenzamido)picolinate (5a)

Q . p | O\© According to GP1,T;P (2.27 mL, 7.70 mmol) was
N x added to a solution of 4-phenoxybenzoic acid

N o) (6b) (150 mg, 0.70 mmol) and methyl 4-
aminopicolinate (5¢) (117.2 mg, 0.77 mmol) in EtOAc (4 mL) and pyridine (4 mL, 49.0
mmol) to afford after preparative HPLC 5a (130 mg, 52%) as a transparent oil. '"H NMR
(500 MHz, DMSO-dg) 6 10.77 (s, 1H), 8.60 (d, / = 5.5 Hz, 1H), 8.52 (d, J = 2.0 Hz, 1H),
8.08 - 8.03 (m, 3H), 7.51 - 7.43 (m, 2H), 7.25 (t, ) = 7.4 Hz, 1H), 7.17 = 7.10 (m, 4H),
3.89 (s, 3H). *C NMR (126 MHz, DMSO-ds) 6 165.71, 165.30, 160.47, 155.29, 150.56,
148.26, 147.13, 130.34, 128.26, 124.60, 119.75, 117.38, 116.62, 115.20, 52.91. LC-

MS calcd for CxH16N2O4 [M+H]*: 349.10, found 349.10.

4-(4-phenoxybenzamido)picolinic acid (5)
According to GP2, to a suspension of 5a (50 mg,
J\O/ ﬂ/@ \© 0.14 mmol) in THF (0.5 mL), an aq. solution of LiOH
(0.5 mL) was added and afford after preparative
HPLC compound 5 (10 mg, 0.14 mmol, 35%) as a white solid. '"H NMR (500 MHz,
DMSO-ds) 610.74 (s, 1H), 8.57 (d, J=5.5Hz, 1H), 8.48 (s, 1H), 8.04 (d, /= 8.5 Hz, 3H),
7.47 (t,J]=7.9Hz, 2H), 7.25 (t, /= 7.4 Hz, 1H), 7.12 (dd, J = 8.2, 6.3 Hz, 4H). '*C NMR
(126 MHz, DMSO-ds) 6 166.33, 166.20, 160.94, 155.77, 150.16, 147.97, 130.81,

128.98, 128.76, 128.29, 125.07, 120.22, 117.86, 116.76, 115.37. HR-MS calcd for
C19H1sN204 [M+H]": 335.10263, found 335.10134.
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4-phenoxy-N-(63yridine-4-yl)benzamide (6)
O\/\\. In a round bottom flask containing 5b (150 mg, 0.70
nm/©/ u mmol), HATU (400 mg, 1.05 mmol), DIPEA (0.37 mL,
2.10 mmol) in 5 mL of DMF were added and the
reaction was stirred for 5 min before adding the 63yridine-4-amine (6¢) (79.1 mg, 0,84
mmol) . The reaction was then left to stir at rt for 16 h. After completion, the mixture
was diluted with 50 mL water and acidified to pH =3. The mixture was then extracted
with ethyl acetate (2 x 50 mL), organic layers were combined and dried over MgSO4,
concentrated in vacuo and purified on the FlashHPLC column. The desired fractions
were combined and dried on a freeze dryer to achieve 6 (58 mg, 29%) as white
powder. "H NMR (500 MHz, DMSO-ds) 6 10.55 (s, 1H), 8.47 (d, J =5.4 Hz, 2H), 8.01 (d,
J=8.4Hz,2H),7.78 (d, J=6.4Hz, 2H), 7.46 (t, )= 7.8 Hz, 2H), 7.24 (t, ) = 7.4 Hz, 1H),
7.12 (t, J = 7.5 Hz, 4H). 3*C NMR (126 MHz, DMSO-ds) & 165.72, 160.34, 155.40,

150.31, 146.10, 130.40, 130.33, 128.72, 124.62, 119.77, 117.44, 114.02. HR-MS
calcd for C1gH1sN20, [M+H]": 291.11280, found 291.09959.

N-(2-methylpyridin-4-yl)-4-phenoxybenzamide (7)
In a round bottom flask containing 5b (150 mg, 0.70
\ﬂ)ij/ \O mmol), HATU (400 mg, 1.05 mmol), DIPEA (0.37 mL,
\'/\j/ 2.1 mmol) in 5 mL of DMF were added and the
reaction was stirred for 5 min before adding 2-methylpyridin-4-amine (7¢) (90.87 mg,
0,84 mmol) . The reaction was then left to stir at rt for 16 h. After completion, the
mixture was diluted with 50 mL water and acidified to pH =3. The mixture was then
extracted with ethyl acetate (2x 50 mL), organic layers were combined and dried over
MgSO04, concentrated in vacuo and purified on the FlashHPLC column. The desired
fractions were combined and dried on a freeze dryer to achieve 7 ( 36 mg, 17%) as
white powder. '"H NMR (500 MHz, DMSO-dg) 4 10.51 (s, 1H), 8.35 (d, J = 5.7 Hz, 1H),
8.00(d,J=8.6Hz,2H),7.70 (s, 1H), 7.61 (d,J=5.7 Hz, 1H), 7.46 (t,) = 7.8 Hz, 2H), 7.24
(t,J=7.4Hz,1H), 7.12 (t, J= 8.1 Hz, 4H), 2.45 (s, 3H). *C NMR (126 MHz, DMSO-d;) 0
165.68, 160.35, 158.21, 155.40, 149.07, 146.81, 130.40, 130.32, 128.70, 124.63,

119.77, 117.44, 113.05, 111.59, 24.08. HR-MS calcd for CioH7N2O, [M+H]":
305.12854, found 305.11321.
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4-phenoxy-N-(2-(trifluoromethyl)64yridine-4-yl)benzamide (8)

N o According to GP1, T;P (2.27 mL, 7.70 mmol) was
F3Cm/\/n\i/(;/ O added to a solution of 5b (150 mg, 0.70 mmol) and 2-
N © (trifluoromethyl)64yridine-4-amine (8c) (124.8 mg,
0.77 mmol) in EtOAc (4 mL) and pyridine (4 mL, 49.0 mmol) to afford after preparative
HPLC 8 (90 mg, 36%) as a brown oil. 'H NMR (500 MHz, DMSO-ds) 5 10.86 (s, 1H), 8.66
(d, J=5.6 Hz, 1H), 8.31 (d, J = 2.0 Hz, 1H), 8.04 (t, ) = 7.6 Hz, 3H), 7.47 (t,) = 7.7 Hz,
2H), 7.24 (t, J = 8.1 Hz, 1H), 7.13 (d, J = 8.7 Hz, 4H). *C NMR (126 MHz, DMSO-d)
165.89, 160.61, 155.26, 151.10, 147.70, 147.29 (q, J = 33.1 Hz), 130.39, 130.34,
128.08,124.63,121.67(q,)=273.9Hz),119.77,117.41,116.38, 110.61 (g, ] = 3.2 Hz).
F NMR (470 MHz, DMSO-ds) 6 -66.89. HR-MS calcd for CisH12F3N2O, [M-H]™:

357.08564, found 357.08578.

methyl 4-(4-(4-methoxyphenoxy)benzamido)picolinate (9a)
o According to GP1, T;P (2.0 mL, 6.76 mmol)
o 9 P Hj‘/©/ O\o/ was added to a solution of 4-(3-
o methoxyphenoxy)benzoic acid (9b) (150
mg, 0.61 mmol) and 5¢ (102.8 mg, 0.67
mmol) in EtOAc (3.5 mL) and pyridine (3.5 mL, 42.99 mmol) to afford after preparative
HPLC 9a (100 mg, 43%) as a white powder. "TH NMR (500 MHz, DMSO-d¢) 4 10.71 (s,
1H), 8.60 (d, J =5.5 Hz, 1H), 8.51 (d, J = 2.1 Hz, 1H), 8.05(dd, J = 5.5, 2.1 Hz, 1H), 8.01
(d,J=8.7Hz, 2H), 7.14 -7.07 (m, 2H), 7.05 - 7.00 (m, 4H), 3.89 (s, 3H), 3.78 (s, 3H).
3C NMR (126 MHz, DMSO-ds) 6 165.73, 165.28, 156.30, 150.51, 148.21, 148.10,
147.20,130.27,127.56,121.54,116.61,116.30, 115.30, 115.20, 55.45, 52.44. LC-MS

calcd for C21H1sN2Os [M+H]": 379.13, found 379.20.

4-(4-(4-methoxyphenoxy)benzamido)picolinic acid (9)

0 ’ O\©\ According to GP2, to a suspension of 9a (50
HO™ P Np o~ mg, 0.13 mmol) in THF (0.4 mL), an aq.

Nx O Solution of LIOH (0.4 mL) was added to
afford after preparative HPLC compound 9 (12 mg, 29%) as a white solid. "H NMR

(500 MHz, DMSO-ds) 5 10.71 (s, 1H), 8.58 (d, J = 5.5 Hz, 1H), 8.48 (d, J = 2.0 Hz, 1H),
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8.05 (dd, J=5.6, 1.9 Hz, 1H), 8.02 (d, /= 8.7 Hz, 2H), 7.12 -7.08 (m, 2H), 7.06 - 7.01
(m, 4H), 3.79 (s, 3H). *C NMR (126 MHz, DMSO-ds) 6 165.91, 165.73, 161.60, 156.30,
149.65, 148.11, 147.49, 130.29, 127.61, 121.53, 116.30, 116.20, 115.30, 114.86,
55.46. HR-MS calcd for C2H17N.Os[M+H]": 365.11320, 365.11191.

methyl 4-(4-(3-cyanophenoxy)benzamido)picolinate (10a)

0 Y O\©\ According to GP1, T;P (2.03 mL, 6.90 mmol)

~o Z N\N/@ oy Was added to a solution of 4-(3-
Nx O cyanophenoxy)benzoic acid (10b) (150 mg,

0.63 mmol) and 5¢ (104.9 mg, 0.69 mmol) in EtOAc (3.5 mL) and pyridine (3.5 mL,
43.90 mmol) to afford after preparative HPLC 10a (93 mg, 40%) as a white powder. 'H
NMR (500 MHz, DMSO-d¢) 6 10.81 (s, 1H), 8.62 (d, J = 5.5 Hz, 1H), 8.53 (d, J = 1.9 Hz,
1H), 8.11 (d, J = 8.7 Hz, 2H), 8.06 (dd, J = 5.5, 2.1 Hz, 1H), 7.95 - 7.88 (m, 2H), 7.30 (d,
J=8.7 Hz, 2H), 7.24 (d, J = 8.7 Hz, 2H), 3.90 (s, 3H). *C NMR (126 MHz, DMSO-d;)
165.77, 165.46, 160.08, 158.36, 150.77, 148.47, 147.21, 135.02, 130.73, 130.18,
119.55, 119.39, 118.75, 116.83, 115.39, 106.37, 52.62. LC-MS calcd for C21H1sN3O04

[M+H]": 374.11, found 374.09.

4-(4-(3-cyanophenoxy)benzamido)picolinic acid (10)

o _ 0 According to GP2, to a suspension of 10a
H i .

HO)H/\l/N\ﬂ/Q/ N (50 m‘g. 0.13 r.nmol) in THF (0.4 mL), an aq.
Ny 0 solution of LiOH (0.4 mL) was added to
afford after preparative HPLC compound 10 (15 mg, 31%) as a transparent oil. 'H
NMR (500 MHz, DMSO-ds) 6 10.81 (br s, 1H), 8.59 (d, /= 5.3 Hz, 1H), 8.48 (d, /= 1.8
Hz, 1H), 8.11 (d, /= 7.6 Hz, 2H), 8.05 (dd, /= 5.5, 2.0 Hz, 1H), 7.92 (d, /= 7.8 Hz, 2H),
7.30(d,/=8.9Hz, 2H),7.24 (d, /=7.8 Hz, 2H). *C NMR (126 MHz, DMSO-d;) 6 165.84,
160.15, 158.37, 153.26, 149.84, 147.57, 135.07, 130.82, 130.30, 119.60, 119.44,

118.83, 116.24, 115.05, 106.39. HR-MS calcd for CyH1:N;04 [M-H]: 358.08333,
found 358.0834.
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methyl 4-(4-(4-fluorophenoxy)benzamido)picolinate (11a)
0 According to GP1, T;P (2.09 mL, 7.11 mmol)
O
¥ HYC/ @\ was added to a solution of 4-(3-
~oT Y F
! | fluorophenoxy)benzoic acid (11b) (150 mg,
Nx 0O
0.65 mmol) and 5¢ (108.1 mg, 0.71 mmol) in
EtOAc (3.6 mL) and pyridine (3.6 mL, 45.2 mmol) to afford after preparative HPLC 11a
(140 mg, 59%) as a white powder. '"H NMR (500 MHz, DMSO-d¢) § 10.75 (s, 1H), 8.60
(d,J=5.5Hz, 1H), 8.52 (d, J = 2.1 Hz, 1H), 8.06 - 8.01 (m, 3H), 7.31 (t, J = 8.7 Hz, 2H),
7.20(dd, J =9.0, 4.5 Hz, 2H), 7.10 (d, J = 8.6 Hz, 2H), 3.89 (s, 3H). *C NMR (126 MHz,
DMSO-ds) 6 165.74, 165.35, 160.87, 158.92 (d, J = 240.4 Hz), 151.26 (d, J = 2.3 Hz),
150.64, 148.29, 147.17, 130.42, 128.21, 121.96 (d, ) = 8.3 Hz), 117.00, 116.99 (d, J =
23.4Hz),116.67,115.24,52.51."°F NMR (470 MHz, DMSO-ds) 5 -118.30. LC-MS calcd
for C20H16FN2O4[M+H]": 367.11, found 367.20.

4-(4-(4-fluorophenoxy)benzamido)picolinic acid (11)
According to GP2, to a suspension of 11a (50
J\O/ T/©/ @\ mg, 0.14) in THF (0.5 mL), an aq. solution of
LiOH (0.5 mL) was added to afford after
preparative HPLC compound 11 (18 mg, 37%) as a white powder. '"H NMR (500 MHz,
DMSO-ds) 8 10.75 (s, 1H), 8.58 (d, J = 5.6 Hz, 1H), 8.49 (d, J = 2.2 Hz, 1H), 8.04 (d, J =
8.3 Hz, 3H), 7.30 (t, J = 8.6 Hz, 2H), 7.19 (dd, ] = 9.0, 4.5 Hz, 2H), 7.10 (d, J = 8.4 Hz,
2H).’*C NMR (126 MHz, DMSO) 4 166.04, 165.85, 160.96, 159.98, 158.07, 151.41 (d,
J=2.3Hz),149.88, 147.63, 130.54, 128.41, 122.07, 122.00, 117.18, 117.15, 116.99,

116.44,115.07."°F NMR (470 MHz, DMSO-ds) 5-118.38. HR-MS calcd for CisH14FN>O4
[M+H]": 353.09321, found 353.09198.

methyl 4-(4-(4-chlorophenoxy)benzamido)picolinate (12a)
0 ’ o) | x According to GP1, T;P (1.95 mL, 6.64 mmol)
~ = N #~c Was added to a solution of 4-(3-
N 0o chlorophenoxy)benzoic acid (12b) (150 mg,

0.60 mmol)and5¢ (101.0mg, 0.66 mmol) in EtOAc (3.4 mL)and pyridine (3.4 mL, 42.2
mmol) to afford after preparative HPLC 12a (110 mg, 46%) as a white powder. 'H NMR
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(500 MHz, DMSO-ds) & 10.77 (s, 1H), 8.61 (d, J = 5.5 Hz, 1H), 8.53 (d, J = 2.1 Hz, 1H),
8.10-8.03 (m, 3H), 7.54 - 7.49 (m, 2H), 7.20 - 7.14 (m, 4H), 3.89 (s, 3H). *C NMR (126
MHz, DMSO-ds) & 165.65, 165.30, 160.02, 154.34, 150.58, 148.28, 147.09, 130.40,
130.19, 128.69, 128.36, 121.43, 117.69, 116.63, 115.21, 52.44. LC-MS calcd for
CaoHi6CIN,O, [M+H]: 383.08, found 383.20.

4-(4-(4-chlorophenoxy)benzamido)picolinic acid (12)
o H /\l/o\@\ According to GP2, to a suspension of 12a (50
Z x = mg, 0.13 mmol) in THF (0.4 ml), an aq.
HO/U/ \[O(\/ ; solution of LiOH (0.4 mL) was added to afford
after preparative HPLC compound 12 (31 mg, 32%) as a white powder. '"TH NMR (500
MHz, DMSO-ds) 6 10.78 (s, 1H), 8.58 (d, J = 5.6 Hz, 1H), 8.48 (d, J = 2.1 Hz, 1H), 8.07 -
8.04 (m, 2H), 8.03(d, J=2.3Hz, 1H), 7.52 - 7.49 (m, 2H), 7.17 = 7.13 (m, 4H)."*C NMR
(126 MHz, DMSO-ds) 6 165.97, 165.77, 160.08, 154.40, 149.67, 147.54, 130.50,
130.26, 128.80, 128.44, 121.51, 117.75, 116.25, 114.93. HR-MS calcd for
C19H14CIN2Os [M+H]": 369.06366, found 369.06264.

methyl 4-(4-(3-(trifluoromethyl)phenoxy)benzamido)picolinate (13a)
According to GP1, T3P (1.72 mL, 5.85
J\j/ m/@ \©\ mmol) was added to a solution of 4-(3-
(trifluoromethyl)phenoxy)benzoic acid
(13b) (150 mg, 0.53 mmol) and 5¢ (89.0 mg, 0.58 mmol) in EtOAc (3 mL) and pyridine
(3 mL, 37.2 mmol) to afford after preparative HPLC 13a (90 mg, 41%) as a white
powder. "H NMR (500 MHz, DMSO-ds) 4 10.80 (s, 1H), 8.61 (d, J = 5.4 Hz, 1H), 8.52 (s,
1H), 8.09 (d, J = 8.7 Hz, 2H), 8.05 (dd, J = 3.6, 2.0 Hz, 1H), 7.81 (d, J = 8.4 Hz, 2H), 7.30
—-7.25 (m, 4H), 3.89 (s, 3H). *C NMR (126 MHz, DMSO-ds) & 165.64, 165.30, 159.17,
158.76, 150.60, 148.30, 147.07, 130.54, 129.65, 127.71 (g, J =3.9 Hz), 124.34 (q, ] =
32.1Hz),124.21(q,J=271.6 Hz),119.18,119.01,116.67,115.23, 52.46. FNMR (470

MHz, DMSO-d¢) & -60.29. LC-MS calcd for CyH1FsNO4 [M+H]": 417.11, found
417.10.
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4-(4-(4-(trifluoromethyl)phenoxy)benzamido)picolinic acid (13)
According to GP2, to a suspension of 13a
)\Q, 7(©/ O\ (50 mg, 0.12 mmol) in THF (0.4 mL), an aq.
solution of LiOH (0.4 mL) was added to
afford after preparative HPLC compound 13 (13 mg, 27%) as an off-white powder. 'H
NMR (500 MHz, DMSO-ds) 6 10.82 (s, 1H), 8.60 (d, J =5.5 Hz, 1H), 8.50 (dd, /= 1.8 Hz,
1H), 8.11 (d, J=8.7 Hz, 2H), 8.06 (dd, /= 5.3, 2.1 Hz, 1H), 7.81 (d, /= 8.5 Hz, 2H), 7.28
(dd, J = 8.8, 2.5 Hz, 4H). *C NMR (126 MHz, DMSO-ds) 6 167.39, 165.51, 159.24,
158.61, 156.83, 148.59, 147.23,130.55, 129.91, 127.71 (9, ) =3.9 Hz), 124.29 (q, J =
32.2 Hz), 124.22 (q,)=271.2 Hz), 119.16, 118.98, 114.54, 114.03. F NMR (470 MHz,

DMSO-ds) & -60.29. HR-MS calcd for CzoH14FsN.O, [M+H]": 403.09002, found
403.08866.

methyl 4-(4-(4-(trifluoromethoxy)phenoxy)benzamido)picolinate (14a)
According to GP1, T;P (1.63 mL, 5.53
Q \©\ mmol) was added to a solution of 4-(3-
J\j OCFs (trifluoromethoxy)phenoxy)benzoic acid
(14b) (150 mg, 0.50 mmol) and 5¢ (84.2
mg, 0.55 mmol) in EtOAc (2.8 mL) and pyridine (2.8 mL, 35.20 mmol) to afford after
preparative HPLC 14a (80.5 mg, 37%) as a white powder. '"TH NMR (500 MHz, DMSO-
ds) 610.79 (s, 1H), 8.61 (d, J=5.5 Hz, 1H), 8.52 (d, J = 2.1 Hz, 1H), 8.09 -8.03 (m, 3H),
7.47 (d, J=8.6 Hz, 2H), 7.24 (d, ) =9.0 Hz, 2H), 7.19 (d, J =8.7 Hz, 2H), 3.89 (s, 3H). *C
NMR (126 MHz, DMSO) § 165.72, 165.35, 159.90, 154.45, 150.66, 148.30, 147.14,
130.51, 128.92, 123.30, 120.14 (q, J = 256.0 Hz) 117.99, 116.69, 115.25, 52.52. "9F

NMR (470 MHz, DMSO-ds) é -57.10. LC-MS calcd for Cz1H16FsN2Os [M+H]": 433.10,
found 433.20.

4-(4-(4-(trifluoromethoxy)phenoxy)benzamido)picolinic acid (14)

According to GP2, to asuspension of 14a

)J\'A/ ﬂ C (50 mg, 0.12 mmol) in THF (0.4 mL), an
|‘ aq. solution of LiOH (0.4 mL) was added

to afford after preparative HPLC compound 14 (19 mg, 39%) as a white solid. "H NMR
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(500 MHz, DMSO-ds) 3 10.82 (s, 1H), 8.57 (d, J = 5.5 Hz, 1H), 8.49 (s, 1H), 8.06 (t, J =
6.8 Hz, 3H), 7.46 (d, J = 8.5 Hz, 2H), 7.24 (d, J = 8.8 Hz, 2H), 7.18 (d, J = 8.4 Hz, 2H). "*C
NMR (126 MHz, DMSO-ds) & 166.06, 165.76, 163.29, 159.91, 154.47, 149.66, 147.57,
144.47 (q,) = 4.8 Hz), 130.58, 128.97, 123.32, 121.09, 120.17 (q, ) = 256.0 Hz), 117.99,
116.24, 114.92."°F NMR (470 MHz, DMSO-ds) 3 -57.12. HR-MS calcd for CzoH14FsN2Os
[M+H]*: 419.08493, found 419.08347.

methyl 4-(4-benzylbenzamido)picolinate (15a)

0 " O O According to GP1, TsP (2.3 mL, 7.77 mmol) was

~o0 = N” added to a solution of 4-benzylbenzoic acid
Nx O (15b) (150 mg, 0.70 mmol) and 5¢ (118.3 mg,

0.78 mmol) in EtOAc (4.0 mL) and pyridine (4.0 mL, 49.47 mmol) to afford after
preparative HPLC 15a (125 mg, 51%) as a white powder. '"H NMR (500 MHz, DMSO-
ds) 10.72 (s, 1H), 8.60 (d, J=5.4 Hz, 1H), 8.51 (d, J =2.1 Hz, 1H), 8.03 (dd, J= 5.4, 2.1
Hz, 1H), 7.92(d, J = 8.1 Hz, 2H), 7.42(d, J = 8.0 Hz, 2H), 7.34 - 7.25(m, 4H), 7.20 (t, ) =
7.2 Hz, 1H), 4.04 (s, 2H), 3.88 (s, 3H). *C NMR (126 MHz, DMSO-d;) 6 166.92, 165.79,
151.07, 148.78, 147.58, 146.57, 141.14, 132.17, 129.35, 129.26, 129.04, 128.69,
126.68, 117.09, 115.67, 52.93, 41.39. LC-MS calcd for C1H1sN,O3 [M+H]": 347.14,

found 347.11.

4-(4-benzylbenzamido)picolinic acid (15)

0 = | According to GP2, to asuspension of 15a (50 mg,

-

X 0.14 mmol) in THF (0.5 mL), an aqg. solution of

Nx 0 LIOH (0.5 mL) was added to afford after
preparative HPLC compound 15 (21 mg, 43%) as a white solid. '"H NMR (500 MHz,
DMSO-ds) 6 10.73 (s, 1H), 8.58 (d, J = 5.5 Hz, 1H), 8.48 (d, ) =2.2 Hz, 1H), 8.03 (dd, J =
5.6, 2.2 Hz, 1H), 7.92 (d, J = 8.3 Hz, 2H), 7.42 (d, J = 8.2 Hz, 2H), 7.32 - 7.24 (m, 4H),
7.22 - 7.17 (m, 1H), 4.04 (s, 2H). *C NMR (126 MHz, DMSO-ds) 5 166.45, 165.84,
149.74, 149.25, 147.46, 146.08, 140.65, 131.70, 128.86, 128.77, 128.55, 128.22,
126.19, 116.31,114.91, 40.90. HR-MS calcd for C»H17N.O3 [M+H]*: 333.12337, found

333.12242.
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methyl 4-(4-(benzyloxy)benzamido)picolinate (16a)
H Accordingto GP1,T;P(2.1mL, 7.23mmol)

O\/©/ was added to a solution of 4-

0

~o P Y )(Q/ (benzyloxy)benzoic acid (16b) (150 mg,
|

N 0 0.66 mmol) and 5¢ (110 mg, 0.72 mmol) in
EtOAc (3.7 mL) and pyridine (3.7 mL, 46.0 mmol) to afford after preparative HPLC 16a
(142 mg, 60%) as a beige solid. '"H NMR (500 MHz, DMSO-ds) 5 10.88 (s, 1H), 8.62 (d,
J=15.4 Hz, 2H), 8.17 (dd, J = 5.8, 2.2 Hz, 1H), 8.02 (d, ) = 8.9 Hz, 2H), 7.48 (d, J = 7.2
Hz, 2H), 7.41 (t,) =7.5Hz, 2H), 7.35(t, ) =7.3 Hz, 1H), 7.19 (d, J =8.8 Hz, 2H), 5.23 (s,
2H), 3.92 (s, 3H). *C NMR (126 MHz, DMSO-ds) § 165.92, 164.42, 161.70, 149.37,
148.46, 146.82, 136.52, 130.12, 128.51, 128.03, 127.83, 125.79, 116.63, 115.30,
114.69, 69.50, 52.72. LC-MS calcd for C»H1sN,O4 [M+H]": 363.13, found 363.03.

4-(4-(benzyloxy)benzamido)picolinic acid (16)
>~ -H According to GP2, to a suspension of 16a
o) Hp/O\Q (50 mg, 0.14 mmol) in THF (0.5 mL), an aq.
HO = N solution of LiOH (0.5 mL) was added to
N | O afford after preparative HPLC compound
16 (17 mg, 35%) as a white solid. '"H NMR (500 MHz, DMSO-ds) 4 10.66 (brs, 1H), 8.57
(d,/=5.3 Hz, 1H), 8.48 (br s, 1H), 8.07 - 8.03 (m, 1H), 8.00 (d, J = 8.4 Hz, 2H), 7.48 (d,
J=7.5Hz,2H),7.41 (t,J=7.5Hz, 2H), 7.35(t, )= 7.3 Hz, 1H), 7.18 (d, ) = 8.6 Hz, 2H),
5.22 (s, 2H). *C NMR (126 MHz, DMSO-ds) 5 165.94, 165.83, 161.56, 149.53, 147.64,

147.61, 136.56, 130.03, 128.51, 128.02, 127.83, 126.06, 116.08, 114.80, 114.64,
69.49. HR-MS calcd for CxH1sN,O4[M-H]: 347.10373, found 347.10385.

methyl 4-(4-benzoylbenzamido)picolinate (17a)
(0] According to GP1, TsP (2.1 mL, 7.29 mmol) was
O H O O added to a solution of 4-benzoylbenzoic acid
ST Y | N (17b) (150 mg, 0.66 mmol) and 5¢ (111.0 mg,
0.73 mmol) in EtOAc (3.7 mL) and pyridine (3.7
mL, 46.41 mmol) to afford after preparative HPLC 17a (105 mg, 44%) as a white
powder. "H NMR (500 MHz, DMSO-ds) 6 11.01 (s, 1H), 8.64 (d, J =5.4 Hz, 1H), 8.55 (d,
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J=2.0Hz, 1H), 8.16 (d, J=8.2 Hz, 2H), 8.07 (dd, ) =5.5, 2.1 Hz, 1H), 7.90 (d, ] = 8.2 Hz,
2H), 7.79 (dd, ) =7.7,1.4 Hz, 2H), 7.76 - 7.70 (m, 1H), 7.61 (t, ) = 7.7 Hz, 2H), 3.90 (s,
3H). *C NMR (126 MHz, DMSO-ds) 4 195.51, 166.07, 165.42, 150.85, 148.53, 147.03,
140.27, 137.23, 136.68, 133.37, 129.95, 129.76, 128.92, 128.31, 116.93, 115.46,
52.64. LC-MS calcd for C21H7N2O4 [M+H]": 361.12, found 361.13.

4-(4-benzoylbenzamido)picolinic acid (17)
0 According to GP2, to asuspension of 17a (50 mg,
o] H O O 0.12 mmol) in THF (0.4 mL), an aq. solution of
HO = N LIOH (0.4 mL) was added to afford after
preparative HPLC compound 17 (10 mg, 25%) as
a white solid. '"H NMR (500 MHz, DMSO-ds) 6 11.01 (s, 1H), 8.63 (d, J = 5.5 Hz, 1H),
8.53 (d, J =2.1 Hz, 1H), 8.18 - 8.14 (m, J = 8.1 Hz, 2H), 8.08 (dd, J = 5.4, 1.9 Hz, 1H),
8.15(d, J = 8.0 Hz, 2H), 8.07 (dd, J = 5.6, 2.2 Hz, 1H), 7.90 (d, J = 8.0 Hz, 2H), 7.78 (d, J
=7.6 Hz, 2H),7.73 (t,)J=7.4 Hz, 1H), 7.60 (t, ) = 7.6 Hz, 2H). "*C NMR (126 MHz, DMSO-
ds) 6 195.35, 165.91, 165.89, 150.00, 149.29,147.12,140.10, 137.10, 136.51, 133.20,
129.78,129.59, 128.75, 128.16, 116.50, 115.04. HR-MS calcd for C2H1sN.O4 [M+H]*:
347.102683, 347.11708.

methyl 4-(4-(phenylamino)benzamido)picolinate (18a)
H According to GP1, T;P (2.3 mL, 7.74 mmol) was
O H N\© added to a solution of 4-(phenylamino)benzoic
~o = NT(©/ acid (18b) (150 mg, 0.70 mmol) and 5¢ (117.8
mg, 0.77 mmol) in EtOAc (4 mL) and pyridine (4
mL, 49.24 mmol) to afford after preparative HPLC 18a (96 mg, 39%) as a white
powder. "H NMR (500 MHz, DMSO-ds) 6 10.52 (s, 1H), 8.77 (s, 1H), 8.58 (d, ] = 5.5 Hz,
1H), 8.53 (d, J = 2.1 Hz, 1H), 8.05 (dd, J =5.5, 2.1 Hz, 1H), 7.94 - 7.90 (m, 2H), 7.36 -
7.31 (m, 2H), 7.23 -7.17 (m, 2H), 7.15-7.09 (m, 2H), 6.99 (t, J = 7.3 Hz, 1H), 3.89 (s,
3H). C NMR (126 MHz, DMSO-ds) 4 165.50, 165.06, 150.12, 147.87, 147.52, 147.14,
141.15, 129.51, 129.03, 122.81, 121.38, 118.73, 116.14, 114.77, 113.74, 52.08. LC-
MS calcd for CH1sN3O3 [M+H]*: 348.13, found 348.20.
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4-(4-(phenylamino)benzamido)picolinic acid (18)

n According to GP2, to a suspension of 18a (50
=
0 H - [ O mg, 0.14 mmol) in THF (0.5 mL), an aq. solution
HO =~
N | 0 of LIOH (0.5 mL) was added to afford after
=~

preparative HPLC compound 18 (16 mg, 33%) as
a white solid. "TH NMR (500 MHz, DMSO-ds) 6 10.50 (s, 1H), 8.76 (s, 1H), 8.52(d, J=1.0
Hz, 1H), 8.45 (s, 1H), 8.07 - 8.02 (m, 1H), 7.92 (d, /= 1.0 Hz, 2H), 7.33 (t, /] = 7.8 Hz,
2H), 7.20 (d, /= 7.9 Hz, 2H), 7.12 (d, /= 8.7 Hz, 2H), 6.99 (t, J = 7.4 Hz, 1H). "*C NMR
(126 MHz, DMSO-ds) 6 166.08, 165.80, 149.17, 147.84, 147.81, 141.51, 129.85,
129.37,123.22,121.69, 119.04,115.68, 114.57, 114.08. HR-MS calcd for C1sH1sN3O3
[M+H]": 334,11862 found 334.11754.

tert-butyl 4-benzamidopicolinate (19a)

0 H According to GP1, T;P (4 mL, 13.51 mmol) was added to a

o l N Nm/© solution of benzoic acid (19b) (150 mg, 1.23 mmol) and 5¢
NZ © (205.6 mg, 1.35 mmol) in EtOAc (6.9 mL) and pyridine (6.9

mL, 85.98 mmol) to afford after preparative HPLC 19a (145 mg, 46%) as a white
powder. "H NMR (500 MHz, DMSO-dg) 6 10.81 (s, 1H), 8.61 (d, J =5.5 Hz, 1H), 8.54 (d,
J=2.1Hz, 1H), 8.06 (dd, J =5.5, 2.1 Hz, 1H), 8.00 (dd, J = 8.2, 1.4 Hz, 2H), 7.65 (t, ) =
7.3 Hz, 1H), 7.57 (t, J = 7.6 Hz, 2H), 3.89 (s, 3H). *C NMR (126 MHz, DMSO-d;) &
166.59, 165.30, 150.59, 148.31, 147.07, 133.88, 132.36, 128.57, 127.93, 116.67,

115.24, 52.44. LC-MS calcd for C14H1sN203 [M+H]*: 257.09, found 257.10.

4-benzamidopicolinic acid (19)
H @ According to GP2, to a suspension of 19a (50 mg, 0.19
HOJK@”N\,T’” Z mmol) in THF (0.6 mL), an ag. solution of LiOH (0.6 mL) was
N © added to afford after preparative HPLC compound 19 (15
mg, 37%) as a white crystallize powder. "H NMR (500 MHz, DMSO-d¢) 6 10.83 (s, 1H),
8.61 (d, J=5.5Hz, 1H), 8.52 (s, 1H), 8.07 (dd, J = 1.0 Hz, 1H), 8.01 (d, / = 7.9 Hz, 2H),
7.65 (t,/=1.0 Hz, 1H), 7.58 (t, /=7.2 Hz, 2H). "*C NMR (126 MHz, DMSO-ds) 4 166.79,
166.01,149.95, 149.38, 147.62,134.07, 132.54, 128.76, 128.13,116.58, 115.15. HR-
MS calcd for C13H11N2O3 [M+H]*: 243.07642, found 243.07574.
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methyl 4-(2-phenoxybenzamido)picolinate (20a)

ij\ 0 According to GP1, T;P (2.27 mL, 7.70 mmol) was added to
O a solution of 2-phenoxybenzoic acid (20b) (150 mg, 0.70

O = mmol) and 5¢ (117.2 mg, 0.77 mmol) in EtOAc (4 mL) and

@ pyridine (4 mL, 49.0 mmol) to afford after preparative

HPLC 20a (160 mg, 66%) as a transparentoil. 'H NMR (500
MHz, DMSO-ds) 6 10.96 (s, 1H), 8.56 (d, /= 5.3 Hz, 1H), 8.39 (s, 1H), 7.84 (dd, J = 5.3,
1.7Hz, 1H), 7.68 (d, J=6.7 Hz, 1H), 7.54 (t, J=7.8 Hz, 1H), 7.37 (t, /= 7.9 Hz, 2H), 7.29
(t,J=7.5Hz, 1H), 7.13 (t, /= 7.4 Hz, 1H), 7.04 (d, J = 8.1 Hz, 2H), 6.98 (d, J = 8.2 Hz,
1H), 3.87 (s, 3H). *C NMR (126 MHz, DMSO-ds) 6 166.21, 165.66, 156.82, 154.16,
151.10, 148.87, 147.09, 132.84, 130.50, 130.09, 128.51, 124.28, 124.09, 119.42,
119.21, 116.68, 115.07, 52.90. LC-MS calcd for C;H17N.O, [M+H]*: 349.12, found
349.10.

4-(2-phenoxybenzamido)picolinic acid (20)
According to GP2, to a suspension of 20a (50 mg, 0.14

=
HO N:ELN,JOb mmol) in THF (0.4 mL), an aq. solution of LIOH (0.4 mL) was
0 H 0 S | added to afford after preparative HPLC compound 20 (25
2 mg, 52%) as a beige solid. '"H NMR (500 MHz, DMSO-ds)
S 10.89 (s, 1H), 8.44 (d, J = 5.5 Hz, 1H), 8.27 (d, J = 2.2 Hz,

1H), 7.82 (dd, J = 5.5, 2.2 Hz, 1H), 7.68 (dd, J = 7.6, 1.7 Hz, 1H), 7.56 — 7.49 (m, 1H),
7.37 (t, ) = 7.9 Hz, 2H), 7.28 (t, J = 7.5 Hz, 1H), 7.13 (t, ) = 7.4 Hz, 1H), 7.05 (d, J = 8.1
Hz, 2H), 6.97 (d, J = 8.3 Hz, 1H). ¥C NMR (126 MHz, DMSO-ds) & 166.58, 165.66,
163.72, 156.34, 153.72, 149.27, 146.80, 132.28, 130.04, 129.65, 128.15, 123.84,
123.59, 118.86, 118.81, 114.97, 113.87. HR-MS calcd for CioHisN.O; [M+H]":
335.10263, found 335.10134.

Methyl 4-(3-phenoxybenzamido)picolinate (21a)
|‘ According to GP1, T3P (2.27 mL, 7.70 mmol)
W/\\/\ JJ\@’ \@ was added to a solution of 3-phenoxybenzoic
acid (21b) (150 mg, 0.70 mmol) and 5¢ (117.2
mg, 0.77 mmol) in EtOAc (4 mL) and pyridine (4 mL, 49.0 mmol) to afford after

preparative HPLC 21a (152 mg, 6 %) as a yellowish oil. 'H NMR (500 MHz, DMSO-d)

73



510.81 (s, 1H), 8.61 (d, J = 5.5 Hz, 1H), 8.50 (s, 1H), 8.04 (dd, J = 5.6, 2.1 Hz, 1H), 7.79
(d,J=9.3Hz, 1H), 7.63 (s, 1H), 7.58 (t, J= 7.9 Hz, 1H), 7.44 (t, J = 7.9 Hz, 2H), 7.27 (dd,
J=8.2,2.5Hz, 1H), 7.20 (t, J = 7.4 Hz, 1H), 7.08 (d, J = 7.9 Hz, 2H), 3.88 (s, 3H). 13C
NMR (126 MHz, DMSO-ds) & 165.71, 165.26, 156.88, 156.18, 150.62, 148.30, 146.91,
135.68, 130.41, 130.27, 124.00, 122.91, 122.34, 119.33, 118.93, 116.75, 115.32,
52.46. LC-MS calcd for C20Hi7N.0, [M+H]': 349.12, found 349.10.

4-(3-phenoxybenzamido)picolinic acid (21)
N/ | o) According to GP2, to a suspension of 21a (50
HO 1 X u = ] O\@ mg, 0.12 mmol) in THF (0.4 mL), an aq. solution
¢ X~ of LIOH (0.4 mL) was added to afford after
preparative HPLC compound 21 (20 mg, 42%) as a brown solid. '"H NMR (500 MHz,
DMSO-ds) 6 10.83 (s, 1H), 8.52 (s, 1H), 8.43 (s, 1H), 8.02 (s, 1H), 7.80 (d, J = 7.7 Hz,
1H), 7.64 (s, 1H), 7.58 (t, = 8.0 Hz, 1H), 7.43 (t, J=7.7 Hz, 2H), 7.27 (d, ] = 8.2 Hz, 1H),
7.19 (t,)=7.4Hz, 1H), 7.08 (d, J = 7.9 Hz, 2H). *C NMR (126 MHz, DMSO-ds) 4 166.58,
165.72, 156.90, 156.23, 152.02, 149.49, 147.17, 135.83, 130.45, 130.32, 124.04,
123.00, 122.34,118.98, 117.83,115.82, 114.78. HR-MS calcd for C1sH1sN.O4 [M+H]*:

335.10263, found 335.09702.

methyl 4-(4-(pyridin-3-yloxy)benzamido)picolinate (22a)

\O According to GP1, TsP (2.3 mL, 7.70 mmol) was
)\j m/C added to a solution of 4-(pyridin-3-
yloxy)benzoic acid (22b) (150 mg, 0.70 mmol)
and 5¢ (116.6 mg, 0.77 mmol) in EtOAc (4 mL) and pyridine (4 mL, 48.80 mmol) to
afford after preparative HPLC 22a (112 mg, 46 %) as a white powder. '"H NMR (500
MHz, DMSO-ds) 6 10.77 (s, 1H), 8.60 (d, J = 5.5 Hz, 1H), 8.52 (d, J = 2.1 Hz, 1H), 8.49 -
8.44 (m, 2H), 8.06 (s, 1H), 7.59 (dd, J = 8.4, 2.0 Hz, 1H), 7.50 (dd, J = 8.4, 4.6 Hz, 1H),
7.19 (d, J = 8.7 Hz, 2H), 3.89 (s, 3H). *C NMR (126 MHz, DMSO-d;) 4 165.45, 165.13,
159.67, 151.90, 150.42, 148.11, 146.91, 145.47, 141.67, 130.31, 128.75, 126.92,

124.78, 117.44, 116.47, 115.05, 52.27. LC-MS calcd for C1sH1sNsO4 [M+H]": 350.11,
found 350.14.
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4-(4-(pyridin-3-yloxy)benzamido)picolinic acid (22)
According to GP2, to a suspension of 22a (50
Y@ \(j mg, 0.14 mmol) in THF (0.5 mL), an aq. solution
J\O/ of LIOH (0.5 mL) was added to afford after
preparative HPLC compound 22 (17 mg, 35%) as a white powder. 'TH NMR (500 MHz,
DMSO-ds) 6 10.79 (s, 1H), 8.59 (d, J = 5.5 Hz, 1H), 8.50 (d, J = 2.1 Hz, 1H), 8.49 - 8.45
(m, 2H), 8.10 -8.03 (m, 3H), 7.59 (ddd, J = 8.4, 2.9, 1.3 Hz, 1H), 7.50 (dd, J = 8.3, 4.7
Hz, 1H), 7.22 - 7.17 (m, 2H). *C NMR (126 MHz, DMSO-ds) 6 13C NMR (126 MHz,
DMSO) & 165.84, 165.68, 159.86, 152.11, 149.75, 149.24, 147.51, 145.66, 141.84,
130.53,128.97,127.12,124.99,117.64, 116.40, 114.98. HR-MS calcd for C1sH14N304

[M+H]": 336.09788, found 336.09666.

methyl 4-(5-phenoxyfuran-2-carboxamido)picolinate (23a)
4 > According to GP1, T;P (2.4 mL, 8.08 mmol) was added

0
| “ [l \ —0 to a solution of 5-phenoxyfuran-2-carboxylic acid

© N/\ JI.S (23b) (150 mg, 0.73 mmol) and 5¢ (123.0 mg, 0.81
mmol) in EtOAc (4.1 mL) and pyridine (4.1 mL, 51.42 mmol) to afford after preparative
HPLC 23a (115 mg, 46%) as a white powder. '"H NMR (500 MHz, DMSO-ds): 5 10.64 (s,
1H), 8.58 (d, J =5.5 Hz, 1H), 8.47 (d, ) = 2.1 Hz, 1H), 8.01 (dd, J = 5.5, 2.1 Hz, 1H), 7.52
-7.45 (m, 3H), 7.31 - 7.26 (m, 1H), 7.24 (dd, J = 8.1, 1.5 Hz, 2H), 5.93 (d, J = 3.6 Hz,
1H), 3.88 (s, 3H). *C NMR (126 MHz, DMSO-ds): 6 165.26, 158.38, 156.26, 155.00,
150.56, 148.25, 146.69, 138.45, 130.35, 125.28, 118.99, 117.79, 116.50, 115.08,

91.25, 52.43. LC-MS calcd for C1sH1sN2Os [M+H]" : 339.10, found 339.05.

4-(5-phenoxyfuran-2-carboxamido)picolinic acid (23)

{} According to GP2, to a suspension of 23a (50 mg,
0.15 mmol) in THF (0.5 mL), an aq. solution of

O [ ==
H I\ . .
z Nj("\}\o :

HO | LIOH (0.5 mL) was added to afford after

preparative HPLC compound 23 (13 mg, 27%) as
a yellow solid. "H NMR (500 MHz, DMSO-dg) 6 10.65 (brs, 1H), 8.57 (d, /=5.5Hz, 1H),
8.45 (d, /= 2.0 Hz, 1H), 8.01 (dd, /= 5.5, 2.0 Hz, 1H), 7.54 - 7.46 (m, 3H), 7.31 - 7.21
(m, 3H), 5.93 (d, J = 3.7 Hz, 1H). *C NMR (126 MHz, DMSO-ds)  166.31, 158.88,
156.73, 155.47, 150.19, 149.82, 147.51, 138.94, 130.82, 125.76, 119.48, 118.27,
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116.65, 115.24, 91.70. HR-MS calcd for Ci7H:13N.Os [M+H]*": 325.08190, found
325.08085.

methyl 4-(6-phenoxynicotinamido)picolinate (24a)

o p (0] According to GP1, TsP (2.3 mL, 7.67 mmol) was

H I
~o Z N S\ @ added to a solution of 6-phenoxynicotinic acid
N | 0 (24b) (150 mg, 0.70 mmol) and 5¢ (116.6 mg,

0.77 mmol) in EtOAc (4 mL) and pyridine (4 mL, 48.80 mmol) to afford after
preparative HPLC 24a (120 mg, 49%) as a white powder. '"H NMR (500 MHz, DMSO-
ds) 6 10.86 (s, 1H), 8.75 (d, J = 2.5 Hz, 1H), 8.62 (d, ] = 5.5 Hz, 1H), 8.49 (d, J = 2.1 Hz,
1H), 8.40 (dd, J = 8.7, 2.5 Hz, 1H), 8.02 (dd, J =5.5, 2.1 Hz, 1H), 7.47 (t, ) = 7.8 Hz, 2H),
7.28 (t,) =7.4Hz, 1H), 7.20 (dd, J = 8.5, 3.5 Hz, 3H), 3.89 (s, 3H). *C NMR (126 MHz,
DMSO-ds) 8 165.10, 165.03, 164.38, 153.05, 150.45, 148.09, 148.00, 146.72, 139.75,
129.68, 125.03, 124.85, 121.32, 116.47, 115.01, 110.75, 52.31. LC-MS calcd for
C19H16N304 [M+H]": 350.11, found 350.20.

4-(6-phenoxynicotinamido)picolinic acid (24)

0 = (@ According to GP2, to a suspension of 24a (50

H | @ | .
HO = | N = N mg, 0.14 mmol) in THF (0.5 mL), an aqg. solution
N o) of LIOH (0.5 mL) was added to afford after

preparative HPLC compound 24 (18 mg, 38%) as a white solid. '"H NMR (500 MHz,
DMSO-ds) 4 10.86 (s, 1H), 8.76 (d, /= 2.3 Hz, 1H), 8.61 (d, /=5.5Hz, 1H), 8.47 (d, J =
1.8 Hz, 1H), 8.41 (dd, /=8.7, 2.4 Hz, 1H), 8.03 (dd, J=5.5, 2.0 Hz, 1H), 7.47 (t, /= 7.9
Hz, 2H), 7.28 (t, J = 7.5 Hz, 1H), 7.21 (dd, J = 8.1, 4.1 Hz, 3H). *C NMR (126 MHz,
DMSO-ds) 5 165.84, 165.26, 164.56, 153.22, 149.94, 149.25,148.17, 147.14, 139.95,
129.85,125.19, 125.06, 121.49,116.37, 114.93, 110.92. HR-MS calcd for C1sH14N304
[M+H]*: 336.0978, found 336.09659.

methyl 4-((4-phenoxyphenyl)carbamoyl)picolinate (25a)

o o 1 X O\© According to GP1, TsP (2.7 mL, 9.11 mmol) was
~0 | ™ ” = added to a solution of 2-
N~ (methoxycarbonyl)isonicotinic acid (25¢) (150

mg, 0.83 mmol) and 4-phenoxyaniline (25b) (168.7 mg, 0.91 mmol) in EtOAc (4.7 mL)
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and pyridine (4.7 mL, 58.0 mmol) to afford after preparative HPLC 25a (160 mg, 57%)
as a white powder. "H NMR (500 MHz, DMSO-ds) 6 10.60 (s, 1H),9.17 (s, 1H), 8.80 (d,
J=15.3 Hz, 2H), 8.04 (d, J=8.4 Hz, 2H), 7.46 (t, ) = 7.7 Hz, 2H), 7.24 (t, )= 7.4 Hz, 1H),
7.15 - 7.10 (m, 4H), 3.91 (s, 2H). *C NMR (126 MHz, DMSO-ds) 5 165.64, 165.51,
160.61, 155.73, 145.74, 144.88, 136.39, 130.67, 130.50, 128.77, 127.47, 125.74,
124.88, 120.03, 117.79, 52.87. LC-MS calcd for C;0H17N.O, [M+H]*: 349.12, found
349.20.

4-((4-phenoxyphenyl)carbamoyl)picolinic acid (25)
According to GP2, to a suspension of 25a (50 mg,
J\'j)L /©/ \© 0.14 mmol) in THF (0.5 mL), an aq. solution of LiOH
N._= (0.5 mL) was added to afford after preparative HPLC
compound 25 (29 mg, 60%) as a yellow solid. "H NMR (500 MHz, DMSO-ds) 4 10.70
(s, 1H), 8.91 (d, J =4.9 Hz, 1H), 8.53 (d, J = 1.6 Hz, 1H), 8.09 (dd, J =5.0, 1.7 Hz, 1H),
7.80 (d,J=8.9Hz, 2H), 7.39 (t, J = 7.9 Hz, 2H), 7.13 (t, ) = 7.4 Hz, 1H), 7.09-7.03 (m
2H), 7.01 (d, J = 8.1 Hz, 2H). "*C NMR (126 MHz, DMSO-d;) 4 165.87, 162.99, 157.11,
152.74, 150.35, 149.27, 143.09, 134.24, 130.04, 124.80, 123.22, 122.34, 122.30,
119.23, 118.15. HR-MS calcd for C1sH1sN.O4 [M+H]": 335.10263, found 335.10127.

4-((4-phenoxybenzyl)amino)picolinic acid (26)
o y Z ) O In a round bottom flask, 1-(bromomethyl)-4-
y N x phenoxybenzene 26b (100 mg, 0.38 mmol, 1
N equiv.) and 5¢ (63.6 mg, 0.42 mmol, 1.1 equiv.)
were dissolved in 8 mL THF. Followed by the addition of K;CO; (105 mg, 0.76 mmol, 2
equiv.). The mixture was refluxed at 65 °C for 16 h. After reaction completion, K,CO3;
was filtered and THF was removed using a rotavap. The crude mixture was purified
using preparative HPLC to get the already hydrolyzed desired product 26 (25 mg, 21%)
as a white powder. '"H NMR (500 MHz, DMSO-ds) 6 8.05 (d, J=7.2 Hz, 1H), 7.94 (d, / =
20.4Hz,2H),7.38 (t,/=7.4Hz,4H),7.14 (t,/J=7.4Hz, 1H), 6.98 (t, /= 8.6 Hz, 4H), 6.80

(d,/=2.8 Hz, 1H), 6.69 (dd, J = 7.3, 2.8 Hz, 1H), 5.61 (s, 2H). '3C NMR (126 MHz, DMSO-
ds) 3162.25, 158.93, 156.63, 156.35, 154.80, 142.91, 131.59, 130.17, 130.14, 123.75,
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118.83, 118.67, 108.82, 107.29, 55.95. HR-MS calcd for Ci9H:sN20s [M-H]:
319.10882, found 319.10895.

4-((4-phenoxyphenyl)amino)picolinic acid (27)

A seal tube containing methyl 4-

N~ ©
HO - l bromopicolinate (27¢) (200 mg, 0.93 mmol), 4-

o phenoxyaniline (27b) (205.7 mg 1.11 mmol),

Iz

Xantphos (53.6 mg, 0.09 mmol), palladium (ll)
acetate (41.6 mg, 0.18 mmol) and Cs,CO; (905 mg, 2.78 mmol) in 1-butanol (8 mL)
was degassed with Nz gas for 5 min. The tube was then sealed and placed on a
heating block while stirring and heating at 95 °C for 16 h. After completion, the mixture
was passed through a bed of celite and purified using preparative HPLC to afford
compound 27 (50 mg, 18%) as a white powder. 'TH NMR (500 MHz, DMSO-ds) 5 10.26
(s, 1H), 8.05(d, J=6.7 Hz, 1H), 7.45-7.39 (m, 3H), 7.34 (d, ) = 8.4 Hz, 2H),7.17 (t, ) =
7.4 Hz, 1H), 7.09 (dd, ) = 18.2, 8.2 Hz, 4H), 7.01 (dd, J = 6.8, 2.7 Hz, 1H). *C NMR (126
MHz, DMSO-ds) & 160.34, 156.74, 156.51, 154.62, 148.81, 140.72, 133.02, 130.23,
125.36, 123.80, 119.74, 118.87, 108.59, 107.33. HR-MS calcd for C1gH13N.O3[M-H]:
305.09317, found 305.09347.

methyl 4-(3-(4-phenoxyphenyl)ureido)picolinate (28a)
N7 o Z 0O In a round bottom flask, to a solution of 5¢
/OW/Q\NANU \© (150 mg, 0.98 mmol) in DMF (2 mL) was
o) HoH added 1-isocyanato-4-phenoxybenzene
(28b) (312.4 mg, 1.48 mmol). The mixture was left stirring at rt for 1 h to afford after
preparative HPLC 28a (135 mg, 38 %) as a white powder. '"H NMR (500 MHz, DMSO-
ds) 69.41 (s, 1H), 8.97 (s, 1H), 8.47 (d, ) =5.5Hz, 1H), 8.24 (d, ) =2.2 Hz, 1H), 7.58 (dd,
J=5.6,22Hz,1H), 7.49 (d, ) = 8.8 Hz, 2H), 7.37 (t, ) = 7.7 Hz, 2H), 7.10 (t, ) = 7.4 Hz,
1H), 6.99 (dd, J = 19.0, 8.4 Hz, 4H), 3.87 (s, 3H). *C NMR (126 MHz, DMSO-ds) &
165.47, 157.51, 152.16, 151.39, 150.35, 148.24, 147.79, 134.84, 130.04, 122.99,

120.69, 119.76, 117.83, 115.06, 113.43, 52.47. LC-MS calcd for Cz0H1sN:O4 [M+H]":
364.13, found 364.20.
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4-(3-(4-phenoxyphenyl)ureido)picolinic acid (28)

N7 o o) According to GP2, to a suspension of 28a (50

Ho. M __ NJKNO/ \© mg, 0.14 mmol) in THF (0.5 mL), an aq.
o) Ao solution of LiOH (0.5 mL) was added to afford
after preparative HPLC compound 28 as (19 mg, 40%) a white solid. '"H NMR (500
MHz, DMSO-ds) 6 8.45 (d, J =6.0 Hz, 1H), 8.13 (s, 2H), 7.64 (d, ) = 8.5 Hz, 2H), 7.37 (t,
J=7.9Hz, 2H), 7.09 (t, ) = 7.4 Hz, 1H), 6.99 (dd, J = 17.4, 8.4 Hz, 4H). *C NMR (126
MHz, DMSO-ds) 6 165.51, 163.59, 157.58, 152.33, 151.27, 149.27, 135.27, 130.02,
122.92,120.77,119.73, 117.75,116.65, 113.81, 112.87. HR-MS calcd for C1sH14N304

[M-H] : 348.09898, found 348.09910.

methyl 4-((4-phenoxyphenyl)sulfonamido)picolinate (29a)
To a solution of 5¢ (100 mg, 0.66 mmol, 1
w)\/j\ /©/ \© equiv.) and K.CO; (227 mg, 1.64 mmol, 2.5
equiv.) in ACN, 4-phenoxybenzenesulfonyl
chlorlde (29b) (265 mg, 0.98 mmol, 1.5 equiv.) was added and the reaction mixture
was heated at 80 °C for 16 h. Once the reaction was completed, the mixture was
diluted with EtOAc and washed with sat. NaHCO; (x 3) solution. The combined
organic layers were dried over MgSQO, to obtain after preparative HPLC 29a (58 mg, 2
%) as a white powder. "H NMR (500 MHz, DMSO-ds) 5 11.34 (s, 1H), 8.43 (s, 1H), 7.87
(d,)=8.6Hz,2H),7.73(s, 1H),7.45 (t,)=7.8 Hz, 2H), 7.26 (g, J = 7.4, 6.6 Hz, 2H), 7.11
(dd,J=12.9, 8.4 Hz, 4H), 3.85 (s, 3H). *C NMR (126 MHz, DMSO-d;) 5 161.82, 154.85,

130.92,130.38, 129.79,128.09, 125.70,120.86, 118.05,115.16,113.82. LC-MS calcd
for C1gH17N2OsS [M"‘H]+ 38509, found 385.10.

4-((4-phenoxyphenyl)sulfonamido)picolinic acid (29)
S According to GP2, to a suspension of 29a (50 mg,
\© 0.13mmol) inTHF (0.5mL), an aq. solution of LiOH
o) (0.5 mL) was added to afford after preparative
HPLC compound 29 (25 mg, 52%) as a white powder. "H NMR (500 MHz, DMSO-ds)
8.26 (d, ) = 6.1 Hz, 1H), 7.89 - 7.83 (m, 2H), 7.65 (d, ) = 2.4 Hz, 1H), 7.43 (t, ) = 7.8 Hz,
2H), 7.22 (t, )= 7.4 Hz, 1H), 7.19 (dd, ) =6.1, 2.4 Hz, 1H), 7.12 = 7.04 (m, 4H). *C NMR
(126 MHz, DMSO-ds) 6 164.33, 160.84, 154.71, 134.51, 130.48, 129.14, 125.10,
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120.28, 117.62, 114.76, 113.87. HR-MS calcd for C1sH13N20sS [M—H]: 369.05507
found, 369.05524.

methyl 4-azidopicolinate (30c)
N = To a solution of methyl 4-bromopicolinate (27¢) (500 mg, 2.77

|
~0 — N, mmol, 1 equiv.) in DMF/ H.O (20:1, 0.8 M) NaNs (215 mg, 3.30

O mmol, 1.2 equiv.) was added portion wise and the reaction
mixture was heated at 80 °C overnight. Once the reaction was completed the mixture
was diluted with EtOAc and washed with sat. aq. NaHCO; (x 3). The combined organic
layers were dried over MgSQO, to obtain after evaporation methyl 30c (400 mg, 83%)
as a yellow oil. '"H NMR (500 MHz, DMSO-ds) 6 8.63 (d, J=5.4 Hz, 1H), 7.67 (d, J = 2.2
Hz, 1H), 7.41 (dd, J = 5.3, 2.3 Hz, 1H), 3.89 (s, 3H). '*C NMR (126 MHz, DMSO-ds)
164.69, 151.12, 149.62, 149.02, 117.54, 115.30, 52.63. LC-MS calcd for C;H;N.,O-

[M+H]*:179.06, found 179.1.

methyl 4-(4-(4-phenoxyphenyl)-1H-1,2,3-triazol-1-yl)picolinate (30a)

W/NO\ To a solution of 30c (200 mg, 1.12 mmol, 1.0
-0 7 N/\>—<J‘\>‘o equiv.) and 1-ethynyl-4-phenoxybenzene

© NN <> (30b) (218.05 mg, 1.12 mmol, 1.0 equiv.) in
(THF/H,O, 2:1, 0.4 M) sodium a-scorbate (88.96 mg, 0.45 mmol, 0.4 equiv.) was
added, followed by the addition of CuSO,-5H,0 (56 mg, 0.22 mmol, 0.2 equiv.). The
reaction mixture was vigorously stirred for 2 d at 65 °C. After completion of the
reaction, THF was removed under vacuum, and the aqueous phase was extracted
with EtOAc (3x). The combined organic layers were dried over MgSO, and
concentrated in vacuo to afford after preparative HPLC 30a (250 mg, 60%) as a white
solid. "TH NMR (500 MHz, CD;CN) 6 8.87 (d, /=5.3 Hz, 1H), 8.80 (s, 1H), 8.53 (d, /= 2.1
Hz, 1H), 8.06 (dd, J = 5.3, 2.3 Hz, 1H), 7.92 (d, J = 7.8 Hz, 2H), 7.42 (t, /= 7.3 Hz, 2H),
7.18 (t,J=7.4Hz, 1H), 7.12 -7.06 (m, 4H), 3.97 (s, 3H). *C NMR (126 MHz,CD;CN) &
165.9, 158.9, 157.8, 152.8, 151.3, 149.0, 145.2, 131.3, 131.1, 128.4, 126.1, 124.9,
120.2, 120.0, 119.5, 117.5, 115.8, 53.6. LC-MS calcd for C,1H7N4O3 [M+H]*: 373.13,
found 373.29.
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4-(4-(4-phenoxyphenyl)-1H-1,2,3-triazol-1-yl)picolinic acid (30)
N To a stirred suspension of 30a (160 mg, 0.43
HOX)Q\N/E_A{'}_O mmol, 1 equiv.) in CHsOH (0.2 M), 10% ag.
O N=N - (§ NaOH (43 pL, 2.15 mmol, 5 equiv.) was added
~  and the solution was stirred at 65 °C. After
completion of the reaction, CH;OH was removed under vacuum and the crude
residue was dissolved in EtOAc. Ag. HCL (2 M) was added, and the aqueous phase
was extracted with EtOAc (3%). The combined organic layers were dried over MgSO 4
and concentrated in vacuo to afford after preparative HPLC compound 30 (90 mg,
58%) as a yellow solid. "H NMR (500 MHz DMSO-ds) 6 9.64 (s, 1H), 8.94 (d, 1H, J=5.3
Hz), 8.61 (d, 1H, J=2.1 Hz), 8.26 (dd, 1H, J=2.2, 5.4 Hz), 7.99 (d, 2H, J=7.7 Hz), 7.44 (t,
2H, J=7.3 Hz), 7.1-7.2 (m, 3H), 7.10 (d, 2H, J=7.8 Hz). *C NMR (126 MHz, DMSO-d;) &
165.46, 157.10, 156.24, 151.64, 150.67, 147.48, 143.66, 130.18, 127.26, 124.89,
123.85,119.35,119.01, 118.98,116.17, 114.12. HR-MS calcd for C2H1sN.O3[M-H]:

357.09931, found 357.09947.

methyl 4-((trimethylsilyl)ethynyl)picolinate (31d)
NT= To a solution of methyl4-bromopicolinate (27¢) (300 mg, 1.39
S mmol, 1 equiv.)indry ACN (3mL), DIPEA (0.48 mL,2.79 mmol,
Sl'i\ 2 equiv.), Cul (24 mg, 0.13 mmol, 0.1 equiv.), Pd(PPh3),Cl,
(29.33 mg, 0.04 mmol, 0.03 equiv.) and ethynyltrimethylsilane (0.59 mL, 4.26 mmol,
3 equiv.) were added in a seal tube and placed on a heating block. The mixture was
degassed with N, gas before sealing the tube and heated to 90 °C for 16 h. Then, the
mixture was filtered over a pad of celite and rinsed with ethyl acetate. The organic
phase was washed with water (x2), dried over MgSO, and concentrated in vacuo. The
crude material was purified by column chromatography on silica using PE:EtOAc to
afford compound 31d (300 mg, 92%) as a yellow oil. '"H NMR (500 MHz, MeOD-d,) 6
8.64 (d, J =5.1 Hz, 1H), 8.08 (d, J = 1.5 Hz, 1H), 7.61 (d, J = 5.0 Hz, 1H), 3.98 (s, 3H),
0.28 (s, 9H). *C NMR (126 MHz, MeOD-d,) 6 166.01, 165.99, 150.90, 149.00, 134.36,
130.30, 128.20, 102.75, 101.92, 53.41, 0. LC-MS calcd for Ci,H:gNO,Si [M+H]":
234.09, found 234.01.
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methyl 4-ethynylpicolinate (31c)
N A solution of 31d (300 mg, 1.29 mmol, 1 equiv.) in 3 mLTHF was
0O Q\ cooledto 0°C using anice batch. Acetic acid (0.1 mL, 1.77 mmol,
T 7
O 1.4 equiv.) and TBAF (0.6 mL, 1.93 mmol, 1.5 equiv.) were added.
And the reaction mixture was left stirring for 1 h. The solvent was removed in vacuo,
the crude was then extracted with EtOAc (3x). The combined organic layer were dried
over MgS0O, and concentrated in vacuo to afford after purification by column
chromatography using PE:EtOAc the desired product 31c (155 mg, 75%) as an off-
white solid. "H NMR (500 MHz, MeOD-d,) 4 8.66 (d, J=5.0 Hz, 1H), 8.12 (d, J= 1.5 Hz,
1H), 7.67 (d, J=5.0 Hz, 1H), 4.10 (s, 1H), 3.98 (s, 3H). *C NMR (126 MHz, MeOD-d,) 6
165.95, 150.92, 149.07, 133.91, 130.69, 128.48, 85.89, 80.83, 53.41. LC-MS calcd for
CeHsNO, [M+H]*: 162.05, found 162.20.

1-azido-4-phenoxybenzene (31b)

A solution of 4-phenoxyaniline (200 mg, 1.08 mmol, 1 equiv.)

o\.
=
O @ in ACN (8 mL) was cooledto 0 °C using anice-bath. tert-butyl

N3 nitrite (0.3 mL, 2.70 mmol, 2.5 equiv.) was added dropwise

to the solution, followed by the dropwise addition of azidotrimethylsilane (0.2 mL,
1.62 mmol, 1.5 equiv.). The mixture was left stirring at 0 °C for 15 min, then at rt for 1
h. After reaction completion, the mixture was diluted with water (30 mL) and
extracted with diethyl ether (2x). The combined organic layers were dried over MgSO 4
and concentrated in vacuo to get the compound 31b (198 mg, 87%) as a brown oil,
which was used in the next step without any further purification. On the LC-MS, the
ionization was not clearly observed for this compound, hence it is not recorded. 'H
NMR (500 MHz, DMSO-ds) 6 7.42 - 7.36 (m, 2H), 7.17 -=7.12 (m, 3H), 7.08 - 7.04 (m,
2H), 7.00 (d, J = 8.7 Hz, 2H). "*C NMR (126 MHz, DMSO-ds) 4 156.76, 153.80, 134.48,
130.09, 123.51, 120.70, 120.33, 118.38.

methyl 4-(1-(4-phenoxyphenyl)-1H-1,2,3-triazol-4-yl)picolinate (31a)

NZ To a solution of 31¢ (150 mg, 0.93 mmol, 1.0
PPN | |/4\N—</,~\>—O equiv.) and 31b (197 mg, 0.93 mmol, 1.0
o N=N = ’;) equiv.) in 10 mL MeOH, sodium ascorbate

N\
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(74 mg, 0.37 mmol, 0.4 equiv.) was added, followed by the addition of CuSO,-5H,0
(93 mg, 0.37 mmol, 0.4 equiv.). The reaction mixture was stirred at rt for 16 h. After
completion of the reaction, MeOH was concentrated under vacuo and the crude was
then diluted with water. A precipitate that formed was filtered and purified on column
chromatography using DCM:MeOH (9:1) to afford compound 31a (117 mg, 34%) as a
yellow solid. "H NMR (500 MHz, DMSO-d;) 6 9.64 (s, 1H), 8.82 (d, J=5.0 Hz, 1H), 8.55
(d,J=1.6Hz, 1H), 8.13(dd, J=5.0, 1.7 Hz, 1H), 7.96 (d, ) = 8.9 Hz, 2H), 7.46 (t, ) = 7.8
Hz, 2H), 7.24 (t,)=8.1Hz, 3H),7.13(d, J=8.0 Hz, 2H), 3.93 (s, 3H). *C NMR (126 MHz,
DMSO-ds) 6 165.09, 157.28, 155.91, 150.71, 148.42, 144.20, 138.85, 131.73, 130.29,
124.24, 122.58, 122.38, 122.18, 120.48, 119.31, 119.25, 52.56. LC-MS calcd for
C21H17N4,O; [M+H]": 373.13, found 373.20.

4-(4-(4-phenoxyphenyl)-1H-1,2,3-triazol-1-yl)picolinic acid (31)
In a round bottom flask containing 31a (100
YQ\Y/\ <—> mg, 0.27 mmol, 1 equiv.) in 10 mL THF: water
> (2:1) mixture, LIOH (32.15 mg, 1.34 mmol, 5
\ equiv.) was added. The reaction was stirred at
room temperature for 16 h. After reaction completion, the crude was purified using
prep HPLC to get the desired compound 31 (12 mg, 12.5%) as a cream-white powder.
"H NMR (500 MHz, DMSO-dg) § 9.64 (s, 1H), 8.80 (d, J = 5.0 Hz, 1H), 8.55 (s, 1H), 8.11
(d, J=5.0 Hz, 1H), 7.97 (d, ] = 8.6 Hz, 2H), 7.45 (t, ) = 7.8 Hz, 2H), 7.23 (t, ] = 8.4 Hz,
3H), 7.12 (d, J = 7.9 Hz, 2H). *C NMR (126 MHz, DMSO-ds) 4 166.16, 157.29, 155.95,

150.36, 149.73, 144.41, 138.84, 131.79, 130.33, 124.27, 122.34, 122.21, 120.38,
119.35, 119.28. HRMS calcd for C0H13N4Os [M-H]: 357.09931, found 357.09949.

Biological evaluation

Whole-cell bacterial uptake assay (ECF-T assay)

The ECF inhibitors and their inhibitory effect on folate uptake in the Gram-
positive model organism Lactobacillus casei were studied in a whole-cell
uptake assay as recently published in our group [2]. For this purpose, 20 L of
inhibitor was added to the wells of a MultiScreen HTS Filter Plate containing

175 uL of L. casei culture diluted in citrate buffer. The blank was determined
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with 185 pL citrate buffer and 10 pL of DMSO. 5 pL 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 12.5, 50, 100 and 200
pM for the compounds and the ICs, values for our best compounds. The assay
was performed in both technical and biological duplicate ensuring the
reliability and consistency of the data. Subsequently, the gathered data were
analyzed using GraphPad Prism, version 10 (GraphPad Software, San Diego,
CA, USA).
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Figure S1. Half maximalinhibitory concentration (ICso) values for the best compound 5 and 30.

Proteoliposome uptake assay

Purification of Ld_ECF-FolT2 and Ld_ECF-PanT

For Ld_ECF-FolT2 and Ld_ECF-PanT, 2 mL of membrane vesicles were resuspended
in 20 mL of solubilization buffer (50 mM KPipH 7.5, 300 mM NaCl, 1% (w/v) DDM) and
solubilized for approximately 60 minutes under gentle agitation. Insoluble material
was removed by ultracentrifugation (MLA-80 rotor, 4°C, 80,000 rpm, 30 min). In
parallel, 1.5 mL of 50% Ni2+-sepharose slurry was equilibrated with ~15 mL of wash
buffer (50 mM KPipH 7.5, 300 mM NaCl, 50 mM Imidazole pH 8.0, 0.05% (w/v) DDM)

after ethanol removal and washing with ~25 mL Milli-Q water (MQ).

The equilibrated Ni2+-sepharose beads were incubated with solubilized membrane
vesicles for less than 1 hour with gentle rocking. The suspension was appliedtoa 10
mL poly-prep Bio-Rad column, washed with 15 mL wash buffer, and proteins were
eluted with elution buffer (50 mM KPi pH 7.5, 300 mM NaCl, 500 mM Imidazole pH

8.0, 0.05% (w/v) DDM) in defined fractions. The elution fraction with the highest
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protein concentration was further purified by SEC using a Superdex 200 10/300 GL
column (GE Healthcare) equilibrated with gel filtration buffer (50 mM KPi pH 7.5, 150
mM NaCl, 0.05% (w/v) DDM).

Protein reconstitution into liposomes

For reconstitution into liposomes, a lipid mixture (3:1 w/w E. coli polar lipids: egg
phosphatidylcholine) was prepared at 20 mg/mL in 50 mM KPi pH 7.5. Liposomes
were generated by extrusion through a 0.4 um polycarbonate filter and destabilized
with Triton X-100 until ~50-60% of the initial absorbance at 540 nm was achieved.
Purified protein was incorporated at a 1:250 (w/w) protein:lipid ratio, followed by
sequential Bio-Bead SM-2 treatments to remove detergent. Proteoliposomes were
harvested by ultracentrifugation, aliquoted, flash-frozen, and stored in liquid

nitrogen.

Radiolabelled-substrate uptake assay

Radiolabelled substrate uptake assays were performed to assess the inhibitory
effects of compounds on LAECF-FolT2 transporters. Proteoliposomes containing Mg-
ATP were exposed to radiolabelled folic acid, and uptake was monitored over 4
minutes at five time points. The transport activity was quantified as picomoles of

substrate per microgram of transporter protein.

Uptake assay with ECF transporters

Tofacilitate active substrate import, proteoliposomes containing Ld_ECF-FolT2 were
loaded with Mg-ATP or Mg-ADP (10 mM) and 50 mM KPi, pH 7.5, in a final volume of
0.5-1 mL. Nucleotides were enclosed within the lumen of the proteoliposomes, and
protein orientation was scrambled by subjecting the samples to three freeze-thaw
cycles (flash-freezing in liquid nitrogen followed by thawing on a metal block).
Homogeneity in proteoliposome size distribution was achieved by extruding the
samples 11-13 times through a 0.4 pm polycarbonate filter using a pre-equilibrated
extruder (50 mM KPi, pH 7.5).

External nucleotides were removed by diluting the extruded proteoliposomes with 50
mM KPi, pH 7.5, to 6 mL, followed by ultracentrifugation (MLA-80 rotor, 4°C, 80,000

rpm, 30 min). The resulting proteoliposome pellet was resuspended in 50 mM KPi, pH
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7.5.Subsequently, 8 yL of an inhibitory compound or DMSO (5%) was added toreach
a final volume of 160 pL (0.03125 mg/mL protein). The proteoliposomes were
incubated with the inhibitor on ice for at least 60 min.

Uptake activity measurements were performed at five time points. A substrate buffer
(713 pL) supplemented with 37 L of inhibitory compound or DMSO (5%) was
incubated at 30°C with stirring. For Ld_ECF-FolT2 proteoliposomes, the substrate
buffer contained 50 mM KPi, pH 7.5, with 110 nM folic acid (104.5 nM cold and 5.5 nM
3H-radiolabeled).

The uptake reaction was initiated by adding proteoliposomes containing 2.5 pg of
protein (75 pL of 160 pL) to the prewarmed substrate buffer. Samples (145 pL,
containing 0.5 ug of protein) were collected at 20 s, 1 min, 2 min, 3 min, and 4 min.
Reactions were quenched with 2 mL of ice-cold 50 mM KPi, pH 7.5, and filtered over
a 450 nm BA-85 nitrocellulose filter (Cytiva). The filters were washed with an
additional 2 mL of ice-cold KPi buffer and dissolved in 1.8 mL of Ultima Gold liquid
scintillation cocktail. After at least 60 min of incubation at room temperature,
samples were vortexed, and radioactivity was measured using a Perkin Elmer Tri-
Carb 2800TR Scintillation Counter.

All measurements were performed in technical duplicates. For control experiments,
substrate uptake by Mg-ATP-loaded proteoliposomes was assessed in the absence
of inhibitory compounds. For inhibited uptake controls, Mg-ADP-loaded
proteoliposomes were used without inhibitors, demonstrating that the absence of
Mg-ATP prevents transporter complex resetting, halting substrate uptake.
Radioactivity was collected as counts per minute (CPM), reflecting atomic decays
detected by the scintillation counter. To quantify imported substrate, CPM values
were converted into picomoles by dividing the total concentration of hot and cold
substrate by the average substrate sample counts. The transport activity of each
sample was calculated by normalizing the imported substrate quantity to the protein
concentration, resulting in picomoles of substrate per microgram of transporter

protein.
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The averaged data from duplicate measurements were plotted over time, and
standard deviations were calculated. A linear trendline was fitted to the data, and

slopes were utilized to determine relative inhibition percentages of substrate uptake.
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ICso determination

The half-maximalinhibitory concentration (ICsy) of compounds was determined using
uptake assays with varying compound concentrations. Data analysis was conducted
using GraphPad Prism, employing a nonlinear regression model (log(inhibitor) vs.

normalized response with variable slope) to calculate ICsovalues.

In vitro ADMET assays

Kinetic turbidimetric solubility

The desired compounds were sequentially diluted in DMSO in a 96-well plate. 1.5 pL
of each well were transferred into another 96-well plate and mixed with 148.5 pL of
PBS to reach 1% DMSO/PBS. For determination of solubility in 5% DMSO/PBS, 7.5 yL
were mixed with 142.5 pL PBS. Plates were shaken for 5 min at 600 rpm at room
temperature (rt), and the absorbance at 620 nm was measured. Absorbance values
were normalized by blank subtraction and plotted using GraphPad Prism. Solubility
(S) was determined based on the First X value of AUC function using a threshold of

0.005.

Lipophilicity determination
LogD,;4 was analyzed using an HPLC-based method. The UV retention time of

reference compounds with known LogD» ., was determined and plotted toward their

87



LogD-.4. Linear regression was used to determine the LogD- .4 of unknown compounds.
Analysis was performed using a Vanquish Flex HPLC system with variable wavelength
detector (Thermo Fisher, Dreieich, Germany) with the following conditions: EC150/2
NUCLEODUR C18 Pyramid column, 5 pM (Macherey Nagel, Duren, Germany); eluent
A: 50 mM NH,OAc pH 7.4, eluent B: acetonitrile, and flow: 0.6 mL/min. The gradient
was setto 0-100% B from 0 to 2.5 min, 100% B from 2.5 to 3.0 min, 100-0% B from
3.0to 3.2 min, and 0% B from 3.2-5.0.

Cytotoxicity

To obtain information regarding the toxicity of our compounds, their impact on the
viability of human cells was investigated. HepG2 cells (2x10* 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 or, for CC50 determination, at 8 concentrations
that were prepared via 2-fold serial dilutions in 1% DMSO/medium. Epirubicin and
doxorubicin were used as positive controls in serial dilutions starting from 10 uM, 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% C0O2), 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 CCs, was performed using the nonlinear regression

function of GraphPad Prism 10 (GraphPad Software, San Diego, CA, USA) [3].
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Metabolic stability in liver microsomes

For the evaluation of phase | metabolic stability, the compound (1 yM) was incubated
with 0.5 mg/mL pooled mouse or human liver microsomes (Xenotech, Kansas City,
USA), 2 mM NADPH, 10 mM MgCl, at 37 °C for 120 min on a microplate shaker
(Eppendorf, Hamburg, Germany). The metabolic stability of testosterone, verapamil
and ketoconazole were determined in parallel to confirm the enzymatic activity of
mouse liver microsomes. For human liver microsomes, testosterone, diclofenac and
propranolol were used. The incubation was stopped after defined time points by
precipitation of aliquots of the incubation mixture with 2 volumes of cold acetonitrile
containing internal standard (15 nM diphenhydramine). Samples were stored on ice
until the end of the incubation and precipitated protein was removed by
centrifugation (15 min, 4 °C, and 4,000 g). Concentration of the remaining test
compound at the different time points was analyzed by HPLC-MS/MS (Vanquish Flex
coupled to a TSQ Altis Plus, Thermo Fisher, Dreieich, Germany) and used to

determine half-life (t1).

Stability in plasma

To determine stability in plasma, the compound (1 pM) was incubated with pooled
CD-1 mouse or human plasma (Neo Biotech, Nanterre, France). Samples were taken
at defined time points by mixing aliquots with 4 volumes of acetonitrile containing
internal standard (12.5 nM for Altis Plus measurements). Samples were stored onice
until the end of the incubation and precipitated protein was removed by
centrifugation (15 min, 4 °C, 4,000 g, 2 centrifugation steps). Concentration of the
remaining test compound at the different time points was analyzed by HPLC-MS/MS
(Vanquish Flex coupled to a TSQ Altis Plus, Thermo Fisher, Dreieich, Germany) and
used to determine half-life (t1,2). The plasma stability of procain, propantheline and

diltiazem were determined in parallel to confirm the enzymatic activity.

Inhibitory activity against the human ABC transporters ABCB1, ABCC1, and
ABCG2

Calcein AM (ABCB1 and ABCC1), daunorubicin (ABCB1 and ABCC1), pheophorbide
A (ABCG2), and Hoechst 33342 (ABCG2) assays were performed using ABCB1-
expressing A2780/ADR, ABCC1-expressing H69AR, and ABCG2-expressing MDCK I
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BCRP cells as described previously [4,5]. The cell lines were all a generous gift by
Prof. Dr. Finn K. Hansen and Prof. Dr. Gerd Bendas (Pharmaceutical and
Cellbiological Chemistry, University of Bonn, Germany). A volume of 20 uL of each
test concentration of the compounds were transferred into clear (calcein AM,
daunorubicin, and pheophorbide A) or black (Hoechst 33342) 96-well flat-bottom
plates (Brand, Wertheim, Germany), and supplemented with 160 L cell suspension
(calcein AM: 30,000 cells/well; Hoechst 33342: 30,000 cells/well; daunorubicin:
45,000 cells/well; and pheophorbide A: 45,000 cells/well) in phenol red-free media
(RPMI-1640: A2780/ADR and H69AR; DMEM: MDCK II BCRP) without other
supplements. After pre-incubation (30 min) the respective fluorescence dye (20 plL)
was added (calcein AM: 3.125 uM; daunorubicin: 30 uM; pheophorbide A: 5 uM; and
Hoechst 33342: 10 uM), the fluorescence increase of each well was measured within
30 min in 30 s intervals (calcein AM assay; excitation: 485 nm, emission: 520 nm)
using an Infinite M200 Pro microplate reader (Tecan, Mannedorf, Switzerland), while
the average steady-state fluorescence per well was measured after incubation
(daunorubicin: 180 min; pheophorbide A: 180 min; and Hoechst 33342: 120 min) at
excitation wave lengths of 360 nm (Hoechst 33342) and 488 nm (daunorubicin and
pheophorbide A) and emission wave lengths of 460 nm [Infinite M200 Pro microplate
reader (Tecan, Mannedorf, Switzerland); Hoechst 33342] and 530/30 nm
[FACSCalibur flow cytometer (Becton Dickinson, Franklin Lakes, New Jersey, USA);
daunorubicin and pheophorbide A].
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'H- and *C-NMR Spectra of the Final Compounds
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Compound 8
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Compound 9
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Compound 10
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Compound 11
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Results & Discussion
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Compound 13
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Compound 14
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Abstract

Tuberculosis is a major global health challenge, driven by the ongoing emergence of
multidrug-resistant strains of Mycobacterium tuberculosis, which have rendered
many existing treatments ineffective. Addressing this crisis has become a central
focus of modern science, with an urgent need for innovative strategies and novel
molecular inhibitors. In this study, we report on the identification, design,
optimization, and detailed in vitro evaluation of the mode of action of a novel 1,3,4-
oxadiazole-based TB inhibitors class, identified through experimental screening of in-
house and external libraries. A comprehensive structure—activity relationship (SAR)
study led to new potent inhibitors, which exhibited promising properties, including
enhanced antibacterial activity against Mtb and a range of Gram-positive pathogens,
along with low cytotoxicity. Further evaluations of their selectivity, solubility and

mode of action is needed.

Introduction

Despite the availability of antibiotics, Tuberculosis (TB), caused by Mycobacterium
tuberculosis (Mtb), remains one of the deadliest infectious diseases worldwide.!"!
According to the World Health Organization (WHO), TB has reclaimed its position as
the leading cause of death from a single infectious agent, surpassing coronavirus
disease after three years.?? Each year, more than 10 million people develop TB, and
1.3 million lives are lost, underscoring its ongoing global health burden.!

Mtb primarily spreads through aerial transmission and mostly affects alveolar
macrophages in the lungs, though it can also impact other organs of the body.* A key
feature of Mtbisits ability to invade and survive within human macrophages, enabling
it to persist for an extended period in a dormant state, known as latent TB. Latent TB
remains asymptomatic until the host's immune system becomes compromised. At
this point, the infection may progress to active TB with clinical symptoms (e.g.,
cough, fever, fatigue) and transmissibility. Thus, upon infecting a susceptible host,
Mtb can follow one of three pathways: it may be eliminated by the immune system,
persist as latent TB, or develop into active TB.5¢! Another known feature of Mtb is its

very complex cell wall, which is composed of mycolic acids, lipoarabinomannan,
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arabinogalactan, and peptidoglycans, which provides an effective protective barrier
against various antibiotics.!

The standard treatment of active TB involves a six-month regimen of four first-line
drugs: isoniazid, rifampicin, pyrazinamide, and ethambutol, which has an
approximate success rate of 85%.%° However, the emergence of antibiotic-resistant
Mtb strains over the years has posed significant challenges to this treatment
approach. These strains, including multidrug-resistant TB (MDR-TB) and extensively
drug-resistant TB (XDR-TB), are now recognized as major contributors to the global
antimicrobialresistance (AMR) crisis.'"’MDR-TB refers to bacterial resistance against
isoniazid and rifampicin, the two most potent first-line drugs, while XDR-TB exhibits
resistance to MDR-TB drugs as well as additional second-line agents, such as
fluoroquinolones and injectable antibiotics (amikacin, kanamycin).[*'"2] Recent
WHO reports indicated around half a million cases of MDR-TB, with an increased
number of patients resistant to second-line drugs.”? These cases typically require
longer, more expensive treatments with more side effects, and lower success rates.
Therefore, itis crucial to explore innovative therapies and develop new inhibitors to
effectively combat this disease.

As an approach to overcome this deadly disease, we identified a promising chemical
class bearing a 1,3,4-oxadiazole scaffold as potential antitubercular agent through
our library screening. Molecules containing oxadiazole core have demonstrated
diverse pharmacological activities, such as antibacterial, anti-TB, antifungal, anti-
inflammatory, antiviral and anticancer.*'* This provided an excellent starting point
for further investigation of this chemical class. Hence, we initiated a structure—
activity relationship (SAR) study to enhance potency and identify new, highly effective
TB inhibitors. The most active derivatives were subsequently optimized and

evaluated in vitro to determine their mode of action.

Results and discussion

Medicinal chemistry-driven optimization
To find novel inhibitors with antituberculosis activity, we performed experimental

screening of in-house and external libraries against Mtb. Among these, compound 1
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displayed an MIC value of 3.12 yM against MtbH37Rv when cultured in a medium
containing bovine serum albumin (BSA) and <0.049 uMin its absence. BSA promotes
the growth of Mtb by providing nutritional support, binding fatty acids and facilitating
biofilm formation. Additionally, it serves as a stabilizing agent and is an essential
component in understanding Mtb metabolism and developing effective

treatments.['>1®

Core Part
A
e N
N-N  ©
/ N\
o)\ ”
o, 0
CF3 F3C

Eastern Part
Figure 1. Chemical structure of Hit compound 1 obtained from in-house library screening. SAR is
divided into two regions: the core and the Eastern part.
Through SAR analysis, we explored how structural modifications can impact drug
efficacy against MtbH37RV, focusing on two key regions of the molecule: the core
and the Eastern part (Figure 1). Systematic modifications of these regions revealed
key structural features of hit 1 that are critical for antitubercular potency. All
synthesized compounds were evaluated for their antitubercular activity against
MtbH37Rv in presence and absence of BSA. Compounds showing low micromolar
activity were further assessed for their cytotoxicity on HepG2 cells.
For the optimization of hit 1, our investigation initially focused on core of the molecule
by varying it with different heterocycles (2-6). Substituting with benzoxazole (2),
quinoline (3), quinazoline derivative (4), pyrimidine (5) or indole (6) resulted in a
complete loss of activity both in the presence and absence of BSA. This finding
highlights the important role of the oxidiazole-amide moiety in maintaining the anti-
TB activity; therefore, this structural region was retained for subsequent

modifications.
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Table 1. Core modifications with their inhibition activity (MIC in uM) against Mtb H37RV.

0 _R. o.
FsC \© ©/ OCF;

Mtb H37Rv
Compound R MIC (uM)
7H9 ADNty? 7H9 CasDNTy"

N-N @
/N
1 %O)\N»\f/ 3.12 <0.049
H

o \(l\i@_% >50 >50

| >50 >50

N~ >50
4 \8\\ | >50
N

Nﬂ\ 0
5 \8\\,\, N)K/ >50 >50

>50 >50

87H9 medium supplemented with 0.5% BSA, 0.4% dextrose, 0.08% NaCl, 0.05% Tyloxapol.
b 7H9 medium supplemented with 0.3% Casamino acids, 0.4% dextrose, 0.085% NaCl, 0.05%
Tyloxapol.

Modification of the Eastern part of the molecule revealed that replacing the electron-
withdrawing OCF; group with donating groups such as methoxy (7) and methyl (8) led
to a decrease in activity, while the alkyne derivative (9) showed a slight improvement
in activity. Considering the relative potency of 1, we evaluated various halogenated
substituents (10-13). The results showed that, while all substituents exhibited similar
potency to hit 1 in the absence of BSA, their activity varied in its presence. The
brominated (11) and chlorinated (12) substituents slightly enhanced the activity, with
MIC values of 1.56 and 2.34 uM, respectively, whereas the trifluoromethyl (10)

resulted in no change in activity. Interestingly, no difference in antitubercular activity
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and cytotoxicity was observed between the mono- (12) and the di- (13) chlorinated
derivatives. To explore the effect of the distance of the phenyl ring from the central
oxidiazole-amide moiety on the activity, compound 14 was synthesized. Keeping the
chloro group of compound 12 constant and adding a methyl spacer resulted in loss
of activity, indicating that positioning the phenyl ring closer to the core is beneficial
for antitubercular activity.

Notably, it was clear thatintroducing various heterocyclic groups leads to significant
loss of activity compared to our initial hit 1. Specifically, the position of the nitrogen
atom in the pyridine derivatives affected the activity; the para position (15) resulted
in less potent derivative than the meta position (16). Moreover, the latter showed
nearly a two-fold increase in activity compared to pyrazine (16 vs 17) in the presence
of BSA. Of the 5-membered ring derivatives, and in the absence of BSA, thiophene 18
was the most potent, followed by furan 19.

Overall, most of the synthesized derivatives exhibit decreased activity against Mtb in
the presence of BSAcompared to their activity without it, indicating that BSA medium
influences the pharmacological activity of these compounds by binding to them and
potentially altering their bioavailability. Among the Eastern derivatives modification,
compounds 12 and 13 are the most potent one against Mtb with no significant toxicity
(ICs0 > 37uM).

Table 2. Eastern part modifications with their inhibition activity (MIC in pM) against MtbH37RV and

cytoxicity values in HepG2 cell line.

0
N-N R
I O\>~N>:

O~cr,
Mtb H37Rv HonGa
e
Compound R MIC (uM) o FZ "
7H9 ADNty> | 7H9 CasDNTy® =0
7 18.75 0.13 28.0%7.5
/O
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8 /\Q 12.5 0.098 >37
9 /\© 1.56 <0.049 3.3+1.1
CN
10 /\? 3.12 <0.049 >37
F7LF
11 /\© 1.56 <0.049 >37
Br
12 /\© 2.34 <0.049 >37
Cl
Cl
13 2.34 <0.049 >37
Cl
14 \(\@ >50 6.25 27.2+7.2
Cl
15 | ~ 12.5 2.60 12.2+0.2
N
X
16 A@ 18.75 1.56 11.8+1.5
~
N
17 /\ﬁ'\‘ 37.5 6.25 >37
i
18 % 18.75 0.22 9.4+0.3
S
0 /j@ 50 3125 -

&7H9 medium supplemented with 0.5% BSA, 0.4% dextrose, 0.085% NaCl, 0.05% Tyloxapol.
® 7H9 medium supplemented with 0.3% Casamino acids, 0.4% dextrose, 0.085% NaCl, 0.05%
Tyloxapol.
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Antimicrobial Profiling

We evaluated the most potentinhibitorsidentified in our extensive SAR study for their

antimicrobial activity against a panel of bacteria. Hit 1 generally demonstrated

broader range of activity against most strains, with MIC values in the submicromolar

range. However, its antibacterial activity against Streptococcus pneumoniae strains

was significantly weaker compared to the other analogues. Compound 12 showed

the highest potency across both strains of S. pneumoniae including the penicillin-

resistant strain, with nanomolar MIC value of 0.003 pM. Similarly, compound 13

exhibited comparable activity against S. pneumoniae strains but showed superior

potency against Bacillus subtilis than compound 12. These findings emphasize the

structural and functional diversity within the series, offering distinct advantages for

further optimization as antimicrobial agents.

Table 3. Antibacterial profile of compounds 1,12 and 13 against a panel of bacteria.

MIC (pM) Compound
1 12 13
PR-Streptococcus pneumoniae
0.25-0.5 <0.003 0.006
DSM-11865M
Streptococcus pneumoniae
<0.06 0.0125 0.05
DSM-20566
Enterococcus faecalis 0.25
>128 0.5
DSM-20478
VR-Enterococcus faecium 0.25-0.5 18 0.5
>
DSM-17050!
Enterococcus faecium
0.5-1 >128 4-8
DSM-20477
Staphylococcus aureus
0.125-0.25 0.5 0.25-0.5
Newman
Bacillus subtilis
0.125 0.5 0.125
DSM-10

[a] PRSP: Penicillin resistant; [b] VR: Vancomycin-resistant
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Chemistry

The synthesis of compounds 2-6 was achieved via the route described in Scheme 1.
Notably, the preparation of the scaffold required for the core modifications involved
a Suzuki-Miyaura cross-coupling reaction, followed by nucleophilic acyl substitution
when necessary. Specifically, compounds 2-4 and intermediates 5a and 6a were
synthesized by reacting the boronic acid 2b with various aryl halides under Suzuki
conditions using [Pd(PPhs),4] as the catalyst. Subsequently, acetyl substitution of the
intermediates was performed in DMF in the presence of either TEA or NaH, yielding

compounds 5 and 6, respectively.

N cl HO,
X -0
cl o 2a

» 0
N ’ F3C
Cl N Br !
3a
= 2 Ar= benzo[d]oxazole
~ | 3 Ar= quinoline
Cl N Br 4 Ar= quinazoline

ii

HO,
o
0, e e @
Br” "N~ “NH, w» O ©/ ) O
o)
. FiC
! O-cF, O cr
3

Br H
\©£/) 5a Rf pyrimidin-4-amine 5 Ar= N-(pyrimidin-4-yl)formamide
6a R= 1H-indole 6 Ar= 1H-indole-1-carbaldehyde

6b
Scheme 1. General scheme for the synthesis of compound 2—-6. Reagents and conditions: i) arylhalide
derivative, (3-(trifluoromethoxy)phenyl)boronic acid 2b, [Pd(PPh3),], Na,CO,, dioxane/H,0 4:1, 120 °C.
ii) 3-(trifluoromethoxy)benzoyl chloride, TEA or NaH, DMF, r.t.

We used diverse carboxylic acid derivatives to generate the derivatives 7-19, featuring
variations in the Eastern part of the molecule. Starting with the commercially
available 3-(trifluoromethoxy)benzoyl chloride, it was converted to the
thiosemicarbazide intermediate 1¢, followed by cyclization using 1,3-dibromo-5,5-
dimethylhydantoin (DBDMH) to obtain the respective oxidiazole-amine 1a. Final

amide coupling with a variety of carboxylic acids was carried out using propane
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phosphonic acid anhydride (T;P) as the coupling reagent, to provide derivatives 7-19

in high purity (Scheme 2).

i 2
0 oy N-N R”OH NN R
N__NH, [ D=NH  1p_19p [ D—NH
cl N o ©
—_— H —_—
i S ii iii
O. O. 1 O. 1 O. _
CFy CFy ¢ CFy 12 CFy 17710
1 R= 3-(trifluoromethoxy)benzene 13 R= 1,3-dichloro-5-benzene
7 R=1-methoxy-3-benzene 14 R= 1-chloro-4-methylbenzene
8 R= m-toluene 15 R= 4-pyridine
9 R= 3-(trifluoromethyl)benzene 16 R= 3-pyridine
10 R= 1-ethynyl-3-benzene 17 R= 2-pyrazine
11 R= 1-bromo-3-benzene 18 R= 3-thiophene
12 R= 1-chloro-3-benzene 19 R= 2-furan

Scheme 2. General scheme for the synthesis of compounds 1, 7-19. Reagents and conditions: i)
hydrazinecarbothioamide, 3-(trifluoromethoxy)benzoyl chloride, THF, 24 h, r.t. ii)1¢c, IPA, KI (0 °C), 5M
NaOH, DBDMH, 1 h at <10 °C. jii) 1a, acid derivatives, EtOAc, pyridine, T3P, 40 °C, 18 h.

Conclusions

In conclusion, we have identified an oxadiazole derivative as antitubercular agent
through experimental screening using in-house and external libraries. We
successfully obtained through a comprehensive SAR study two potent derivatives 12
and 13 with enhanced antibacterial activity against Mtb (with and without the
presence of the bovine serum albumin) and a range of Gram-positive pathogens,
along with low cytotoxicity. Further biological evaluation and investigation of these
two frontrunners is currently ongoing to determine their mode of action against Mtb

as well as their ADMET profiling.
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Materials and methods

Starting materials and solvents were purchased from commercial suppliers and used
without further purification. Reaction progress was monitored using TLC silica gel 60
F254 aluminum sheets with a suitable solvent mixture and was visualized using UV
fluorescent at 254 nm.

Proton ("H) and carbon ('*C) nuclear magnetic resonance spectra were recorded on
a Bruker AV 500 MHz spectrometer ("H at 500.0 MHz; *C at 126.0 MHz) instrument.
The chemical shifts are recorded as & values in parts per million (ppm) and the
coupling constants (J) in Hertz (Hz) and referenced against residual deuterated
solvent peak (Chloroform (CDCls): 6= 7.26, 77.2; Dimethyl sulfoxide (DMSO-ds): 6=
2.50, 39.5; acetone-ds (((CD3).CO): 6= 2.05, 29.84). Data are reported as follows:
chemical shift, multiplicity (s: singlet, br s: broad singlet, d: doublet, dd: doublet of
doublets, t: triplet, dt: doublet of triplets, q: quartet, m: multiplet) coupling constants
and integration.

Purification of products was performed via different methods: 1) Flash
chromatography using the automated flash chromatography system CombiFlash Rf+
(Teledyne Isco, Lincoln, NE, USA) equipped with RediSepRf silica columns (Axel
Semrau, Sprockhdvel Germany). 2) Preparative high-performance liquid
chromatography (HPLC) using an UltiMate 3000 Semi-Preparative System (Thermo
Fisher Scientific) with nucleodur® C18 Gravity (250 mm x 16 mm, 5 pm). Separation
was done using gradient 5-100% ACN + 0.05% FA in H,O + 0.05% FA in 53 min at a
flow rate of 10 mL/min and end with a 5 min step at 100% ACN. The sample was
dissolved in DMSO and manually injected to the HPLC system.

Liquid chromatography-mass spectrometry was performed on a LC-MS system,
consisting of a Dionex UltiMate 3000 pump, autosampler, column compartment and
MWD or DAD detector (Thermo Fisher Scientific, Dreieich, Germany) and ESI
quadrupole MS (MSQ Plus or ISQ EC, Thermo Fisher Scientific, Dreieich, Germany).
Columns used: 1) Hypersil Gold column, 100 x 2.1 mm, 3 pm. At a flow rate of 700
pL/min, the gradient of H,O (0.1% FA) and ACN (0.1% FA) starting from 5% ACN and
then increased to 100% over 7 min. 2) Hypersil Gold column, 100 x 1.9 mm, 2.1 pm.

At a flow rate of 600 pL/min, the gradient of H,O (0.1% FA) and ACN (0.1% FA) started
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from 5% ACN and then increased to 100% over 5.5 min. The mass spectrum was
measured in positive and negative mode in a range from 100-600 m/z. The UV
spectrum was recorded at 254 nm.

High-resolution mass spectra (HR-MS) were recorded with a ThermoScientific
system where a Dionex Ultimate 3000 RSLC was coupled to a Q Exactive Focus mass
spectrometer with an electrospray ion (ESI) source. An Acquity UPLC® BEH C8, 150 x
2.1 mm, 1.7 pm column equipped with a VanGuard Pre-Column BEH C8,5x 2.1 mm,
1.7 pm (Waters, Germany) was used for separation. At a flow rate of 250 pL/min, the
gradient of (A) H,O + 0.1% FA and (B) ACN + 0.1% FA was held at 10% B for 1 min and
then increased to 95% B over 4 min. It was held there for 1.2 min before the gradient
was decreased to 10% B over 0.3 min where it was held for 1 min. The mass spectrum
was measured in positive or negative mode in a range from 120-1000 m/z. UV
spectrum was recorded at 254 nm. The purity of the finalcompounds was determined

by using the area percentage method on the UV trace and found to be >95%.

Abbreviations

Acetone ((CD;).CO), acetonitrile (ACN), chloroform (CDCl;), cesium carbonate
(Cs,CO0O3), dichloromethane (DCM), dimethylformamide (DMF), dimethylsulfoxide
(DMSO), ethyl acetate (EtOAc), formic acid (FA), hydrochloric acid (HCL), isopropanol
(IPA), lithium hydroxide (LiOH), methanol (MeOH), sodium hydride (NaH), sodium
hydroxide (NaOH) propanephosphonic acid cyclic anhydride 50% in ethyl acetate
(TsP), sodium sulfate (NazS0,), tetrahydrofuran (THF),
Tetrakis(triphenylphosphine)palladium (Pd(PPhs).), trifluoroacetic acid (TFA), water
(H20). Other abbreviations used are: aqueous (aq.), calculated (calcd), equivalents
(equiv.) hours (h), HRMS (high-resolution mass spectrometry), minutes (min), room

temperature (rt), saturated (sat.) part(s) per million (ppm).
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Synthesis procedure of compounds 1-19

General procedure for amide coupling (GP1) using carboxylic acid derivatives (1,

7-19):
@)
N’N\ N-N >\‘R1
| D—NH, 0 [ >—NH
@) T5P, pyridine @)
* R OH ¢ EtOAC
O\
CFs O<cr,

In a round-bottomed flask, the corresponding acid (1 equiv.) and 5-(3-
(trifluoromethoxy)phenyl)-1,3,4-oxadiazol-2-amine (1a) (1.1 equiv.) were dissolvedin
EtOAc (0.15 M) and pyridine (70 equiv). Propylphosphonic anhydride (TzP) 50%
solution in EtOAc (14 equiv.) was then added, and the reaction was stirred at 40 °C
for 18 h. Afterwards, The mixture was poured onto water (25 mL), acidified by HCL (1
M) to pH 5-6 and was extracted with EtOAc (30 mL x 3). The organic layers were dried
over MgSQ,, filtered, and the solvent was removed under reduced pressure. The
crude obtained was purified by preparative HPLC (Gradient flow “10mL/min”,

H,O:ACN + 0.1% FA, 5% to 100% ACN) to afford the respective product.

General procedure for suzzuki coupling (GP-2) (2—4, 5a and 6a):

In a microwave-compatible reaction vial, aryl halide (1 equiv.), aryl boronic acid ((3-
(trifluoromethoxy)phenyl)boronic acid) 2b (2 equiv. or 3.5 equiv), Na,CO; (4 equiv)
and [Pd(PPH5;)4] (0.05 equiv.) were dissolved in dioxane/water (4:1) solvent mixture.
The vial was placed in the microwave, and the reaction mixture was irradiated at 120
°C for 45 min. After cooling, the reaction was poured into H,O, and extracted with
DCM. The organic layers were dried over MgSQO,, filtered and the solvent was removed
under reduced pressure. The crude obtained was purified by preparative HPLC
(Gradient flow “10mL/min”, H,O:ACN + 0.1% FA, 5% to 100% ACN) or by automated
flash chromatography (PE/EtOAc, 100:0 — 0:100) to afford the respective product.
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2-(3-(Trifluoromethoxy)benzoyl)hydrazine-1-carbothioamide (1c¢)

) H To hydrazinecarbothioamide (2 g, 8.9 mmol) and THF (30 mL),
H/N\[S]/NHZ 3-(trifluoromethoxy)benzoyl chloride (1.217 g, 13.35 mmol)

was added dropwise at 0 °C using anice bath. The mixture was

O\CFs stirred at room temperature under nitrogen atmosphere for 24

h. The mixture was quenched by the addition of water and alkalized using a saturated
aqueous solution of NaHCO;. Afterward, THF was evaporated, and the product was
washed with water, filtered under vacuum and collected as white powder (1.4 g,
70%). '"H NMR (500MHz, DMSO-ds) 4 10.56 (s, 2H), 9.38 (s, 2H), 7.92 (d, J = 7.2 Hz,
4H), 7.85 (s, 2H), 7.63 (t, ) = 7.9 Hz, 2H), 7.58 (d, J = 6.9 Hz, 1H). *C NMR (126 MHz,
DMSO-ds) 6 182.04,164.41,148.13, 134.84,130.44, 126.98, 124.31, 120.

5-(3-(Trifluoromethoxy)phenyl)-1,3,4-oxadiazol-2-amine (1a)

N-N Compound 1c (1 g, 3.58 mmol) was filled into a flask and
[ D—NH, . . o
0 suspended in IPA (20 mL). The suspension was mixed with a
solution of potassium iodide (178.34 mg, 1.07 mmol) in water
o\CF3 (1.5 mL). The reaction was cooled to 0 °C on anice bath,anda 5

M solution of NaOH (214.86 mg, 5.37 mmol) was added. 1,3-Dibromo-5,5-
dimethylimidazolidine-2,4-dione (767.94 mg, 2.68 mmol) dissolved in ACN (9 mL)
was added dropwise while the temperature was maintained below 10 °C. Afterward,
the reaction was aged for 1 h below 10 °C. The reaction mixture was quenched using
NaHCO; saturated (0.25mL), and waterwas added. The pH was adjusted to >12 using
a saturated solution of NaHCO;. Excess solvent was evaporated under reduced
pressure, then water (30 mL) was added, and mixture was extracted with EtOAc (30
mL x 3). The organic solvent was then dried over MgSQ,, filtered and evaporated
under reduced pressure. Purification was done using automated flash
chromatography (PE/EtOAc, 100:0 — 0:100) affording compound 1a (750 mg, 85%)
as a yellow solid. "H NMR (500 MHz, DMSO-ds) 6 7.82 (d, J = 7.9 Hz, 1H), 7.72 - 7.65
(m, 2H), 7.53 (d, J = 9.5 Hz, 1H), 7.39 (s, 2H). "*C NMR (126 MHz, DMSO-ds) 5 164.34,
156.27,148.87 (q,)=2.3Hz),131.87, 126.56, 124.20, 122.95, 120.19 (q, ) = 256.9 Hz),
117.19. LC-MS calcd for CoH,;F3N;0, [M+H]*: 246.05 found 246.08.
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3-(Trifluoromethoxy)-N-(5-(3-(triflLuoromethoxy)phenyl)-1,3,4-oxadiazol-2-
yl)benzamide (1)
@ According to GP1, T;P (0.6 mL, 2.04 mmol) was added to

N-N
| %Nﬁ‘Q a solution of 3-(trifluoromethoxy)benzoic acid (30 mg,
o)

F3C/O 0.145 mmol) and amine 1a(39.5 mg, 0.16 mmol) in EtOAc

o. (0.9 mL) and pyridine (0.9 mL) to afford after preparative
o HPLC compound 1 (30 mg, 47%) as a white solid. '"H NMR
(500 MHz, (CD3).CO) 6 8.20 (d, J = 7.7 Hz, 1H), 8.07 (d, J = 8.3 Hz, 2H), 7.93 (s, 1H),
7.80 (t, ) =8.0 Hz, 1H), 7.74 (t, ) = 8.0 Hz, 1H), 7.64 (t, ) = 9.1 Hz, 2H). **C NMR (126
MHz, (CD;).C0O) 8 150.36 (g, J=2.1 Hz), 150.01 (g, ) =2.1 Hz), 132.52,131.61, 128.25,
127.23, 126.82, 126.12, 126.00, 125.09, 121.86, 121.43 (q, J = 256.5 Hz), 119.45,
119.39 (q, J = 256.5 Hz). HR-MS calcd for Ci7;HsFsN:O, [M-H]™: 432.04245 found

432.04250.

2,6-bis(3-(Trifluoromethoxy)phenyl)benzo[d]oxazole (2)
According to GP2, 2,6-dichlorobenzo[d]oxazole (100 mg,
’\f 0.53 mmol), 2b (383.36 mg, 1.86 mmol), Na,CO; (225.5
mg, 30.73 mmol) and [Pd(PPhs).] (61.47 mg, 0.026 mmol)
O\CF3 in 5 mL dioxan/H,O mixture afforded after preparative
HPLC compound 2 (85 mg, 36%) as an off-white solid. 'H
NMR (500 MHz, CDCl;) 6 8.21 (d,J=7.8 Hz, 1H), 8.13 (s, 1H), 7.85 (d, ] = 8.3 Hz, 1H),
7.79(d,J=1.6Hz, 1H), 7.62-7.56 (m, 3H), 7.52-7.48 (m, 2H), 7.41 (d, )= 5.8 Hz, 1H),
7.27 =7.22 (m, 1H). *C NMR (126 MHz, CDCl;) 6 162.38, 151.56, 149.93 (q, J = 1.8
Hz), 149.83 (d, J = 1.8 Hz), 142.92, 141.97, 137.99, 130.73, 130.45, 129.10, 126.06,
125.90, 124.63, 124.18, 120.68 (q, J = 257.4 Hz), 120.61 (q, J = 257.8 Hz), 120.62,
120.27, 120.15, 120.03, 109.49. HR-MS calcd for C,1H::FsNO3 [M+H]": 440.07159

found 440.0719.

2,7-bis(3-(Trifluoromethoxy)phenyl)quinolone (3)
According to GP2, 7-bromo-2-chloroquinoline (100 mg, 0.412 mmol), 2b (297.21 mg,
1.44 mmol), Na,CO; (174.83 mg, 1.65 mmol) and [Pd(PPhs).] (23.83 mg, 0.02 mmol)

in 5 mL dioxane/H,O mixture afforded after preparative HPLC compound 3 (118 mg,
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64%) as a beige solid. '"H NMR (500 MHz, CDCL;) 6 8.40 (s,
1H), 8.27 (d, J = 8.5 Hz, 2H), 8.11 (d, J = 8.0 Hz, 2H), 7.93
(d,J=8.4Hz, 2H),7.88 (d, J=8.5Hz, 2H), 7.79 (dd, ] = 8.4,

O-cr, F.cC 1.8Hz, 2H), 7.72(d, ) = 8.0 Hz, 1H), 7.64 (s, 2H), 7.55 (dt, |

= 13.8,7.9Hz, 3H), 7.34 (d, J = 8.1 Hz, 1H), 7.28 (d, J =8.2 Hz, 1H). 3C NMR (126 MHz,
CDCL) 5 156.37, 150.06 (q, J = 1.8 Hz), 150.01 (g, J = 2.0 Hz), 148.55, 142.53, 141.72,
141.15, 136.97, 130.49, 130.36, 128.36, 127.95, 126.97, 126.15, 125.96, 125.90,
121.89, 120.73 (q, J = 257.4 Hz), 120.70 (g, J = 257.4 Hz), 120.39, 120.34, 120.19,
119.10. *C NMR (126 MHz, CDCI3) 5 156.40, 150.04 (q, J = 6.4 Hz), 148.55, 142.54,
141.72, 141.19, 137.00, 130.51, 130.38, 128.38, 127.95, 126.98, 126.18, 125.97,
125.93, 121.91, 120.73 (q, J = 257.4 Hz), 120.70 (q, J = 257.4 Hz), 120.41, 120.36,
120.22, 119.13. HR-MS calcd for CysHi4FsNO, [M+H]*: 450.09232 found 450.0925.

2,7-bis(3-(Trifluoromethoxy)phenyl)quinazoline (4)

According to GP2, 7-bromo-2-chloroquinazoline (100 mg,
0.410 mmol), 2b (296 mg, 1.44 mmol), Na,CO; (174.12
mg, 1.64 mmol) and [Pd(PPhs)4] (23.73 mg, 0.02 mmol) in

O- .0 . . .
CF3 FsC 5 mL dioxane/H.O mixture afforded after preparative

HPLC compound 4 (180 mg, 97%) as a white solid. '"H NMR (500 MHz, CDCl;) § 9.49
(s, 1H), 8.59 (d, J = 7.9 Hz, 1H), 8.53 (s, 1H), 8.29 (s, 1H), 8.03 (d, J = 8.4 Hz, 1H), 7.87
(dd, J =8.4,1.8 Hz, 1H), 7.71 (d, ) = 7.9 Hz, 1H), 7.62 (s, 1H), 7.57 (t, J = 8.0 Hz, 2H),
7.37 (d, J =5.9 Hz, 1H), 7.33 (d, J = 8.3 Hz, 1H). *C NMR (126 MHz, CDCLl;) 5 160.49,
160.32, 151.11, 150.06 (q, J = 2.0 Hz), 149.95 (q, J = 2.0 Hz), 145.53, 141.77, 140.23,
130.71,130.12,128.01,127.25,127.00,126.77,126.13,123.21 (d, J=1.8 Hz), 121.31,
121.14, 120.75 (q, J = 257.1 Hz), 120.67 (q, J = 257.8 Hz), 120.38. HR-MS calcd for
C22H15FsN2O, [M+H]":451.08757 found 451.0878.

137



3-(Trifluoromethoxy)-N-(2-(3-(trifluoromethoxy)phenyl)pyrimidin-4-
yl)benzamide (5)
Nﬂ\ o) In a round bottom flask, TEA (95.17 mg, 0.94 mmol, 3
N equiv.) and 3-(trifluoromethoxy)benzoyl chloride (140.8
; mg, 0.626 mmol, 2 equiv.) were added to a solution of
O~cr, F3C/O compound 5a (80 mg, 0.313 mmol, 1 equiv.) in 2 mL DMF.
The reaction was stirred at rt for 6 h. The reaction mixture was poured into H,O and
extracted with EtOAc. The organic layers were dried over MgSQ,, filtered and the
solvent was removed under reduced pressure. The crude obtained was purified by
preparative HPLC (Gradient flow “10mL/min”, H,O:ACN + 0.1% FA, 5% to 100% ACN)
to afford the respective product 5 (30 mg, 21%) as a white solid. '"H NMR (500 MHz,
CDCl;) 68.81(dd, J=5.8,3.0 Hz, 1H), 8.59 (s, 1H), 8.39 (d, J =7.7 Hz, 1H), 8.30 (s, 1H),
8.25(dd, J=5.6, 3.3 Hz, 1H), 7.89 (d, J = 7.3 Hz, 1H), 7.85 (s, 1H), 7.62 (td, J = 8.1, 3.0
Hz, 1H), 7.57 - 7.48 (m, 2H), 7.36 (d, J = 8.2 Hz, 1H). *C NMR (126 MHz, CDCl;)
164.80, 163.10, 159.46, 157.49, 149.94 (q,J = 1.8 Hz), 139.28, 135.56, 130.83, 130.10,
126.55, 125.42, 125.39, 123.50, 120.86, 120.60, 108.83. HR-MS calcd for
C19H10FsN3O3 [M-H]: 442.06318 found 442.06320.

6-(3-(Trifluoromethoxy)phenyl)-1H-indole (6a)
A According to GP2, 6-bromo-1H-indole (100 mg, 0.510 mmol),
O ” 2b (210 mg, 1.02 mmol), Na,CO; (216.25 mg, 2.04 mmol) and
[Pd(PPhs)s] (29.47 mg, 0.025 mmol) in 5 mL dioxane/H,0
F:,,C/O mixture afforded after automated flash chromatography 6a
(121 mg, 85%) as a brown solid. '"H NMR (500 MHz, CDCl;) 8 8.26 (s, 1H), 7.72 (d, ) =
8.2 Hz, 1H), 7.61 -7.56 (m, 2H), 7.49 (s, 1H), 7.45 (t, J = 7.9 Hz, 1H), 7.36 (dd, J = 8.2,
1.6 Hz, 1H), 7.28 (t, J = 2.8 Hz, 1H), 7.17 (d, J = 8.2 Hz, 1H), 6.61 - 6.58 (m, 1H). '*C
NMR (126 MHz, CDCLls) & 149.82 (g, J = 1.8 Hz), 144.59, 136.43, 134.09, 130.07,
127.89, 125.80, 125.40, 121.30, 119.72,109.78, 119.49 (q, ) = 257 Hz) 102.83. LCMS

calcd for C1sH11FsNO [M+H]": 278.078 found 278.10.
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(3-(Trifluoromethoxy)phenyl)(6-(3-(trifluoromethoxy)phenyl)-1H-indol-1-
yl)methanone (6)

In a round bottom flask, NaH was added to a solution of
compound 6a (100 mg, 0.36 mmol, 1 equiv.) in 5 mL DMF.

The reaction was stirred at rt for 30 min and then 3-

O (trifluoromethoxy)benzoyl chloride (97.2 mg, 0.432 mmol,
FaC 1.2 equiv.) was added, and mixture was stirred at rt
overnight . The reaction mixture was poured into H,O and extracted with EtOAc. The
organic layers were dried over MgSQ,, filtered and the solvent was removed under
reduced pressure. The crude obtained was purified by preparative HPLC (Gradient
flow “10mL/min”, H,O:ACN + 0.1% FA, 40% to 100% ACN) to afford compound 6 (88
mg, 52.4%) as dark red oil. '"H NMR (500 MHz, CDCl;) 6 8.67 (d, J =1.7 Hz, 1H), 7.71 -
7.66 (m,2H),7.65-7.61(m, 2H), 7.61-7.56 (m, 2H), 7.53 (s, 1H), 7.48 (dd, J=9.3,6.7
Hz, 2H), 7.30 (d, J = 3.7 Hz, 1H), 7.22 (ddt, J = 8.2, 2.4, 1.2 Hz, 1H), 6.68 (d, ) = 3.7 Hz,
1H). "*C NMR (126 MHz, CDCl;) 6 167.09, 149.86 (q, J = 2.3 Hz), 149.39 (q, ] = 2.3 Hz),
143.76, 137.20, 136.72, 136.41, 130.66, 130.49, 130.22, 127.99, 127.53, 125.99,
124.51,123.83, 123.64, 121.87, 121.69 (q, J = 257.6 Hz), 121.55,120.73 (q, ] = 257.4
Hz), 120.21,119.56, 115.29, 109.24. HR-MS calcd for C,3H14FsNO3; [M+H]": 466.08724

found 466.2642.

3-methoxy-N-(5-(3-(trifluoromethoxy)phenyl)-1,3,4-oxadiazol-2-yl)benzamide (7)
NN O According to GP1, TP (0.9 mL, 3.22 mmol)

F3C/O : ! O\>‘NH Oo_ was added to a solution of 3-
methoxybenzoic acid (35 mg, 0.230 mmol)

and amine 1a (62 mg, 0.253 mmol) in EtOAc (1.5 mL) and pyridine (1.5 mL) to afford
after preparative HPLC compound 7 (25 mg, 29%) as a white solid. 'TH NMR (500 MHz,
DMSO-ds) 6 12.26 (s, 1H), 8.00 (d, J = 7.8 Hz, 1H), 7.85 (s, 1H), 7.78 (t, J = 8.0 Hz, 1H),
7.69-7.58 (m, 3H), 7.48 (t, J=7.9 Hz, 1H), 7.23 (dd, J = 8.3, 2.5 Hz, 1H), 3.85 (s, 3H).
3C NMR (126 MHz, DMSO) 4 164.64, 159.68, 159.28, 158.41, 148.76 (q, J = 2.3 Hz),
133.58, 132.01, 129.87, 125.47, 125.20, 124.26, 120.63, 120.02 (q, J = 257.4 Hz),

119.11, 118.21, 113.09, 55.43. HR-MS calcd for Ci;H1FsNsO4 [M—-H]™: 378.07071
found 378.07090.
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3-methyl-N-(5-(3-(trifluoromethoxy)phenyl)-1,3,4-oxadiazol-2-yl)benzamide (8)

Y O Accordingto GP1, T3P (0.9 mL, 3.08 mmol) was

. C/O ' O\>‘NH added to a solution of 3-methylbenzoic acid
3

(30 mg, 0.220 mmol) and amine 1a (59.4 mg,

0.246 mmol) in EtOAc (1.5 mL) and pyridine (1.5 mL) to afford after preparative HPLC
compound 8 (18 mg, 23%) as a white powder. "H NMR (500 MHz, DMSO-ds) 6 12.19
(s, 1H), 8.00 (d, J=7.8 Hz, 1H), 7.85 (dd, J = 14.3, 8.0 Hz, 3H), 7.78 (t, ] = 8.1 Hz, 1H),
7.66 (d, ) =8.4 Hz, 1H), 7.47 (dt, J=15.0, 7.6 Hz, 2H), 2.41 (s, 3H). *C NMR (126 MHz,
DMSO-ds) 6 164.90, 159.80, 158.29, 148.75 (q, J = 2.3 Hz), 138.10, 133.62, 132.11,
132.01, 128.80, 128.59, 125.48, 125.20, 124.25, 120.02 (q, J = 257.1 Hz), 118.20,
20.88. HR-MS calcd for C47H11F3NsO3 [M—H]: 362.07580 found 362.07540.

3-ethynyl-N-(5-(3-(trifluoromethoxy)phenyl)-1,3,4-oxadiazol-2-yl)benzamide (9)
CN According to GP1, TsP (1 mL, 3.35 mmol) was

@)
N’N\ >X\© added to a solution of 3-ethynylbenzoic acid (35

.0 [ D>—NH
FaC O mg, 0.240 mmol) and amine 1a (64,6 mg, 0.263

mmol) in EtOAc (1.6 mL) and pyridine (1.6 mL)
to afford after preparative HPLC compound 9 (30 mg, 34%) as a white powder. 'H
NMR (500 MHz, DMSO-d;) & 8.46 (s, 1H), 8.33 (d, J = 7.9 Hz, 1H), 8.13 (d, ) = 7.7 Hz,
1H), 8.00 (d, J = 7.8 Hz, 1H), 7.85 (s, 1H), 7.79 (td, J = 7.9, 4.2 Hz, 2H), 7.67 (d, ) = 8.4
Hz, 1H)."*C NMR (126 MHz, DMSO-d;) 4 158.73, 149.09 (q, J = 2.3 Hz), 136.43, 134.21,
133.37, 132.45, 132.36, 130.39, 125.68, 125.54, 124.68, 120.35 (q, J = 257.4 Hz),
118.53, 118.43, 112.11. HR-MS calcd for CisHsFsN;Os [M-H]: 372.06015 found
373.0555.

N-(5-(3-(trifluoromethoxy)phenyl)-1,3,4-oxadiazol-2-yl)
3(trifluoromethyl)benzamide (10)

F g According to GP1, TsP (1.3 mL, 4.42 mmol)

FscO BN was added to a solution of 3-
o N
H (trifluoromethyl)benzoic acid (60 mg, 0.315

mmol) and amine 1a (85.11 mg, 0.347 mmol) in EtOAc (2.1 mL) and pyridine (2.1 mL)

to afford after preparative HPLC compound 10 (55 mg, 42%) as a white powder. 'H
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NMR (500 MHz, CDCl;) 6 8.39 (d, ) =5.9 Hz, 1H), 8.33 (d, ) =7.4 Hz, 1H), 8.01 (dt, J =
15.8, 7.2 Hz, 2H), 7.86 - 7.73 (m, 3H), 7.66 (d, J = 7.3 Hz, 1H). "*C NMR (126 MHz,
DMSO-ds) 6 158.42, 148.76, 133.60, 132.51, 132.00, 130.02, 129.35 (g, /= 16.1 Hz),
127.11,125.37,125.18,124.98(q, /J=10.6 Hz), 124.30,121.85(q, J=312.5Hz),119.39
(g, /] = 256.9 Hz), 118.19. HR-MS calcd for C;HsFsN:O3; [M-H]™: 416.04753 found
416.0478.

3-bromo-N-(5-(3-(trifluoromethoxy)phenyl)-1,3,4-oxadiazol-2-yl)benzamide (11)
F3C’O ,},_E\ o Br According to GP1, TsP (0.9 mL, 3.13 mmol) was
@/40 ”»\Q/ added to a solution of 3-bromobenzoic acid (45
mg, 0.224 mmol) and amine 1a (60.4 mg, 0.246
mmol) in EtOAc (1.5 mL) and pyridine (1.5 mL) to afford after preparative HPLC
compound 12 (32 mg, 33%) as a white solid.'H NMR (500 MHz, DMSO-ds) 4 12.40 (s,
1H), 8.23 (s, 1H), 8.02 (dd, J=14.5, 7.6 Hz, 2H), 7.90 - 7.84 (m, 2H), 7.78 (t, ] = 8.0 Hz,
1H), 7.67 (dd, ) =8.3, 2.4 Hz, 1H), 7.54 (t, ) = 7.9 Hz, 1H). "*C NMR (126 MHz, DMSO-
ds) 5 163.65, 160.09, 158.38, 149.07, 135.97, 134.69, 132.36, 131.30, 131.24, 130.50,
127.82,125.64 (d, J = 21.6 Hz), 124.66, 122.16, 120.35 (q, J = 257.4 Hz), 118.55. HR-
MS calcd for C1sHsBrFsNsOs [M—H]: 425.97066 found 425.9712.

3-chloro-N-(5-(3-(trifluoromethoxy)phenyl)-1,3,4-oxadiazol-2-yl)benzamide (12)
F3C’O ';l_g\ 0 ci According to GP1,T;P (0.9 mL, 3.13 mmol) was
@AO ”»\Q/ added to a solution of 3-chlorobenzoic acid (35
mg, 0.223 mmol) and amine 1a (60.3 mg, 0.246
mmol) in EtOAc (1.5 mL) and pyridine (1.5 mL) to afford after preparative HPLC
compound 13 (16 mg, 19%) as a white solid. 'H NMR (500 MHz, DMSO-ds) 4 8.09 (s,
1H), 8.00(d,J=7.8 Hz,2H), 7.84 (s, 1H), 7.77 (t,J=8.0Hz, 1H), 7.73 (d, J = 8.1 Hz, 1H),
7.66 (d, J = 10.5 Hz, 1H), 7.60 (t, J = 7.9 Hz, 1H). *C NMR (126 MHz, DMSO-ds) &
159.12,148.92 (q,)=1.8 Hz), 133.52,132.64, 132.17,130.77,129.14, 128.31, 127.29,
125.70, 125.32, 124.37, 120.19 (d, J = 257.4 Hz), 118.31. HR-MS calcd for
C16HsClF3NsO3[M-H]: 382.02118 found 382.02150.
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3,5-dichloro-N-(5-(3-(trifluoromethoxy)phenyl)-1,3,4-oxadiazol-2-yl)benzamide
(13)

Y @) According to GP1, T;P (0.86 mL, 2.93 mmol)
0 I \>‘NH Cl was added to a solution of 3,5-
FaC ©
dichlorobenzoic acid (40 mg, 0.209 mmol)

cl and amine 1a (56.5 mg, 0.230 mmol) in EtOAc

(1.4 mL) and pyridine (1.4 mL) to afford after preparative HPLC compound 9 (30 mg,
34%) as a white powder. '"H NMR (500 MHz, DMSO-ds) 4 8.05 (d, J = 1.9 Hz, 2H), 7.99
(d,J=7.8Hz, 1H), 7.94 (s, 1H), 7.84 (s, 1H), 7.78 (t, ) = 8.0 Hz, 1H), 7.67 (d, ] = 8.2 Hz,
1H). *C NMR (126 MHz, DMSO-ds) 6 158.83, 149.25 (q, J = 2.0 Hz), 134.99, 132.57,
132.53,127.66, 125.79,125.72,124.89, 120.51 (d, ) = 256.9 Hz), 118.71. HR-MS calcd
for C16H;CL,F3N3;03 [M—-H]™: 415.98220 found 415.9826.

2-(4-chlorophenyl)-N-(5-(3-(trifluoromethoxy)phenyl)-1,3,4-oxadiazol-2-
yl)acetamide (14)

Y m/m According to GP1, TsP (0.97 mL, 3.28
,O\©/“\O\>‘NH mmol) was added to a solution of 2-(3-

chlorophenyl)acetic acid (40 mg, 0.234

FsC

mmol) and amine 1a (63.2 mg, 0.258 mmol) in EtOAc (1.6 mL) and pyridine (1.6 mL)
to afford after preparative HPLC compound 14 (25 mg, 27%) as an off-white powder.
'H NMR (500 MHz, DMSO-d;) 6 7.93 (d, J =7.8 Hz, 1H), 7.78 (s, 1H), 7.74 (t, ] = 8.0 Hz,
1H), 7.63 (d, J = 8.4 Hz, 1H), 7.41 (d, J = 8.4 Hz, 2H), 7.35 (d, J = 8.4 Hz, 2H), 3.81 (s,
2H). *C NMR (126 MHz, DMSO-d;) 6 168.43, 159.15, 157.76, 148.75 (q, J = 2.3 Hz),
133.51,131.97, 131.65, 131.40, 128.31, 125.49, 125.09, 124.11,120.00 (q, ) = 257.4
Hz), 118.07, 41.51. HR-MS calcd for C4;H1cCIFsNsOs; [M-H]: 396.03683 found
396.03609.

N-(5-(3-(trifluoromethoxy)phenyl)-1,3,4-oxadiazol-2-yl)isonicotinamide (15)

According to GP1, T5P (1.2 mL, 3.98 mmol) was added to a solution of isonicotinic
acid (35 mg, 0.284 mmol) and amine 1a (77 mg, 0.313 mmol) in EtOAc (1.9 mL) and
pyridine (1.9 mL) to afford after preparative HPLC compound 15 (29 mg, 29%) as a
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NN yellow powder. '"H NMR (500 MHz, DMSO-d¢) &

£.cO ' O\>*NH 0 8.83 (d, ) = 5.5 Hz, 2H), 8.00 (d, J = 7.8 Hz, 1H),
[ ] NN 7.96-7.91(m, 2H), 7.85 (s, 1H), 7.78 (t, ) = 8.0 Hz,

1H), 7.67 (d, J = 8.3 Hz, 1H). '3C NMR (126 MHz, DMSO-ds) 5 164.42, 159.19, 158.33,
150.53, 148.74 (g, ) = 2.5 Hz), 139.85, 132.03, 125.35, 125.24, 124.37, 121.90, 120.02

(g, J = 257.1 Hz), 118.23. HR-MS calcd for C1sHsFsN4Os [M—HT: 349.05540 found
349.05560.

N-(5-(3-(trifluoromethoxy)phenyl)-1,3,4-oxadiazol-2-yl)nicotinamide (16)

Y According to GP1, T3P (1.2 mL, 3.98 mmol) was

F3C/O\©/“\O\>\NH = /N added to a solution of nicotinic acid (35 mg,

N 0.284 mmol) and amine 1a (77 mg, 0.313 mmol)
in EtOAc (1.9 mL) and pyridine (1.9 mL) to afford after preparative HPLC compound
15 (25 mg, 25%) as a white powder. '"H NMR (500 MHz, DMSO-ds) §9.18 (d, J = 2.3 Hz,
1H), 8.82(d, J = 5.0 Hz, 1H), 8.38 (dt, J = 8.0, 2.1 Hz, 1H), 8.01 (d, J=7.8 Hz, 1H), 7.85
(s, 1H), 7.78 (t, J = 8.1 Hz, 1H), 7.67 (d, J = 8.3 Hz, OH), 7.63 — 7.57 (m, 1H). *C NMR
(126 MHz, DMSO-ds) 6 159.34, 158.42, 153.17,149.34, 148.76, 148.75 (d, /= 2.2 Hz),

136.12, 132.02, 128.60, 125.41, 125.21, 124.31, 123.68, 120.02 (q, J = 257.4 Hz),
118.20. HR-MS calcd for CysHgF3N4O3; [M—H]: 349.05540 found 349.05560.

N-(5-(3-(trifluoromethoxy)phenyl)-1,3,4-oxadiazol-2-yl)pyrazine-2-carboxamide
(17)

Y According to GP1, TsP (1 mL, 3.38 mmol) was

F3C/0\©/‘/\O\>\NH N/ /N added to a solution of pyrazine-2-carboxylic acid

v (30 mg, 0.242 mmol) and amine 1a (65 mg, 0.266
mmol) in EtOAc (1.6 mL) and pyridine (1.6 mL) to afford after preparative HPLC
compound 17 (35 mg, 41%) as a white powder. '"H NMR (500 MHz, DMSO-ds)  12.49
(s, 1H),9.32(d, J=1.4 Hz, 1H),8.99 (d, J = 2.5 Hz, 1H), 8.86 (t, ) =2.0 Hz, 1H), 8.01 (d,
J=7.8Hz, 1H), 7.86 (s, 1H), 7.78 (t, ] = 8.0 Hz, 1H), 7.66 (d, J = 8.2 Hz, 1H). "*C NMR
(126 MHz, DMSO-ds) 6 162.28, 160.08, 157.70, 148.76 (q, J = 4.6 Hz), 148.60, 144.59,

143.70,143.60, 132.05, 125.36, 125.27, 124.39, 120.02 (q, ) = 256.9 Hz), 118.28. HR-
MS calcd for C14H;F3sNsO3 [M-H]: 350.05065 found 350.0509.
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N-(5-(3-(trifluoromethoxy)phenyl)-1,3,4-oxadiazol-2-yl)thiophene-3-
carboxamide (18)

\ O According to GP1, T;P (0.96mL, 3.28 mmol) was

-N

F30/0\©/“\O\>‘NH I \\ added to a solution of thiophene-2-caroboxylic
S acid (30 mg, 0.234 mmol) and amine 1a (63 mg,

0.258 mmol) in EtOAc (1.5 mL) and pyridine (1.5 mL) to afford after preparative HPLC

compound 18 (28 mg, 34%) as a white solid. "TH NMR (500 MHz, DMSO—-d) 4 12.15 (s,

1H), 8.56 (d, J=3.4Hz, 1H), 8.00(d,J=7.8 Hz, 1H), 7.84 (s, 1H), 7.77 (t,J = 8.0 Hz, 1H),

7.74-7.62 (m, 3H). *C NMR (126 MHz, DMSO-ds) 6 159.65, 158.26, 148.76, 135.35,

132.43, 132.00, 127.67, 127.31, 125.52, 125.17, 124.21, 120.02 (q, J = 257.4 Hz),
118.17. HR-MS calcd for C14H;F3N303S [M-H]: 356.03112 found 356.0221.

N-(5-(3-(trifluoromethoxy)phenyl)-1,3,4-oxadiazol-2-yl)furan-2-carboxamide (19)
NN o) According to GP1, T;P (1.1 mL, 3.75 mmol) was
F3C/O\©/“\O\>§NHJKE> added to a solution of furan-2-carboxylic acid (30
mg, 0.268 mmol) and amine 1a (72 mg, 0.294
mmol) in EtOAc (1.8 mL) and pyridine (1.8 mL) to afford after preparative HPLC
compound 19 (32 mg, 35%) as a white solid. "TH NMR (500 MHz, DMSO-ds) 4 12.28 (s,
1H), 8.04 (s, 1H), 7.99 (d, J=7.7 Hz, 1H), 7.84 (s, 1H), 7.77 (t, ) =8.0 Hz, 1H), 7.66 (d, J
= 8.4 Hz, 1H), 7.57 (s, 1H), 6.76 (s, 1H). *C NMR (126 MHz, DMSO-ds) é 159.38,
158.04,155.27,148.75 (d, J=2.0 Hz), 147.55, 145.87,131.99, 125.47,125.16, 124.21,
120.02 (d, J=257.4 Hz), 118.16, 117.29, 112.49.HR-MS calcd for C14H;FsN3zO4 [M-HT
338.03941 found 338.03980.
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Biological evaluation

MIC determination in Mycobacterium tuberculosis

Mycobacterium tuberculosis strain H37Rv (ATCC 27294) was used for all compound
efficacy testing. Cultures were routinely grown in, and MIC assays performed in, 7H9
medium supplemented with 0.4 % (w/v) glucose, 0.085 % (w/v) NaCl, 0.05 % (w/v)
tyloxapol, and either 0.5 % (w/v) BSA (“ADNTy” media) or 0.3 % (w/v) casein
hydrolysate (“CasDNTy” media). Compound efficacy was tested using a broth
microdilution protocol, as previously described (PMID: 34235672) but with a few
modifications. Briefly, clear, U-bottomed 96-well plates were prepared with each test
compound present in an 11 point, 2-fold dilution series. Bacteria were diluted from
an exponentially growing culture in the relevant medium to a final ODgy of 0.001 in
each well (~5000-10,000 cells per well), with each well containing a final volume of
100 pl. Final DMSO concentrations never exceeded 1 % (v/v). Plates were left to
incubate at 37 °C, in ziplock bags within humidified sealed boxes for 7 days, prior to
visual examination of bacterial growth using an inverted mirror device. MIC values
were recorded as the lowest concentration of test compound that was able to inhibit
bacterial growth >95 % relative to untreated controls. Each test compound was
assayed in at least 2 independent experiments, with listed values being the average

of all measurements.
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'H- and "*C-NMR Spectra of the Synthesized Compounds
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Abstract

Biodegradable polymers play acrucialrole inbiomedical applications, particularly as
nanocarriers in drug delivery. While labeling the polymers with fluorescent dyes
facilitates monitoring their biodistribution and post cellular uptake, tracking polymer
degradation within biological systems remains a challenge. This raises important
unanswered questions regarding the fate of the polymers, their degradation
products, and the degree of their degradation within biological systems. In this study,
we developed a novel dynamic biodynamer (BDP-Lys) composed of BODIPY and
lysine-hydrazide monomers linked by reversible dynamic covalent bonds, designed
to control the fluorescence of BODIPY by degradation. The BDP-Lys undergoes pH-
responsive degradation, leading to recovery of quenched BODIPY and enhanced
fluorescence emissions, thereby enabling direct monitoring of intracellular polymer
degradation. Physicochemical characterization revealed its molecular weight,
filament-like morphology, and a notable 12-fold increase in fluorescence intensity at
acid-induced degradation. In vitro studies demonstrated excellent biocompatibility,
efficient cellular uptake and a threefold increase in fluorescence due to polymer
degradation in mammalian cells, resulting in a maximum of 17.07% monomer
release in the first 24 h. Thus, BDP-Lys emerges as a promising tool for exploring
polymer behavior in biological systems, providing real-time insights into degradation

and offering new opportunities to address unresolved questions in the field.

Keywords: biodegradable polymer; biodynamers; fluorescent labeling; BODIPY

Introduction

Biodegradable and biocompatible polymers have attracted significant attention,
emerging as a prominent area of research in drug delivery and biomedical
applications, due to their adaptable functional properties in biological environments.
Such polymers often serve as nanocarriers capable of encapsulating, protecting,
delivering, and releasing various therapeutic agents in a controlled and targeted
manner [1-4]. Labeling of these nanocarriers using imaging agents like fluorescent
dyes enables the monitoring of their biodistribution and cellular uptake within the

tissues, making them available in biological studies and diagnostics [5,6].
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Most current fluorescent labeling techniques are achieved through chemical dye
conjugation to polymeric carriers or direct encapsulation of dyes in nanocarriers
during particle formation [7-10]. However, it is important to note the limitations of
both labeling approaches. For instance, while encapsulation of fluorescent dyes
allows monitoring of dye release, it also poses risks of uncontrollable leakage and
quenching, potentially affecting biodistribution and altering the interpretation of
polymer breakdown [11]. More importantly, the release of encapsulated dye is often
associated with dissociation or disassembly of the polymeric nanocarriers as a
consequence of polymer degradation. Thus, the real-time tracking of the degradation
process with this approach is highly challenging or most likely impossible, as it is
difficult to distinguish between polymer breakdown and nanocarrier disassembly
[9,12,13], and few study [14] effectively monitor and track polymer breakdown in situ

within biological systems.

Covalent dye conjugation offers theoretically the most stable labeling, provided that
the dye remains attached during polymer degradation. Nonetheless, fluorescence
imaging or measurements primarily tracks the fluorescence signal of the dye, making
it difficult to distinguish whether the signal originates from the nanoparticle, the
polymer itself, or the released dye, which complicates the interpretation of such data
[15]. Typically, it is recommended to keep fluorescent labels within a weight
percentage of 0.1-5% of the polymer in order to minimize structural changes and
effects of polymer degradation. Another argument is to avoid changes in Corona
formation and nano-bio interactions of such drug carriers [16,17]. Regardless of
molecular weight of dye covalent labeling there are still challenges in accurately
assessing polymer breakdown and accumulation, especially after exposure to
biological systems, as various degradation pathways can occur without affecting any
of the labeled units —whether it is through breaking bonds along the polymer chain or
removing monomers from ends. Moreover, the presence of the conjugated dye can
alter the degradation of the polymer, potentially affecting both in-chain and end-
chain degradation mechanisms such as hydrolysis, oxidation, or enzymatic cleavage

[15,18-20].
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Concerns regarding the biocompatibility and potential toxicity of the dyes or the
degraded polymers before or after degradation might arise and further complicate
their interaction and application in vivo [21,22]. Although the stability, toxicity, and
leakage issues of the labeling methods are frequently evaluated [23-26], each study
employs different nanoparticles and techniques for individual dyes, making it
challenging to identify the best strategy for particle labeling preparation with the
desired fluorescent properties. Thus, while fluorescent labeling of polymeric carriers
or its encapsulated cargo is convenient for initial biodistribution studies, it does not
provide insight into polymer degradation, accumulation, and fate following cellular
uptake. This highlights the need for new approaches to effectively monitor these

processes.

Biodynamers have emerged from the application of constitutionally dynamic
chemistry to polymer science, with their polymerization occurring through reversible
dynamic covalent bonds (DCB), most often imines and acylhydrazone bonds [27,28].
They undergo spontaneous physical and chemical modification via bond forming,
bond breaking, and exchange of biologically inspired monomers under specific
conditions. As a result, the inherent properties of biomolecular monomers and
reversible DCB equip biodynamers with numerous advantages such as
biocompatibility, biodegradability, biofunctionality, tuneability, and self-healing
capabilities, making them the ideal stimuli-responsive materials for versatile

applicationsinthe biomedicalfield, particularly as polymers for nanocarriers[29,30].

In our previous studies, we reported a carbazole-based biodynamer (CA-Lys)
composed of water-soluble carbazole dicarboxaldehyde (CA) and lysine hydrazide,
which exhibits significant pH-dependent changes in both morphology and
fluorescence properties [31]. Upon polymerization, the spherical micelles of the CA
monomer transformed into rigid nanorods, accompanied by a pronounced redshiftin
fluorescence emission as the pHincreases from pH 3 topH 13. This shiftis attributed
to the protonation effects on the carbazole fluorophores, which alter their conjugated
systems and optical properties [31]. Consequently, both polymerization and pH
changes impact fluorescence intensity and spectral characteristics, highlighting the

complex interplay between pH, morphology, and optical behavior in biodynamers.
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In this context, the controlled integration of fluorescent dyes into the biodynamers
offers a promising approach to gaininsightinto the degradation and fate of polymers.
Herein, we present a novel biodynamer (BDP-Lys) capable of monitoring intracellular
polymer degradation. The BDP-Lys was desighed to dynamically reactivate and
enhance fluorescence emission upon degradation under acidic environments within
cells (Figure 1). It is composed of two key monomers: on one hand, BODIPY-
dialdehydes (BDP), consisting of a hydrophobic and fluorescent aromatic core and a
hydrophilic hexaethylene glycol (HG) chain on its meso-position, and on the other
hand, lysine hydrazides (Lys). BODIPY, known for their fluorescence properties,
offers a high fluorescence quantum yield, sharp emission/absorption in UV-visible
range that is barely affected by pH environment [32], low toxicity, and is widely used
in bioimaging and sensors applications [33,34]. Conversely, lysine hydrazide, a
derivative of an amino acid, serves as a versatile building block with pharmaceutical
applications [35]. First, we report the design and synthesis of BDP-Lys, followed by
investigating its characteristics in terms of size, morphology, optical, and pH-
responsive behavior using several physical methods. Next, we evaluated its
compatibility with mammalian cells and performed the first studies for cellular

uptake, and in situ degradation within the cells.

BDP%

»2° i rgi)_;%
/ \ . - 1
K ’d‘ ‘\\ O
)

’ S iii. Depolymerization
’ e
% 7 4 -> dequenching

quuenchmg / o - ,.\
& ’, y
PTTY Lo

BDP-Lys ’\‘.

Dynamic polymerization Intracellular
at acidic pH acidic compartment

Figure 1. Schematic illustration of BDP-Lys dynamer, highlighting i) its polymerization under acidic pH
in cuvette and ji) its fluorescence quenching, followed by cellular-uptake, and jii) its fluorescence

activation upon degradation in situ within the biological system under acidic pH.
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Materials and methods

General information

Reagents and dry solvents like dimethylformamide (DMF), dichloromethane (DCM)
and dichloroethane (DCE) were purchased from the highest commercial sources and
used as received, unless otherwise stated. Normal solvents were purchased as
technical grade and used as received. Lysine methyl ester (H-Lys-OMe.2HCIl) was
purchased from Fluorochem Ltd. (Karlsruhe, Germany). All air- or moisture-sensitive
reactions were carried out in dried solvents and in oven-dried glassware (>100 °C)
under an atmosphere of nitrogen or argon. Thin layer chromatography (TLC) was
performed with 0.25 mm E. Merck silica plates (60F-254), with a suitable solvent
system and was visualized using UV fluorescence (254 & 366 nm).

Purification of the products was done via Column chromatography using either the
automated flash chromatography system (normal phase) CombiFlash Rf+ (Teledyne
Isco, Lincoln, NE, USA) equipped with RediSepRf silica columns (Axel Semrau,
Sprockhovel Germany), or the automated flash chromatography system (reversed
phase) Pure C-850 Flashprep (BUCHI, Switzerland) equipped with TELOS C18 flash
columns.

Product purity was determined by a 1) Liquid chromatography-mass spectrometry
(LC-MS) system, featuring a Dionex UltiMate 3000 pump, autosampler, column
compartment and MWD or DAD detector (Thermo Fisher Scientific, Dreieich,
Germany) and ESI quadrupole MS (MSQ Plus or ISQ EC, Thermo Fisher Scientific,
Dreieich, Germany). Columns used: a) Hypersil Gold column, 100 x 2.1 mm, 3 um. At
a flow rate of 700 yL/min, the gradient of water (H,0O) + 0.1% formic acid (FA) and
acetonitrile (ACN) + 0.1% FA starting from 5% ACN and then increased to 100% over
7 min. b) Hypersil Gold column, 100 x 1.9 mm, 2.1 ym. At a flow rate of 600 yL/min,
the gradient of H,O + 0.1% FA and ACN + 0.1% FA started from 5% ACN and then
increased to 100% over 5.5 min. The mass spectrum was measured in positive and
negative mode in a range from 100-1000 m/z. 2) High-resolution mass spectra (HR-
MS) were recorded with a ThermoScientific system where a Dionex Ultimate 3000
RSLC was coupled to a Q Exactive Focus mass spectrometer with an electrosprayion

(ESI) source. An Acquity UPLC® BEH C8, 150 x 2.1 mm, 1.7 pm column equipped with
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aVanGuard Pre-Column BEHCS8,5x2.1 mm, 1.7 um (Waters, Germany) was used for
separation. At a flow rate of 250 yL/min, the gradient of (A) H.O + 0.1% FAand (B) ACN
+ 0.1% FA was held at 10% B for 1 min and then increased to 95% B over 4 min. The
mass spectrum was measured in positive mode in a range from 120-1000 m/z.

Proton ('H) and carbon (C) nuclear magnetic resonance (NMR) spectra were
recorded on a Bruker Avance Neo 500 MHz spectrometer ('"H at 500.0 MHz; °C at
126.0 MHz) using deuterated solvents as an internal reference (Chloroform (CDClLs):
7.26 ppm 'H NMR, 77.2 ppm "*C NMR; Dimethyl sulfoxide (DMSO-ds): 2.50 ppm 1H
NMR, 39.5 ppm "*C NMR). The chemical shifts are recorded in parts per million (ppm)
and the coupling constants (J) in Hertz (Hz). The following abbreviations were used for
NMR peaks multiplicities (s: singlet, br s: broad singlet, d: doublet, dd: doublet of

doublets, t: triplet, g: quartet, m: multiplet).

Synthesis of monomers and polymer BDP-Lys
2,5,8,11,14,17-hexaoxanonadecan-19-yl 4-methylbenzenesulfonate (1)

A solution of hexaethyleneglycolmonomethylether (2.5 g, 8.44 mmol) and
trimethylamine (TEA) (1.35mL, 9.7 mmol) in dry DCM (10 mL) was set stirringinanice
bath, and a solution of tosyl chloride (1.69 g, 8.86 mmol) in dry DCM (20 mL) was
added dropwise over a period of 20 minutes (min). The ice bath was then removed,
and the reaction was stirred at room temperature (r.t.) for 14 hours (h) followed by the
addition of a 1M hydrochloric acid solution (20 mL) and H,O (30 mL). The resulting
mixture was extracted with DCM. The organic phase was washed with brine (50 mL),
dried over sodium sulfate (Na,SQOy,), filtered and concentrated to a yellow oil, which
was subject to automated flash chromatography (DCM/methanol (MeOH), 100/0 —»
95/5), yielding as a product a colorless 0il (3 g, 79%). '"TH NMR (500 MHz, CDCl;) 6 7.78
(d,J=8.2Hz, 2H), 7.33 (d, ) =8.4 Hz, 2H), 4.14 (t,) =9.7 Hz, 2H), 3.68 — 3.53 (m, 22H),
3.36 (s, 3H),2.43 (s, 3H). ®*C NMR (126 MHz, CDCl;) 6 144.89, 133.11, 129.92, 128.08,
72.03 - 68.77,59.13, 21.74. LC-MS calculated (calcd) for C20H340sS [M+H]*: 451.20,
found 451.30.

4-((2,5,8,11,14,17-hexaoxanonadecan-19-yl)oxy)benzaldehyde (2)
To a solution of 4-hydroxybenzylaldehyde (500 mg, 4.09 mmol) and tosyl group 1 (1.84
g, 4.09 mmol) in 20 mL dry DMF were added caesium carbonate (Cs.CO;) (4.34 g,
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13.31 mmol) and sodiumiodide (Nal) (6.14 mg, 40.94 pmol). The reaction mixture was
stirred at r.t. overnight. Then, H,O was added, and the resulting mixture was extracted
with EtOAc. The organic layer was dried over Na,SO,, filtered and concentrated under
reduced pressure. The crude product was purified via automated flash
chromatography (DCM/MeQOH, 100/0 — 90/10) affording of the desired product 2 (1.4
g 85 %) as a yellow oil. '"H NMR (500 MHz, CDCl;) 6 9.88 (s, 1H), 7.82 (d, ] = 6.8 Hz,
2H), 7.02 (d, ) =8.7 Hz, 2H), 4.23 - 4.19 (m, 2H), 3.90 - 3.87 (m, 2H), 3.73 - 3.53 (m,
20H), 3.37 (s, 3H). *C NMR (126 MHz, CDCl;) 6 190.66, 163.71, 131.80, 129.89,
114.73,71.78,70.76,70.48 - 70.36, 69.32. LC-MS calcd for C»H3,0s [M+H]*: 401.22,
found 401.43.

10-(4-((2,5,8,11,14,17-hexaoxanonadecan-19-yl)oxy)phenyl)-5,5-difluoro-1,3,7,9-
tetramethyl-5H-414,5(4-dipyrrolo[1,2-c:2',1'-f][1,3,2]diazaborinine (3)

To a heat dried Schlenk tube equipped with a magnetic stirring bar, the corresponding
aldehyde 2 (850.0 mg, 2.12 mmol) and 2,4-dimethyl-1H-pyrrole (444.3 mg, 4.67
mmol) were dissolved in 60 mL dry DCM under nitrogen atmosphere. Trifluoroacetic
acid (TFA) (185.2 pL, 2.42 mmol) was added and the resulting mixture was stirred
overnight at r.t. in the dark. After complete consumption of the aldehyde, which was
monitored on LC-MS, Dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) (578.2 mg, 2.55
mmol) was added, and the reaction was stirred for an additional 1 h. Then, TEA (2.2
mL, 12.74 mmol) and boron trifluoride etherate (BF;-Et,0) (2.2 mL, 17.91 mmol) were
added and mixture left to stir at rt. for another 1 h. The resulting crude was
concentrated in vacuum and purified via automated flash chromatography
(DCM/MeOH, 100/0 — 90/10) affording a reddish fluorescent solid (500 mg, 38 %). 'H
NMR (500 MHz, CDCls) 6 7.15 (d, J = 8.5 Hz, 2H), 7.02 (d, J = 8.5 Hz, 2H), 5.97 (s, 2H),
4.18 (t,)=4.7 Hz, 2H), 3.90 (t, ) = 4.7 Hz, 2H), 3.75 - 3.56 (m, 20H), 3.37 (s, 3H), 2.54
(s, 6H), 1.42 (s, 6H). *C NMR (126 MHz, CDCl;) 6 159.75, 155.64, 143.55, 142.21,
132.22,129.55,127.60, 121.49,115.57, 72.33, 71.30, 70.98 (m), 70.13, 67.88, 59.44,
14.99. LC-MS calcd for CsHsBF2N,0O; [M-H]: 617.32, found 617.66.
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10-(4-((2,5,8,11,14,17-hexaoxanonadecan-19-yl)oxy)phenyl)-5,5-difluoro-1,3,7,9-
tetramethyl-5H-514,6l4-dipyrrolo[1,2-c:2',1'-f][1,3,2]diazaborinine-2-carbaldehyde
(4)

Under nitrogen atmosphere, phosphoryl chloride (POCLs) (11.4 mL, 122.80 mmol) was
added dropwise to dry DMF (11.3 mL, 146.56 mmol) while maintaining the
temperature below 25 °C (cooling in anice bath). After complete addition, the mixture
was stirred for 30 min at r.t. Compound 3 (490 mg, 0.792 mmol) was dissolved in 60
mL dry DCE, and carefully added. The temperature was raised to 50 °C and the
reaction mixture was stirred for 2 h. After cooling to r.t., the mixture was slowly poured
into a cooled sat. aqg. solution of sodium bicarbonate (NaHCO3) (100 mL) and further
stirred for 60 min. Then, H,O (20 mL) was added, and the resulting mixture was
extracted with DCM (3 x 50 mL). The combined organic phases were dried over
Na,SO,, filtered and solvents were removed under vacuum. The crude product was
subject to an automated flash chromatography (DCM/MeQOH, 100/0 — 90/10) yielding
4 (410 mg, 80%) as ared fluorescent solid. '"H NMR (500 MHz, CDCl;) 4 10.00 (s, 1H),
7.15(d, J=8.5Hz, 2H), 7.05(d, J =8.5 Hz, 2H), 6.13 (s, 1H), 4.19 (t, J= 4.7, 2H), 3.91 (t,
J=4.7Hz, 2H), 3.75-3.62 (m, 20H), 3.36 (s, 3H), 2.80 (s, 3H), 2.60 (s, 3H), 1.70 (s, 3H),
1.46 (s, 3H). *C NMR (126 MHz, CDCl;) 6 185.95, 161.42, 159.81, 156.38, 147.35,
143.74,142.89,134.49,130.18,128.98, 126.26, 123.90, 115.53,71.92, 70.65 - 70.53,
69.69, 67.58, 59.05, 15.10, 13.02, 11.81. LC-MS calcd for C3sHssBF2N,Os [M+H]":
647.33, found 647.67.

10-(4-((2,5,8,11,14,17-hexaoxanonadecan-19-yl)oxy)phenyl)-5,5-difluoro-1,3,7,9-
tetramethyl-5H-414,5(4-dipyrrolo[1,2-c:2',1'-f][1,3,2]diazaborinine-2,8-
dicarbaldehyde (BDP)

Under nitrogen atmosphere, POCL; (8.9 mL, 95.9 mmol) was added dropwise to dry
DMF (8.8 mL, 114.5 mmol) while maintaining the temperature below 25 °C using an
ice bath. After complete addition, the mixture was stirred for 30 min at r.t. To this
mixture was added 4 (400 mg, 0.618 mmol) in 80 mL dry DCE and the reaction was
stirred for additional 5 h at 60 °C. After cooling to r.t., the mixture was slowly poured
into a sat. aqg. solution of NaHCO; (100 mL) under ice conditions, and further stirred

for 60 min. Then, H>O (20 mL) was added, and the resulting mixture was extracted with
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DCM (3 x 50 mL). The combined organic phases were dried over Na,SO4, filtered and
solvents were concentrated under vacuum. The crude product was purified using
automated flash chromatography reversed phase (H.O:ACN + 0.05% FA, gradient
flow 5% to 100% ACN for 30 min) to afford the respective product BDP (110 mg, 26 %)
as red-green, fluorescent solid. '"H NMR (500 MHz, CDCls) 6 10.05 (s, 2H), 7.16 (d, J =
8.5Hz,2H),7.10(d,)J=8.5Hz, 2H), 4.22 -4.19 (m, 2H), 3.94-3.90 (m, 2H), 3.77 -3.57
(m, 20H), 3.36 (s, 3H), 2.86 (s, 6H), 1.76 (s, 6H). *C NMR (126 MHz, CDCl;)  185.54,
160.42, 160.14, 148.24, 147.41, 132.14, 128.59, 127.87, 125.40, 115.79, 71.81,
70.81,70.48,70.40,69.51,67.54,58.92,13.64, 12.21. HRMS calcd for C3sH4sBF2N,0¢
[M+H]*: 675.32598, found 675.32837.

Lysine Hydrazide (Lys)

To a solution of L-Lysine methyl ester dihydrochloride (200 mg, 0.86 mmol) in
anhydrous MeOH (4 mL) was added hydrazine hydrate (w% of N,H,64-65%) (0.25 mL,
6.86 mmol) and the reaction was stirred at r.t. for 24 h. After the completion of the
synthesis, MeOH was removed under vacuum (60°C, 20 mPa). Finally, 4 mL distilled
H,O is added to the product and freeze dried overnight to remove excess hydrazine
hydrate. The product Lys (80 mg, 80%) was obtained as a transparent oil. Care was
taken to avoid exposure to moisture. '"H NMR (500 MHz, D,0) 6 3.49 (t, J=6.6 Hz, 1H),
3.03-2.97 (m, 2H), 1.74- 1.65 (m, 4H), 1.44 -1.32 (m, 2H).

Synthesis of BDP-Lys

BODIPY-dialdehydes (BDP) and lysine hydrazide (Lys) monomers were dissolved in
deuterated DMSO with 10 mM deuterated acetic acid (pH 3.0) to achieve 20 mM
concentration. Then, they were mixed at 1:1 molar ratio to yield a final concentration
of 10 mM. The mixture was left reacting for 48 h at r.t. and excluded from light. The
polymerization completion was monitored by 'H NMR at different time points,
showing depletion of the aldehyde peak and successful polymerization (Figure S7).
The formed BDP-Lys were lyophilized without any washing step assuming complete
consumption of the BDP monomers as indicated by the absence of aldehyde peaks.
Another indication of successful polymerization is the change in color from light-red

fluorescent to dark purple color with time.
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Structure characterization of BDP-Lys

Size Exclusion Chromatography (SEC)

SEC was carried out determining the molar mass distributions (D), weight average
molecular weight (M), number average molecular weight (M,) employing a setup
consisting of a 515 HPLC pump by Waters, a Rl Waters 2410 and an UV Waters 2487
as the detectors and a PSS Gram column setup (30 A, 2x1000 A) at 60 °C. DMF with 1
g L LiBr was used as the eluent with a flow rate of 1 mL min™ and calibration were

carried out using PEG standards from PSS.

Cryogenic Transmission Electron Microscopy (cryo-TEM)

Cryo-TEM images of the biodynamer were obtained using a JEM-2100 LaBs (JEOL,
Akishima, Japan) microscope. A droplet (3 uL) of the molecular biodynamer solution
(1 mg/ml, in a mixture of 10 % DMSO in H,0) was placed on a S147-4 holey carbon
film (Plano, Germany) and blotted to a thin liquid film for 2 s. Afterward the sample
was plunged at T= 108 K into liquid ethane using a Gatan (Pleasanton, USA) CP3 cryo
plunge system and transferred under liquid nitrogen to a Gatan 914 cryo-TEM holder
operating at T= 100 K. Then cryo-TEM measurements were performed at an

accelerating voltage of 200 kV at low-dose conditions.

Small-Angle Neutron Scattering (SANS)
Characterization of the BDP-Lys was carried out with SANS on D11 beamline at the
Institut Laue-Langevin at Grenoble (ILL, France). By varying the wavelength of the

incident beam and the sample to detector distance one can access the scattering
4 . 0 . .
vectorq = fsmg where 6 is the angle between the direct and the scattered beam.

Three sets of wavelength A and sample to detector distance D were used (A=11.5 (A),
D=17.6 (m); A=6 (A), D=17.6 (m); A =6 (&), D=5.6 (m) allowing to measurement with
scattering wavevectors q of 4.7x10%< q (A7) £ 1.4x102 3.7x10%< q (A") < 0.6, 1.1x10-
2< g (A") £ 0.7. Conversion to absolute intensity units (cm™) followed classical data
reduction procedures that are correct for empty cell, electronic background, detector
response and normalization by the attenuated beam. The incoherent scattering
leading to a plateau at the high qregion of the scattering curve of the sample is due to

hydrogen atoms coming from the macromolecule and the solvent. Incoherent
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scattering masks structural correlations therefore it has been substracted from the
data. The high g data can be fitted by a Guinier expression for the form factor of the

cross-section:

R%q2

I1(q) = ge_T Equation (1)

Where A = pAp?ma,, a. is the section area of the filaments, R, the radius of gyration
of the cross section, ¢ the volume fraction of monomers and Ap the difference in the

scattering length density between the solvent and the scattering object.

The scattering intensity for a centosymmetric objectis given by
I = @VAp?P(q)S(q) Equation (2)
Where
¢ : volume fraction of repeating units
V the volume of the scattering object, i.e. of the N repeating units (monomers) in a
chain
P(q) : the form factor

S(q) : the structure factor

Small-Angle X-Ray Scattering (SAXS)

SAXS measurements with the the Xeuss 2.0 diffractometer were performed at CEA-
Saclay, at a wavelength A of 1.54 A. For low scattering vectors range a sample-to-
detector distance of 2500 (mm) was used with a collimation slit of 0.6 x 0.6 (mm) and
0.5 x 0.5 (mm), at the collimation distance of 1200 (mm). For the high g range the
sample to detector distance was set at 540 (mm), the collimation slits dimensions
were 1.2x 1.2 and 0.8 x 0.8 (mm) with a collimation distance at 1200 (mm).

The scattering wavevectors investigated were in the range of 4.4x102 (A")< q<1.1(A")
and standard procedures were employed for reducing the data to absolute units
(cm").

n;b;

———— where n; is
mxv/Ny

For SANS the scattering length density is determined by p =

number of atoms of the monomer or solvent, b; the scattering length, N4 is the
Avogadro’s number, mis the molar mass of monomer or solvent, and v is the specific

volume of the repeating unit (or solvent molecule).
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The scattering length b; is for neutrons depends on the isotope as neutrons interact
with the nucleus of the atom. Unlike, for SAXS the electron cloud of the atom
determines the propability for the scattering and so b; is replaced by the Z; X 7, where
Z; is the atomic number of the i*" atom and r.=2.81x107"3 (cm) is the electron radius.
In Table 2. the scattering length densities p, the contrast term Ap have been
calculated for the whole BDP-Lys monomer unit, for the different parts of the dynamer

as well as the solvent.

Quenching of BDP-Lys fluorescence and absorbance

BDP and BDP-Lys were diluted in a solvent mixture of 1% DMSO in H,0O containing 1%
polyvinyl alcohol (PVA) to achieve a final concentration of 25 uM. The fluorescence
emission and absorbance scan before and after polymerization was measured using
microplate reader (Infinite 200 PRO, Tecan Instruments, Mannedorf, Switzerland), by
taking 180 uL of the final solution into a black-96 well plate. For emission scan, the
samples were excited at A= 470 nm and highest emission for monomer/polymer was
A=520 nm/ 550 nm (broad) respectively.

Based on preliminary experiments, we selected a 470 nm excitation wavelength for
effective BDP monomer excitation and used it consistently to compare monomeric

and polymeric BDP-Lys, highlighting its degradation and fluorescence enhancement.

Dequenching of BDP-Lys by pH-responsive degradation

To analyze pH-responsive fluorescence emission, BDP-Lys and BDP monomer were
each diluted in a mixture of 1% DMSO in the corresponding buffer solutions (10 mM
containing 1% PVA) to achieve a final concentration of 25 uM. The buffer solutions
used included phosphate buffers at pH 3, 7.4, and 11, acetate buffer at pH 5, and
carbonate buffer at pH 9. Fluorescence intensity was measured using the microplate
reader, by taking 180 pL of the final solution into a black-96 well plate, with excitation
at A=470 nm and emission at A= 520 nm at various time intervals (0, 1, 3, 6, 9, 24, 48,
72, and 94 h) in each pH media.

The effect of pH on the absorbance of BDP-Lys and BDP monomer was carried out

following the same procedure as the fluorescence measurements, with absorbance
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specifically measured at 502 nm. The experiment was independently performed

twice, with triplicates.

Fluorescence monitoring of BDP with sodium ascorbate in pH 3

BDP monomer were diluted in a mixture of 1% DMSO in the respective phosphate
buffer (pH 3, 10 mM with 1% PVA) with or without sodium ascorbate (E301), to achieve
a final concentration of 25 yM. The first sample contained BDP diluted solely in the
pH 3 buffer. The second sample included BDP diluted in pH 3 buffer containing 250
UM E301 (prepared by dissolving 0.5 mg of E301 in a 10 mL pH 3 buffer). In the final
sample BDP was diluted in pH 3 buffer containing 20 mM E301 (prepared by dissolving
40 mg of E301 in a 10 mL pH 3 buffer). Fluorescence intensity was measured at
various time intervals (0, 1, 3, 6, 9, 24, 48, 72, and 94 h) using a microplate reader. 180
pL of each solution was transferred into a black 96-well plate for measurements. The
excitation and emission wavelengths were set at A= 470 nm and A= 520 nm,
respectively. These measurements were used to observe the fluorescence behavior
ofthe monomerinthe presence and absence of E301. The experiment was performed

twice, each with duplicates samples.

pH-responsive degradation of BDP-Lys

Dialysis was performed using a membrane with a molecular cut-off of 6 kDa. BDP-Lys
was dissolved in DMSO: H,0 (1:1) at a concentration of 300 pg/mL and loaded into
the membrane. The sealed dialysis membrane was then immersed in a beaker
containing 100 mL of each respective buffer solutions (10 mM containing 1% PVA of
each phosphate buffer pH 3, pH 7.4 and acetate buffer pH 5). The dialysis was carried
out at 37 °C with gentle stirring for 3 days. At various time points (0, 3,6, 9, 24, 48, 72
h), 180 pL aliquots were withdrawn from the dialysate. The degraded amount of BDP-
Lys was determined by measuring the absorbance at A= 502 nm using the microplate
reader. Calibration curves were done using BDP monomer. Dialysis experiments were

conducted twice in triplicates.

Cytotoxicity assay
A549 cells were seeded into 96 well plates with 20 000 cells/well in RPMI medium

supplemented with 10% FCS. The plate was incubated until cells reached 95%
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confluency with fresh medium added every 2 days. On the day of the experiment, the
medium was removed. Then, the cells were washed twice with HBSS buffer and
treated with the desired concentration of BDP-Lys (25, 50, 100, 200 and 400 pg/mL)
and BDP monomer (31, 63, 125, 250 and 500 pg/mL) in HBSS. The dead control was
2% TritonX-100 in HBSS, and the live control was HBSS. The cells were incubated at
150 rpm shaking at 37° C with 5% CO.. After 4 h, the treatment was removed, and the
cells were washed once with HBSS. 100 uL HBSS + 10 pL PrestoBlue™ Cell Viability
Reagent were added on the cells for 4 h while shaking. Fluorescence was measured
by the plate reader at an excitation of 570 nm and an emission of 610 nm. % Viability

was calculated as follows:

% viabilit Fl.of sample — Fl.of dead control 100%
= *
O VHADHIY = Tl of live control — Fl.of dead control 0

Cellular uptake assay

To prepare our labeled BDP-Lys for cellular uptake studies, we began by preparing
BDP-Lys as a 40 mM solution and Alexa Fluor 594 (AF594) as a 2 mM solution in DMSO.
Subsequently, equal volumes of the two solutions were mixed to achieve the desired
molar ratio: 20 mM product with 5% dye incorporation. The mixture was allowed to
stir for 24 h at r.t.,, shielded from light. Subsequent purification was performed by
washing the sample with 0.01% TEA using an Amicon Ultra filter, employing a
centrifugation step at 5000 g for 10 minutes and repeating this wash process three
times to eliminate all unbound AF594. Finally, the purified product was lyophilized
and used as-is for further experiments.

A549 cells were seeded on a black 24-well plate with transparent bottom at a density
of 100 000 cells/well for CLSM imaging. After 48 h incubation, cell medium was
exchanged and further incubated until cells reached 90-95% confluency. The cells
were washed with HBSS buffer (x2) and then the desired labelled BDP-Lys-594 (500,
100,50 and 10 ug/mL) in HBSS (500 yL) was added. After 4 hincubationat 37 °C, cells
were washed again with HBSS (x2) and fixed using 4% paraformaldehyde (PFA) (500
pL) for 30 min at r.t. After rinsing with HBSS (x2), cells nuclei were stained for 20 min

with DAPI (Sigma; 0.5 pg/mL in HBSS). Cells were washed with HBSS and membrane
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was stained using Concanavlin A Alexa Fluor 633 Conjugate (Fisher Scientific; 5
pg/mL). After rinsing with HBSS, cells were analyzed by CLSM.

Confocal Laser Scanning Microscopy (CLSM): Images acquisition was performed
using Fluotar VISIR 25x/0.95 water and the following settings were used: BD-Lys-594
fluorescent (excited at 561 nm, 2% laser intensity) was detected between 590-610
nm. For DAPI and Concanavlin A, the emission filters were set between 410-466 nm
(excited at 405 nm, 10% laser intensity) and 650-776 nm (excited at 633 nm, 1% laser
intensity), respectively. Confocal z-stacks were recorded in a range of 50 pm and

images were processed with the Leica Application Suite (LAS) X Software.

In vitro BDP-Lys degradation

50,000 A549 cells were seeded in 250 yl RPMI medium supplemented with 10% FCS
in half of the wells of a 48-well plate (Ref 677180, Greiner Bio-One GmbH,
Frickenhausen, Germany) and incubated for 24 h. Then, cells were washed twice with
HBSS and 250 ul PBS was added to three wells containing cells and three empty wells.
To these 6 wells, BDP-Lys was added at a concentration of 20 pyg/well and cells were
incubated at 37 °C in a 5% CO, atmosphere. After 4 h, wells containing cells were
washed twice with PBS and 250 ul PBS was added again. The 48-well plate was put
inside a standard humidity cassette (large, Tecan Trading AG, Switzerland) containing
6 mL deionized H.0 in each reservoir and the cells were incubated at 37 °C and 5%
COy in the Tecan SparkCyto (Tecan Trading AG, Switzerland) for 48 h. Cells were
imaged at baseline (t=0 h) and after 48 h using both brightfield and green
fluorescence channels. Fluorescence images were captured with an LED intensity set
to 80% and an exposure time of 70 ms. Additionally, fluorescence intensity of allwells
containing BDP-Lys was measured every 6 h using an excitation wavelength of 470+

15 nm and an emission wavelength of 520+ 10 nm with 4x4 reads taken per well.

Estimating the degradation of polymer intracellularly vs time

20,000 A549 cells were seeded into 48-well plate. Cells were left to grow until 90%
confluency. Before t0 by 4 h, 20 ug/well of BDP and BDP-Lys were added into separate wells.
Cell control wells were included for the background subtraction later and cells were
incubated in a 37 °C with 5% CO,. At 0 h (after 4 h incubation), cells were washed and PBS

was added, then fluorescence emission scan was measured between 500 and 700 nm, by
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exciting the samples at 470 nm using the microplate reader, with a manual gain of 80 at 0 h
and 24 h.

The fluorescence signal (Flita) Was subtracted from the average cell fluorescence (Flceu) to get
the pure polymer or monomer fluorescence (pFl)

PFl = Fliotar — Fleen

Then the degree of polymerization or monomer portion (M Index) was estimated for the
monomer and polymer at 0 h and 24 h via the ratio between fluorescence at 518 and 578 nm,
using the following equation:

pFlSlSnm

M index =
pFl578nm

Finally, degree of degradation was estimated via the following equation:

M indexpolymer at24n — M indexpoblmer at Oh

Degradation (%) = —— -
M indexyonomer at 24n — M lndexpolymer at oh

Two replicates were conducted, and standard deviation was calculated.

Results & discussion

Synthesis of Monomers

The corresponding monomers BDP and Lys were prepared as illustrated in Scheme
1A (detailedin Scheme S1). The synthesis began with 4-hydroxybenzaldehyde, which
was converted to substituted aryl aldehyde 2. BODIPY cores are usually constructed
by the condensation reaction between a carbonyl group and a pyrrole followed by in
situ complexation with boron trifluoride etherate (BF3:Et,O) in the presence of a base
[86]. Compound 3, therefore, was obtained from reacting 2,4 dimethylpyrrole with
arylaldehyde 2, followed by treatment of the reaction mixture with each BF;-OEt, and
TEA. Subsequently, both formyl groups were introduced via a Vilsmeier-Haack
reaction, in a two-step process, yielding the corresponding monomer BDP as a red
fluorescent compound. The synthesis of the Lys monomer was achieved by treating
L-Lysine methyl ester dihydrochloride with hydrazine hydrate in MeOH. The chemical
structures of each monomer were characterized by '"H NMR and C NMR

spectrometry (Figures S1-S6).
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Scheme 1. (A) Synthesis of monomers BODIPY-dialdehydes (BDP) and lysine hydrazide (Lys).
Reagents and conditions: i. 1, Cs,COgz, Nal, DMF, 12 h; ii. TFA, DDQ, TEA, BF3-OEt,, DCM, 18 h; iii. (4)
DMF, POCl;, DCE, 50 °C 2-5 h, reaction repeated twice to generate the di-aldehyde structure; iv. NoH,,
MeOH, 24 h. HG = (CH,CH,)sOMe. (B) Hexaethylene glycol conjugated BDP and Lys polymerized

reversibly into biodynamers by acylhydrazone and imine bond formation in acidic medium (pH 3.0).

Synthesis of BDP-Lys

We generated BDP-Lys biodynamer (BDP-Lys) using reversible C=N bond formation.
It is a condensation reaction between aldehydes and primary amines or hydrazides,
known as the Schiff-base reaction. Formed imines and acylhydrazones often exhibit
rapid interconversion rates between formation and hydrolysis, particularly under
acidic conditions [37]. The polycondensation of BDP and Lys monomers (Scheme 1B)
was carried out at a 1:1 molar ratio with a final concentration of 10 mM in a solvent

mixture of DMSO and acetic acid. After 48 h at r.t.,, BDP-Lys polymerization was
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monitored by '"H NMR spectroscopy (Figure S7). Notably, during the reaction, the
aldehyde C-H resonance at 6= 10.0 ppm was completely depleted after 48 h,
indicating the consumption of BDP monomers through imine and acylhydrazone
bond formation. These bond formations are evident around 6= 12.0 ppm. Extreme
peakbroadeninginthe aliphatic region is atypical feature of polymers, mainly caused

by intramolecular interactions.

In the context of polymerization selectivity, a-position amines are known to be more
reactive than e-position amines and predominantly participate in biodynamer
polymerization. This higher reactivity of a-amines is attributed to their greater
nucleophilicity, as the adjacent carbonyl group enhances electron density and
stabilizes the developing positive charge. Furthermore, cation-1t and electrostatic
interactions restrict the accessibility of e-amines, which are more susceptible to be
protonated than a-amines, thereby favoring a-amines as the preferred sites for imine

bond formation [38,39].

Molecular weight estimation of BDP-Lys

The resulting polymers were injected into SEC to confirm the polymerization. The
measurements of BDP-Lys were carried out in DMF with PEG standard at a
concentration of 0.6 g/L. A molar mass of approximately M,= 10 000 g/mol, with a
dispersity (P) value of 10.4 has been observed after the polymerization (Figures S8),

suggesting a broad molecular-weight distribution.

This broad dispersity can be attributed to the specific polymerization conditions, the
underlying mechanisms and the fact that the polymer was analyzed without
purification to allow a direct comparison with the previously reported biodynamer. In
the case of the previously CA-based biodynamer, the hydrophobic CA core gained
water solubility due to the attached hydrophilic HG chains, allowing polymerization
in an aqueous environment following a nucleation-elongation (N-E) mechanism [38-
40]. A key feature of N-E polymerization is the formation of a critical polymer chain
length, after which elongation becomes more favorable than initiating new chains.
This process was driven by the enhanced stability of CA-based biodynamer, resulting

from hydrophobic interactions and m-1t stacking, and folding of CA core units.
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Meanwhile, the hydrophilic HG chains extended into the solvent, promoting a more
stable and controlled nucleation-elongation process [38]. In contrast, BDP-Lys
polymerization was conducted in DMSO due to the poor BDP solubility in water, even
in the presence of the hydrophilic HG chain. DMSO, being a polar aprotic solvent,
ensured the solubility of both monomers, facilitating polymerization. However, these
conditions weaken the N-E mechanism by decreased hydrophobic interaction
between the monomers, and accelerate the reaction kinetics, which was observed by
the immediate color change fromred to purple upon lysine addition. This fast reaction
rate likely caused uncontrolled nucleation events and a broad distribution of chain
lengths, reflected in the wide dispersity observed in SEC measurements. To obtain a
refined BDP-Lys biodynamer, further optimization of polymerization conditions or
modification of monomer structures to enhance their water solubility may be

necessary.

Structure analysis of BDP-Lys

To provide complementary information on the structure of the BDP-Lys, a certain set
of experimental techniques has been found to be useful in the context of
biodynamers, including cryogenic transmission electron microscopy (cryo-TEM) [41],
small-angle neutron (SANS) [42], and X-ray (SAXS) scattering [43]. Figure 2A shows a
micrograph of a vitrified solution about 200-300 nm thick at c= 1 g/L (in a mixture of
10% DMSO in H20). The image shows polydisperse rod-like filaments of various
lengths (8-100 nm) with random orientations relative to the plane of observation and
with a high optical density cross-section suggesting a local molecular packing [39].
The inset displays a magnified image of a long filament larger than 60 nm. A common
feature is that filaments are rigid over long lengths. They also appear to exhibit regular
sequences of alternating gray and black regions of higher electronic contrast along
the main axis of the filaments. The inset of Figure 2A allows for the measurement of a
cross-sectional diameter of Dc-TEM= 4 nm. This dimension is larger than the
monomer unit diameter (Dmon<11 A (calculated by Avogadro excluding HG)),
indicating a well-defined local organization and molecular packing inside the

assemblies, as previously observed for similar biodynamers [31].
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To obtain more precise insights on the local structure and conformation of the
assemblies, we employed SANS and SAXS, complementary techniques well-suited

for probing structural parameters and molecular organization over the range of 1-30

nm.
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Figure 2. (A) Cryo-TEM image of BDP-Lys at a concentration of 1 g/L in a mixture of 10% DMSO in H,0.
(B) Scattering patterns for BDP-Lys: SANS measurements of solution of BDP-Lys at a concentration of
5 g/L in a mixture of 10% d-DMSO in DO (black squares) and SAXS measurements at a concentration
of 3 g/L in a mixture of 10% DMSO in H,0 (blue squares). The scattering intensity of the sample was
measured at three different configurations of wavelength A and sample to detector distance D (11.5
(A)=17.6 (m), 6 (A)-17.6 (m), 6 () = 5.6 (M)). Inset: The high q data were fitted using a Guinier model
for the cross section (red line) giving a characteristic radius of gyration R, of 1 5A forthe cross section.
A typical SANS scattering pattern representing the variation of the scattered intensity
with the magnitude of the scattering wave-vector g can be visualized in Figure 2B for
BDP-Lys at the concentration c=5g/L. The absence of a Guinier plateau, associated
with objects of finite mass and size, in the low g region indicates that the size of the
self-assemblies is larger than 30 nm. Instead, we observe an extended regime which
can be described by a power law with characteristic exponent equal to -2, as for
Gaussian chains or for a planar 2D local organization or stacking. This g regime is
followed at higherq, i.e., largerthan 0.06 A, by an exponential decay associated with

the cross-sectional dimension of the filaments.
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The high g data can be fitted by a Guinier expression for the form factor of the cross-
section (Equation (1), see materials and methods), and the obtained parameters are
collected in Table S1.

We found a value of 1.5 nm for the cross-sectional radius of gyration, R,
corresponding to a diameter of about D.sans = 3 nm, a value in good agreement with

the section found from the cryo-TEM analysis (Dc1rem = 4 nm). The value of R.is greater

than R, > \/%, which suggests that the section of the filaments assumed to be
circular is not full.

At first sight, the g2 regime could be associated with the random distribution of
monomers as in a Gaussian wormlike chain. However, in this case, we would expect
to observe a q' regime at larger q scattering wavevectors, associated with the rigid
behavior of the chain or filaments for distances smaller than the persistence length
L, which is not the case. Another possibility is that the local organization of the
filaments is planar, asis the case for helical or twisted ribbons. This could explain the
rather large cross-sectional dimensions combined with a relatively small value of the
cross-sectional area ac. This also explains the regular alternations of contrast along
the filaments observed in the cryo-TEM images. It should be noted that the small
deviation from the observed g2 behavior in the very low q range could arise from the
roughness of the 2D interface related to the hydrophilic side chains of the monomers
or from the branching and/or aggregation of the filaments at larger scales, as

observed by cryo-TEM.

More insight into the molecular packing and the hypothetical local 2D organization
can be obtained using SAXS, a technique much more sensitive to the electronically
dense parts of molecules, such as the aromatic groups of the hydrophobic core of
the BDP. As a result, the contrast term Ap for the hydrophobic aromatic core of the
dynameris much larger than that of the hexaethylene glycol chains (Table S2) and the
SAXS signal will be dominated by the aromatic core, while the side chains and lysine
will be invisible. By contrast, SANS is sensitive to the overall scattering objects. The
scattering profile of SAXS displayed in Figure 2B exhibits a clear extended q2 power

law, suggesting that the 2D local organization arises from the packing of the aromatic
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components. A rather weak bending is observed at small q, which, if real, could be
associated with objects of finite size and mass. In this case, one could envisage a
structure that would result from the self-association of small ellipsoids in the form of
filaments. This model would explain why the SEC measurement gives such small

masses (mass of elementary ellipsoids) and why the filaments are so polydisperse.

Quenching of BDP-Lys fluorescence and absorbance

After confirming the structure of the prepared BDP-Lys through various
characterization techniques, its fluorescence properties, arising from these
structural features, were subsequently investigated. As previously discussed,
BODIPYis awell-known fluorescent dye used in biological applications due to its high
fluorescence quantum yield, independence of pH, and excellent photostability.
However, it is also well known for aggregation-induced quenching (AIQ) by H-type
(face-to-face) aggregation [44,45], which can occur during the polymerization, and
can be strategically leveraged in biomedical applications [46]. Given the molecular
packing of the hydrophobic core observed in SANS and SAXS, we expected that

polymerization of BPD-Lys would lead to fluorescence quenching.

At a concentration of 25 uM, BDP monomer exhibited sharp fluorescence emission
and absorbance at Aen= 520 nm and A.s= 502 nm, respectively. In contrast, the
polymeric form BPD-Lys showed complete fluorescence quenching, as expected,
along with a broadened absorbance band and lower intensity compared to the
monomer (Figure 3). In addition to the AlIQ of BODIPY, another possible explanation
for these changes is the introduction of a C=N bond to the BODIPY core, which
facilitates photoinduced electron transfer (PET) processes. The acylhydrazone and
imine bonds formed act as an electron-withdrawing group (EWG), promoting PET
from the BODIPY core to the C=N moiety and leading to fluorescence and absorbance
depletion. These observations align with previous reports [47,48], where C=N bonds
caused a fluorescence turn-off of the BODIPY probe with the potential of re-inducing
a turn-on by the removal of the reversible C=N moiety. Therefore, the formation of
C=N bonds and polymerization-induced aggregation have a big influence on the
photophysical properties of BODIPY, in particular leading to quenching of both

fluorescence and absorbance.

188



~— Abs BDP - - FLBDP
~— Abs BDP-Lys - - FLBDP-Lys

0.8+ - 50000
- 40000
- 30000

- 20000

Absorbance

- 10000

Ajsuaju) Juassaiond

0

T
400 600 800
Wavelenghth (nm)

Figure 3. Opticalchanges by molecular biodynamer formation showing absorbance (straight line) and
fluorescence (dotted line) at a concentration of 25 uM in a mixture of 1% DMSO in H,0, when excited
at A=470 nm. Fluorescent quenching of BDP monomer and the peak shifted from A= 520 nm (dotted
red line) to a broad signal of A=530-560 nm (dotted blue line). Absorbance broadness and shift of BDP

monomer peak after polymerization (blue line).

Dequenching of BDP-Lys by pH

We anticipated that the polymerization-induced quenching of BODIPY could be
reversed through acid-triggered degradation of the biodynamer, as BDP-Lys exhibits
dynamic reversible behavior under acidic conditions due to the acylhydrazone and
imine bonds in the backbone. Therefore, we evaluated the pH effect on the optical
properties of the biodynamer. BDP-Lys was incubated in different buffer solutions (10
mM, pH 3-11) for 96 h at r.t., and the emissions were measured at different time
intervals. As shown in Figure 4A, the fluorescence emission remained stable in
neutral (pH 7.4) and basic environments (pH 9 and 11) throughout the entire
incubation period. However, a significant increase in fluorescence was observed at
pH 3, with a 14-fold increase after 72 h, compared to the other pH conditions.
Additionally, within the first hour of incubation at pH 3, the emission spectrum of
BDP-Lys was broadened. Over the next 6 h, the broad peak gradually shifted to a
single narrow emission at A= 520 nm, corresponding to Amax of the BDP monomer
(Figure 4B). Only protonation by acid alone is unlikely to counteract the AIQ effect
and restore fluorescence. We, thus, believe that this emission increase and shift
under acidic conditions result from the reversal of the previously described

quenching effect, driven by the pH-responsive DCB in BDP-Lys and their subsequent
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hydrolysis into monomers e.g., degradation, indicating that BDP-Lys might be a

useful tool for tracking polymer degradation under acidic conditions.
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Figure 4. pH-responsive optical changes of BDP-Lys: (A) Fluorescence emission recovery of BDP
monomer at Aev= 520 nm in different pH at different time points. Errors bars were obtained from
duplicated experiments (N= 2 and n= 6) (B) Emission shifts at pH 3 as a function of time. Broad peak
shift from around A, = 550-580 nm to a sharp peak at Aem = 520 nm. The concentration of BDP-Lys is

setto 25 yM and 10 mM buffer solutions (pH 3-11) were used.

pH-Dependent fluorescence of BDP

Assuming that monomer release is responsible for the increase in fluorescence
intensity, we also evaluated the possibility of acid-dependent fluorescence changes
of the released monomer before investigating relation of fluorescence increase and
polymer degradation. While investigating the pH effect on BDP, a significant
fluorescence emission increase was observed. The fluorescence emission of the
BDP monomer increased over time after incubation at pH 3 but remained stable in

other media (pH 5-11, Figure 5A).

This fluorescence change is attributed to the presence of the aldehyde groups, which
are prone to protonation and oxidation to carboxylic acid in acidic pH conditions
[49,50]. As EWG, aldehydes canincrease the electron deficiency of the BODIPY core,
facilitating intramolecular charge transfer and PET, both critical for changing
fluorescence. Therefore, the oxidation of the aldehyde group has a possibility of an
enhancement in fluorescence. Additionally, the oxidation to carboxylic acid group
may improve the solubility of BDP, as the hydroxyl and carbonyl group increase

polarity, which can further contribute to fluorescence enhancement [49]. Similar
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behavior has been reported in various studies, where certain BODIPY derivatives
show marked fluorescence enhancement at acidic pH due to the protonation of
respective EWG moieties [51-53] or cleavage of ester group to carboxylic acid [54].
Given that the fluorescence of BDP increase at pH 3 required almost 24 h, we
speculate here that protonation followed by oxidation restored fluorescence

intensity.

To further support this hypothesis, we incubated BDP at pH 3 with the presence of
antioxidant, sodium ascorbate (E301), and analyzed the effectin fluorescence under
conditions that restrict oxidation at low pH. As shown in Figure 5B, the addition of 20
mM E301 suppressed the increase in fluorescence emission, supporting that the
oxidation was involved in the fluorescence enhancement under acidic conditions.
Therefore, not only low pH conditions, such as pH 3, but also reactive oxygen species
(ROS)- and enzyme-mediated oxidation, could potentially enhance the fluorescence
intensity of the monomeric BDP. For example, aldehyde dehydrogenases (ALDH) [55]
are responsible for the oxidation of aldehydes to carboxylic acids and protect living
organisms against oxidative stress [56]. Thus, we expect that the fluorescence
increase of the released monomers after BDP-Lys degradation will be advantageous
feature of the system. Although investigation into enzymatic oxidation of the
monomer in biological systems was not feasible with the current monomer due to the
limited solubility, additional investigations with modified versions of the BDP, and

their pathways will further prove this hypothesis.
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Figure 5. Fluorescent emission spectra of (A) BDP monomer in different pH medium and various time
points. (B) BDP monomer incubated at pH 3 in the presence of E301 (0.25 and 20 mM), highlighting the

impact of the antioxidant on the stability and emission properties of the monomer under acidic pH.
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pH-responsive degradation of BDP-Lys

Next, we monitored BDP-Lys degradation, which might be associated with the
fluorescence increase. Given that the fluorescence of BDP monomer is pH-
dependent, we first confirmed its absorbance stability across different pH levels (pH
3,5and 7.4)to ensure accurate data. The absorbance of the BDP monomer remained
stable and independent of pH changes (Figure S9). Therefore, the degradation degree
of BDP-Lys was determined by measuring the absorbance at 502 nm. Approximately
37% of BDP-Lys degraded into monomers and oligomers smaller than 6 kDa at pH 3
within 72 h. In contrast, about 15% of BDP-Lys degraded in a buffer at pH 7.4 due to
the limited dynamicity of the DCB (Figure 6). This degradation under acidic conditions
(phosphate buffer, pH 3), recovered BODIPY fluorescence by 14-fold during a 72-h
incubation at 37 °C. Considering the correlation between its degradation and the
fluorescence increase, we can conclude that, at acidic pH, biodynamers start to
shorten and fluorescence increases over time due to the polymer degradation with

dynamic nature, followed by oxidation of the BDP.
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Figure 6. Acid-responsive degradation of BDP-Lys at 37 °C (300 ug/mL) in phosphate buffer (pH 3 and
pH 7.4, 10 mM) acetate buffer (pH 5, 10 mM). Errors bars were obtained from duplicated experiments
(N=2and n=3).

The high stability of BDP-Lys under acidic conditions, along with its limited
degradation, is surprising given the inherent reactivity of imine and acylhydrazone
bonds in the polymer backbone. The DCB, which was used in this polymerization
process, is known to be unstable in aqueous media, and its application in polymer
backbones has been very limited [57,58]. However, our previous work demonstrated

that non-covalent bonds within the polymer, hydrophobic interactions and -1t
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stacking, stabilize DCB, leading to enhanced polymerization efficiency and stability
in aqueous media. For example, the CA-Lys biodynamer benefits from -1t stacking
and hydrophobic interactions from the CA group along with cation-mt stacking from
the Lys residue [28,31,38]. This resulted in significantly higher polymerization
efficiency, with a degree of polymerization (DP) reaching 100, compared to
biodynamers without the CA group [31,40]. Moreover, in the case of CA-Lys, 60%
degradation was observed over 72 h at pH 5.0 [59].

For BDP-Lys, these stabilizing effects by non-covalent bonds were further enhanced,
requiring additional conditions to make the DCB irreversible. In fact, BODIPY has a
strong tendency for stacking, resulting in strengthening non-covalent bonds and
significant quenching. Additionally, its limited solubility in aqueous solutions
necessitated the use of DMSO as a solvent for polymerization, unlike CA-Lys. The
increased hydrophobicity and enhanced -1t stacking likely shifted the equilibrium of
DCB further toward bonding, making the polymer more stable to degradation in
aqueous media. Consequently, although a mild acidic condition may be sufficient to
trigger the cleavage of DCB within BDP-Lys, the bond can be later reversibly
recovered under the mild acidic conditions. Thus, higher acidity concentration was
necessary to promote the gradual oxidation of BDP's aldehyde groups, which caused
DCB cleavage and irreversible polymer degradation (Scheme 2). This oxidation can
occur not only at low pH but also by oxidants or intracellular oxidases such as ALDH
as mentioned earlier. Therefore, we hypothesized that the increase in fluorescence
intensity due to polymer degradation, similar to that observed at pH 3, could be
achieved through the induction of degradation under intracellular mild acidic

conditions and the inhibition of reversible reactions by intracellular oxidases.

@
CA—Lys CA----Lys —— > CA + Lys
pH 5 pH 5
low concentration
® *
BDP—-Lys BDP----Lys ——————» BDP + Lys

low concentration
Scheme 2. Mechanism of both biodynamers CA-Lys and BDP-Lys: In CA-Lys, pH 5 with low
concentration promotes degradation to monomers and irreversible DCB cleavage. In BDP-Lys, mild
acidic conditions initiate DCB cleavage and degradation, while higher acidity (e.g., pH 3) triggers

oxidation of BDP aldehyde to BDP*, makingthe DCB irreversible and enhancing fluorescence.
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Cell Viability of BDP-Lys and their degradation products

Therefore, to examine the degradation of BDP-Lys within cells, its cytotoxicity was
first confirmed. Cell viability of our biodynamer was conducted in the mammalian
cell line A549, using Presto Blue as an indicator. The results in Figure 7A show no
significant toxicity of BDP-Lys across the tested concentration range, confirming its
biocompatibility and safety for potential biomedical applications. In contrast, the
BDP monomer (Figure 7B) lowered cell viability to <80% at higher concentrations than
500 pg/mL. This toxicity may be attributed to the presence of dialdehyde groups

within the molecule, which aligns with the results of previously investigated CA-Lys.
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Figure 7. Cell (A549) viability of BDP-Lys biodynamer (A) and BDP monomer (B). Viability was
determined by Presto blue assay using Triton-X (2%) as a positive control, after 4 h incubation with the

respective samples at 37 °C. Errors bars were obtained from duplicate experiments (N= 2 and n= 3).

Intracellular degradation of BDP-Lys

Before monitoring polymer intracellular degradation, we first assessed whether BDP-
Lys could be efficiently taken up by cells. Due to the quenching of BODIPY intrinsic
fluorescence in BDP-Lys, Alexa Fluor 594 dye was conjugated on the Lys side chain
via amine-NHS ester reaction to monitor its cellular uptake. BDP-Lys-Alexa was
incubated with A549 cells for 4 h at 37 °C. After incubation, cells were washed and
stained with DAPI for the nucleus (blue) and Concanavalin Alexa Fluor 633 for the
membrane (purple) to visualize intracellular structures using the confocal
microscope. As shown in Figure 8, there was a strong overlap between BDP-Lys-Alexa
and the cytoplasmic region of the cells, confirming their high possibility of cellular

uptake.

194



Nucleus Membrane Merge

Figure 8. Confocal laser scanning microscopy visualization of the A549 cellular uptake after
incubation with BDP-Lys-Alexa for 4 h. DAPI-stained cell nuclei (blue), Concanavlin A Alexa Fluor™633
stained cytoskeleton (purple), and dynamer labeled BDP-Lys-Alexa (yellow). Scale baris 50 pm.

Following the confirmation of efficient cellular uptake, we aimed to evaluate polymer
degradation and determine whether fluorescence recovery could be observed upon
degradation of BDP-Lys within the cells. Thus, we incubated the BDP-Lys (20 pg/well)
with A549 cells. After 4 h, cells were washed to remove any BDP-Lysthathad not been
taken up by the cells and then further incubated for 24 h. Although one would not
expect to reach pH as low as 3 within cells, as in those cuvette experiments, our
results in Figure 9 show that the fluorescence intensity of BDP-Lys increases
significantly within the cells after 24 h, with approximately a threefold increase. This
indicates degradation of the polymer and subsequent recovery of BDP fluorescence,
due to the presence of oxidating agents like ROS and ALDH in cells, which supports
oxidation and contributes to the observed increase in fluorescence. In contrast, the
controlsample without cells showed no changes in fluorescence, which is expected,
since as previously demonstrated, biodynamers are stable in neutral conditions. This
confirms that the fluorescence increase observed in the presence of cells is due to

polymer degradation and subsequent BDP oxidation.

Moreover, this fluorescence increases within the cells allowed us to estimate the
degradation rate of the BDP-Lys. The intracellular degradation kinetics was estimated
using the characteristic fluorescence emission scan pattern, which was found to be
different for BDP-Lys and its monomer, BDP (Figure 3). The amount of released
monomers from the BDP incubated in the cells was determined using fluorescence
pattern of degrading BDP-Lys relative to the pure monomer pattern which was
considered as standard. Resultingly, BDP-Lys was degraded by about 17.07 £ 2.23%
in the first 24 h, reflecting specific rate constant (k) of 0.007 h-', assuming first-order
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degradation kinetics (see materials and methods for further details). Note that this is
the maximum degradation rate, considering that fluorescence intensity also

increases by the hourin cells.
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Figure 9. Fluorescence intensity of BDP and BDP-Lys with and without A549 cells for 24 h. A)
Normalized fluorescence intensity over time for BDP-Lys incubated with A549 cells and BDP-Lys
without cells as control. B) Fluorescence plate-reader images of BDP-Lys incubated with A549 cells
at 0 h (left) and 48 h (right).

Conclusions

In summary, our study detailed the design and synthesis of a novel biodynamer
composed of BODIPY-dialdehyde (BDP) and lysine hydrazide (Lys), highlighting its
dynamic nature in response to pH changes. By using '"H NMR spectroscopy, cryo-
TEM, SEC, SANS and SAXS, we characterized the polymerization and structure of the
resulting BDP-Lys. We evaluated its optical properties, noting that fluorescence is
quenched in polymeric form which is the case in neutral conditions. Under acidic
conditions, however, as in certain intracellular compartments (e.g., lysosome),
biodynamer fluorescence is de-quenched as a consequence of polymer degradation

and subsequent oxidation of the released monomer. The in vitro studies highlight the
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cellular internalization of BDP-Lys leading to polymer degradation and successful
fluorescence recovery within mammalian cells. Overall, BDP-Lys biodynamer
provides a promising starting point for further investigation of polymer degradation
and fate within biological systems. Considering the possibility to modify the amino
acid monomer composition, BDP-based biodynamers offer great potential for both

biomedical and drug delivery applications.
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Graphical abstract

Depolymenzation
= dequenching

oi’o\
S

Dynamic polymerization pH Intracelluiar
at acidic pH acidic compartment

Dynamic polymerization of a red-fluorescent BODIPY (BDP) and lysine hydrazide (Lys) under
acidic pH conditions in a cuvette, leads to the formation of a quenched fluorescent
biodynamer (BDP-Lys). Upon cellular uptake, BDP-Lys undergoes depolymerization,

restoring fluorescence and enabling polymer visualization within the intracellular system.
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Figure S4. Proton NMR (top) and carbon NMR (bottom) spectra of compound 4 in CDCls.
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Figure S5. Proton NMR (top) and carbon NMR (bottom) spectra of compound BDP in CDClL.

212



g
{ 5%%? 38%% NRRBBEBLITLARNBRNS
9 ®mm MmN N R R R R R R e R ]
NN e R
o
H _-NH,
NA
N, Lys
|
Il
|
|
}" " [ b
L
by I T T
E < s =
= ~ < ~
T T T T T T T T T T T T T T T T T
8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0

f1 (ppm)

Figure S6. Proton NMR spectra of compound Lys in D,0.

b)

Ul
& Aldahyde paak

L LAk s ﬁ.UL

Figure S7. Parts of 'THNMR spectrum of BDP-Lys polymerization (10 mM, DMSO-d, pH 3.0, 500 MHz)

at different time pointsa) Th b) 24 hand c) 48 h.

213



Mn (g/mol) M., (g/mol) b

958 10000 10.4

Figure S8. SEC measurements of BDP-Lys in DMF at a concentration of 0.6 g/L using PEG as standard.
The molar mass distributions (D), weight average molecular weight (My,), humber average molecular
weight (M) were determined by employing HPLC pump by Waters. Detection was carried out with a

refractive index (RI) Waters 2410 (red line) and an UV Waters 2487 (green line). Values are shown in the

attached table.
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Figure S9. Optical density at A=502 nm in different pH and time of A) BDP monomer and B) BDP-Lys at
a concentration of 25 pM. Solvent mixture used is 1% DMSO in the corresponding buffer solutions
containing 1% PVA (phosphate buffer (pH 3 and pH 7.4, 10 mM) or acetate buffer (pH5, 10 mM)). Errors

bars were obtained from duplicated experiments (N=2 and n= 3).

Table S1. Parameters obtained by the fit of the SANS data in the high g regime using a Guinier model

for the cross-section

SANS

Imposed

parameters

1) 0.0034
Pmonomer 1.89x10"cm™
Psotvent 6.2x10"°cm?
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d (monomer | 1.46 g/cm?®

density)

Derived

parameters

A 0.00724cm™ A
1

R, 15.1 A

a, 365 A2

Table S2. Calculated scattering length densities of the different components for the SANS and SAXS.

BDP- Lysizine hydrazide | Density | p Ap? | p Ap? Chemical
(whole monomer) SANS | SANS | SAXS SAXS composition
*1 0-10 *1 0-20 *1 0—10 *1 0-20

(g/cm® | (em?) | (cm*) | (cm?) (cm™)
Polymer system 1.46 2.2 16 13.1 13.3 C4oHs7BF2NgOs
Solvent 1.10 6.2 9.5 C,D,0S/C,H,0S
10% d-DMSO /90% D,O - -
BDP core 1.46 2.6 13.2 12.8 11.8 C22H21BF2N203
Hexathylene glycole 1.10 0.6 31.0 10.1 0.4 C12H2406
Lysizine hydrazide 1.13 1.5 221 10.9 2.0 CeH14BFN4O;
BDP core- Lysizine 1.46 3.8 14.4 13.0 12.3 CasH33BF2N4O3
hydrazide (hydrophilic
chains excluded)
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3 Conclusions & Future Perspectives

The escalating threat of antimicrobial resistance (AMR) requires urgent efforts to expand
the anti-infective arsenal with novel agents targeting: i) underexplored drug targets such
as ECF transporters and ii) major pathogenic organisms such as Mtb. Additionally, the
development of smart biodynamers that hold potential for tracking degradation and
further enhancing drug-delivery systems.

Our search forinhibitors targeting the underexploited ECF transporters (Chapter A) led to
the identification of picolinic acid derivatives through experimental screening of internal
and external compound libraries. We conducted an SAR study to optimize the hit
compound considering all parts of its structure. These modifications, however, did not
improve the solubility of the synthesized derivatives, with our initial hit remaining among
the most soluble. Nevertheless, our three frontrunners showed superior activity in the
whole-cell based assay and favorable ADMET properties including high metabolic and
plasma stability with no cytotoxic effects. The proteoliposome-based assay confirmed
their strong selectivity for bacterial ECF transporters, with no cross-reactivity against
human ABC transporters. Further screening against a panel of bacterial pathogens
revealed low micromolar antibacterial activity against S. pneumoniae, particularly its
penicillin-resistant strains, highlighting their potential for further development. While
promising results were obtained, further research is necessary to advance these
inhibitors to lead compounds. Next steps include obtaining co-crystal or cryo-TEM
structures to define the binding pocket, further optimizing structural features for
improved potency, solubility, and conducting in vivo zebrafish and PK/PD studies in mice.
Similarly in Chapter B, screening of our compound library against Mtb revealed a
promising hit bearing a 1,3,4-oxadiazole scaffold. We initiated an SAR study to explore
structural modifications of the hit compound, resulting in two derivatives with enhanced
MIC values, and no significant toxicity against HepG2. When screened against a range of
GPB, our frontrunners demonstrated strong antibacterial activity against S. pneumoniae,
S. aureus, and B. subtilis. In this study, we managed to obtain inhibitors with anti-
tuberculosis activity, but additional studies are required to elucidate the mode of action,
evaluate the in vitro ADMET profiling, and explore possible synergistic effects with first-
line anti-tuberculosis drugs.
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In Chapter C, we successfully developed a novel dynamic polymer BDP-Lys, composed
of BODIPY-dialdehyde (BDP) and lysine-hydrazide monomer (Lys) linked by reversible
imine and acylhydrazones bonds. Comprehensive physicochemical characterization
using various techniques (e.g., "H-NMR, GPC, cryo-TEM, SAXS, and SANS) provided us
with insights into the structure and properties of BDP-Lys. We analyzed the polymer
optical properties, finding that its fluorescence was quenched in polymeric form but is
recovered and enhanced in acidic environments, particularly at pH 3, due to pH-
responsive degradation. Moreover, with the fluorescence enhancement of BDP
monomer in acidic pH, we further hypothesized a subsequent oxidation of BDP monomer
from aldehyde to carboxylic acid a process that could be facilitated by enzymes in
biological systems and improve our polymer-fate tracking. However, this hypothesis
remains elusive during the scope of this PhD project. Despite this, we further conducted
in vitro studies in mammalian cells, which revealed excellent biocompatibility, efficient
cellular uptake by endocytosis, and a threefold increase in BDP-Lys fluorescence,
indicating polymer degradation and recovery of monomer fluorescence. Overall, in this
study we were able to prove that BDP-Lys holds significant potential for providing real-
time tracking of polymer degradation within biological systems, marking it as a promising
starting point for future investigations into the fate and degradation of pH-responsive
biodynamers. Several next steps are required for advancing this study including
confirming the hypothesized intracellular oxidation of BODIPY—(dialdehyde) to
—(dicarboxylic acid) groups. Synthesizing and comparing the behavior of both BODIPY
groups, particularly their fluorescence properties in both cellular and extracellular
environments will provide valuable insights. Long-term degradation studies and better
visualization techniques will be essential for fully understanding the extended fate of
BDP-Lys and its degradation products. Additionally, optimizing the biodynamer
composition by modifying the amino acid monomer could enhance its properties, and
offer great potential for biopharmaceutical and drug-delivery applications. Lastly, taking
advantage of its pH-responsive and fluorescent properties, we can explore its potential
as a nanocarrier for targeted drug-delivery and overcoming biological barriers (such as
dynaplexes or potentiators). This area holds great promise for future research in tackling

AMR.
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4 Appendix

Abbreviations

AMR

MDR

XDR

WHO

GNB

GPB

SAR

DNA

RNA
mRNA
LPS

ATP

ADP

ABC

TMD

NBD

SBP

ECF

L. casei

L. delbrueckii
FolT

PanT
ECF-FolT2
ECF-PanT
S. aureus
S. pneumoniae
SBVS

ICso

Antimicrobial resistance
Multidrug resistance
Extensive drug resistance
World health organization
Gram-negative bacteria
Gram-positive bacteria
Structure—activity relationship
Deoxyribonucleic acid
Ribonucleic acid

Messenger ribonucleic acid
Lipopolysaccharide
Adenosine 5’-triphosphate
Adenosine 5’-diphosphate
ATP-binding cassette
Transmembrane domain
Nucleotide-binding domain
Substrate binding protein
Energy coupling factor
Lacticaseibacillus casei
Lactobacillus delbrueckii
Folic acid ot folate
Pantothenic acid or panthothenate
Folate transporter
Pantothenate transporter
Staphylococcus aureus
Streptococcus pneumoniae
Structure-based virtual screening

Half-maximal inhibitory concentration
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MIC
B
Mtb
INH
RIF
CDC
DCC
DCBs
DyNas
Lys
Arg
His
CA
HG
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Minimum inhibitory concentration
Tuberculosis

Mycobacterium tuberculosis
Isoniazid

Rifampcin
Constitutional dynamic chemistry
Dynamic covalent chemistry
Dynamic covalent bonds
Dynamic analogues of nucleic acids
Lysine

Arginine

Histidine

Carbazole-dialdehyde

Hexaethylene glycol chain
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