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Abstract

The overuse and misuse of antibiotics, both, in clinical and agricultural setting is considered
the most common cause of emergence of antimicrobial resistance (AMR). AMR represents a
major threat to public health leading to life-threatening infections where the available
treatments fail to cure and further leads to prolonged hospital stay and increase in healthcare
costs. The alarming spread in resistance is unfortunately accompanied by a slow development
of novel antibiotics. Nevertheless, different strategies are being established to deliver the next
generation of antibiotics. Such strategies include natural product-guided drug discovery,
synthetic development of antibiotics and improvement of efficacy of existing antibiotics by
conjugation and employing combination therapy. The thesis work covers two important aspects
in overcoming AMR; one focuses on biological evaluation, mode of resistance and mode of
action elucidation, and characterization of a novel class of antibiotics produced by soil bacteria,
the elansolids. The other focuses on structural modification of an already available antibiotic,
daptomycin, by conjugation to a polycationic peptide, to compare its efficacy and study its

effect in overcoming resistance in vitro and in vivo.
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Zusammenfassung

Der tberméaRige und missbrauchliche Einsatz von Antibiotika, sowohl im klinischen Sektor als
auch in der Landwirtschaft, gilt als hé&ufigste Ursache fur das Auftreten von
Antibiotikaresistenzen (antimicrobial resistance, AMR). AMR stellt eine groRe Bedrohung fur
die offentliche Gesundheit dar, indem sie zu lebensbedrohlichen Infektionen flhrt, die auf
herkdmmliche Behandlungen nicht mehr ansprechen. Dies wiederum fuhrt zu verlangerten
Krankenhausaufenthalten und héheren Kosten im Gesundheitswesen. Die besorgniserregende
Ausbreitung von Resistenzen geht unglicklicherweise mit einer eher schleppenden
Entwicklung neuer Antibiotika einher. Nichtsdestotrotz werden stdndig neue Strategien
erarbeitet, um neue Generationen von Antibiotika hervorzubringen. Diese Strategien umfassen
insbesondere die Entdeckung von Wirkstoffen auf Grundlage von Naturstoffen, die
synthetische Entwicklung von Antibiotika und die Optimierung der Wirksamkeit bestehender
Antibiotika durch Konjugation- und Kombinationstherapie.

Diese Dissertation befasst sich mit zwei wichtigen Aspekten bei der Uberwindung von AMR.
Eine neue von Bodenbakterien stammende Antibiotikaklasse, die Elansolide, wird biologisch
bewertet und ihr Resistenzmechanismus sowie ihre Wirkungsweise aufgeklart. Ein weiterer
Ansatz ist die strukturelle Verdnderung des bereits verfligbaren Antibiotikums Daptomycin
durch Konjugation mit einem polykationischen Peptid, mit dem Ziel die Wirksamkeit des
Konjugats zu vergleichen und seine Wirkung bei der Uberwindung von

Antibiotikaresistenzen in vitro und in vivo untersuchen.
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Chapter 1

1 Introduction

1.1  History of antibiotics

Already thousands of years ago, moldy bread and soil have been reported in ancient
civilizations as remedies®. In 1941, Selman Waksman then used the term “antibiotic’ to refer to
any ‘small molecule made by a microbe to antagonize the growth of other microbes?3. The
history of antibiotics started with salvarsan (arsphenamine or Ehrlich 606), that was the first
synthetic antibiotic introduced by Paul Ehrlich in 1910%. The antibiotic was widely used until
the 1940s and was known as the ‘magic bullet’ for the treatment of Treponema pallidum, the
causative agent of syphilis>®. Following the work of Ehrlich on the effect of dyes on bacterial
staining, Gerhard Domagk and his colleagues discovered the sulfonamide prodrug prontosil in
the year 1932%2%7. The prodrug was tested in a murine model and cured infections with
Streptococcus pyogenes®’. The true turning point in history was with the discovery of penicillin
in 1928 by Alexander Fleming, who noticed that the growth of Staphylococcus aureus on old
culture plates was inhibited by the presence of a contaminating fungus®. Fourteen years later,
the groundbreaking work by Howard Florey, Norman Heatley and Ernst Chain, led to the
description, production, purification, and experimental use of penicillin®°. And by the end of
1943, mass production of penicillin began in several countries where it was made available for
public use®. The discovery of penicillin did not only change the course of medicine, but also
had a tremendous effect during World War 1l, where thousands of wounded soldiers were
treated'®. The discovery of penicillin inspired Selman Waksman who investigated the impact
of different bacterial species on each other as well as the production of antimicrobial
compounds from soil bacterial. Between 1940 and 1960, the work of Waksman initiated the

‘Golden Age’ of antibiotic discovery where various antibiotics produced by soil-dwelling
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actinomycetes, including neomycin and streptomycin, that was used for the treatment of
tuberculosis®!. It is useful to note that more than 90% of antibiotics in clinical practice
originate from the actinomycetes'?. The increasing interest in studying soil bacteria led to the
isolation of vancomycin from Streptomyces orientalis in 1952, however, its clinical use was
soon abandoned in favor of other antibiotics that were more effective and less toxic'>!4. Related
to vancomycin, teicoplanin was isolated from Actinoplanes teichomyceticus, and belongs to the
new glycopeptides class'®. Following the discovery of penicillin, the B-lactam antibiotics,
cephalosporins were discovered and developed in the 1960s, though, the work that led to their
identification dates back to 1945 by Giuseppe Brotzu who isolated a fungus,
Cephalosporium acremonium from sewer water in Sardinia, Italy>!3%17. Carbapenems
represent another example of B-lactam antimicrobials derived from thienamycin, an antibiotic
produced by the soil organism Streptomyces cattleya®>'®. In the early 1980s, daptomycin was
isolated from the soil bacterium Streptomyces roseosporus, by researchers at Eli Lilly, however,
its development was halted at phase 1l due to skeletal muscle toxicity'®. Daptomycin was
approved by the Food and Drug Administration (FDA) in 2003 for the treatment of complex
skin infections'®2L, In the meantime, and due to the alarming resistance especially in Gram-
negative pathogens, as well as the reduced drug development investments, old drugs have been
reinvestigated. Colistin (polymyxin E) is one of the first antibiotics with significant activity
against Pseudomonas aeruginosa, however, it was replaced by aminoglycosides in the 1970s
because of neurotoxicity and nephrotoxicity??. In addition to discovering new B-lactamase
inhibitors, an approach to combine an existing p-lactamase inhibitor together with an antibiotic

has been developed. A timeline of antibiotic discovery is summarized in Figure 1.
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Aminoglycosides
Tetracyclines
Penicillins
@
Glycopeptides

Macrolides Carbapenems
Salvarsan Sulfa drugs

1930 1940 1950 1960

Lipopeptides
Oxazolidinones
Cephalosporins

Quinolones

Synthetic antibiotics
Actinomycete natural products
Fungal natural product

Figure 1: Discovery timeline of antibiotic classes

1.2 Mode of action of antibiotics and mechanisms of bacterial resistance

The introduction of antibiotics to treat infectious diseases has revolutionized the practice of
medicine in the 20" century?. However, the misuse of these important compounds has resulted
in the rapid development of antimicrobial resistance (AMR) presenting a major challenge in

healthcare units, often resulting in treatment failure and increased mortality rates?>24,

Antibiotics exert their effect by targeting essential bacterial functions, systems, or cellular
components, and can be classified based on their molecular structures, mode of action and
spectrum of activity®>. They can be also classified according to whether they kill cells
(bactericidal drugs) or inhibit their growth (bacteriostatic drugs) and their route of
administration (injection, oral or topical)?*. Due to the extensive use of antibiotics, bacteria have
gained several mechanisms to overcome the antibiotic effect and gain resistance. These

mechanisms include decreased accumulation of antibiotics by reduced permeability or induced
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efflux, antibiotic inactivation by modifying enzymes, target modification and acquisition of
target by-pass systems?®. In this chapter, antibiotic classification based on their mode of action
as well as the main resistance mechanisms to antibiotic classes are discussed and summarized

in Figure 2 and Table 1 respectively.

Large subunit inhibitors

DNA synthesis inhibitors

Oxazolidinones Folic acid syntheis inhibitors

Streptogramins Quinolones
Macrolides Sulfonamideds
Phinicols Trimethoprims

Ribosome Cell wall inhibitors
: ) B-lactams
W Polymyxins
mRNA 7 Glycopeptides
| 308 DNA Lipoglycopeptides

RNA synthesis inhibitors
Rifamycins

Small subunit inhibitors

Cell membrane inhibitors

Aminoglycosides - -
Tetracyclines Lipopeptides

Figure 2: Mechanism of action of major antibiotic classes targeting cell wall, cell membrane,
replication, transcription, translation, and folic acid synthesis.
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1.2.1 Antibiotics targeting the bacterial cell envelope

Bacterial cells are surrounded by a cell wall made of peptidoglycan that provides strength and
rigidity to the bacterial cell to withstand the high internal osmotic pressure. Gram-positive
bacteria are usually enclosed by a thick peptidoglycan cell wall, in contrast, Gram-negative
bacteria are surrounded by an additional outer membrane (OM)?’. The outer leaflet of the outer
membrane bilayer is composed of lipopolysaccharide (LPS) that prevents penetration by

lipophilic antibiotics?"%8,

Beta-lactams (B-lactams) and glycopeptides are antibiotic classes that interfere with cell wall
synthesis. B-lactams (penicillin, cephalosporins and carbapenems) target penicillin binding
proteins (PBPs) and block the cross-linking (transpeptidation) of peptidoglycan building blocks
by penicilloylation of the PBP active site, which eventually leads to lysis of the cell?®3, The
most effective mechanism of resistance among Gram-negative bacteria to B-lactams is via
production of B-lactamases that hydrolyze the B-lactam ring. -lactamases contain either serine
residues (Ambler classes®® A, C, D) and or metal ion (Zinc) (Ambler class B) in their active
site332, Ambler class A enzymes are also referred as penicillinases and cause resistance to
penicillins and third generation cephalosporins (e.g. ceftazidime, cefotaxime, ceftriaxone) and
are inhibited by commercially available -lactamase inhibitors (BLIs) such as clavulanic acid,
sulbactam, or tazobactam®*3>. Ambler class B p-lactamase are known as metallo-B-lactamases
(MBLs) and require zinc or heavy metals for catalysis. New Delhi MBL (NDM) are the most
recently described carbapenemases and they were first reported in a Kilebsiella
pneumoniae isolate (NDM-1)*. Class C B-lactamases, also called cephalosporinases, include
AmpC B-lactamases (AmpCs), and class D B-lactamases are oxacillin hydrolyzing enzymes
(oxacellinases) that confer resistance to penicillin, cloxacillin, oxacillin, and methicillin®"=°.
Additional resistance mechanisms to B-lactam antibiotics include mutations in the target
penicillin binding protein or active efflux of the drug out of the cell and modifications in cell

wall porins that limit entry of drugs into the cell?®.
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Glycopeptides (e.g., vancomycin) and lipoglycopeptides (e.g., teicoplanin) inhibit
peptidoglycan synthesis by binding to the p-alanyl-D-alanyl (D-Ala) dipeptide. This interaction
inhibits the transglycosylation and/or transpeptidation steps of peptidoglycan synthesis. By
inhibiting peptidoglycan maturation, glycopeptides weaken the peptidoglycan layers and make
the bacterial cells prone to lysis*°. Resistance to glycopeptides arises due to the synthesis of a
modified precursor instead of D-Ala-D-Ala, that displays a decreased affinity for vancomycin
and teicoplanin®**2, Eight acquired glycopeptide resistance types have been described in
enterococci (VanA, VanB, VanD, VanE, VanG, VanL, VanM, and VanN) and one type of
intrinsic resistance (VanC) in E. gallinarum and E. casseliflavus®®. Change in the precursor
to D-Ala-D-lactate (D-Lac) observed in VanA, VanB, VanD and VanM types, causes a high
fold decrease in affinity for vancomycin, and a change to D-Ala-D-serine (D-Ser) reported in
VanC, VanE, VanG, VanL and VanN causes lower levels of vancomycin resiatnce®>*°, VanA
is the most frequently observed type of resistance and is responsible for most of the human
cases of VRE around the world*. The first vancomycin intermediate S. aureus (VISA) strain
was reported in Japan in 1996%'. Mutations in genes responsible for the biosynthesis of bacterial
cell wall and/or mutations in the ribosomal gene rpoB are the most common genetic alterations

associated with the VISA phenotype*’2,

Daptomycin is a lipopeptide that has an unique mode of action in interfering with the bacterial
cell membrane?l. The antibiotic complexes with calcium ions, binds and inserts itself into the
cytoplasmic membrane and disrupts it, leading to the efflux of potassium and magnesium ions
causing membrane depolarization and ultimately cell death®®. Recent studies show that
daptomycin interferes with fluid lipid microdomains, leading to delocalization of essential
peripheral membrane proteins, such as the lipid 1l synthase MurG®*®!.Several resistance
mechanisms to overcome daptomycin have been proposed. The most common one involves the
modification of the cell surface charge leading to the electrostatic ‘repulsion’ of the positively

charged daptomycin-Ca?* complex from the cell membrane. Such mechanism has been
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postulated in Bacillus subtilis, Staphylococcus aureus, and Enterococcus faecium®2. Another
resistance mechanism reported only in Enterococcus faecalis, known as ‘diversion’, involves
changes in the membrane composition that leads to the diversion of the daptomycin from its

binding site at the septum of bacterial cells®.

Polymyxins are cationic agents that bind to bacterial outer membrane with high affinity for the
lipid moiety of lipopolysaccharide (LPS), leading to the disruption of membrane integrity®*.
The most important mechanism of resistance to polymyxins includes alterations of the bacterial
outer membrane. Modification of lipid A phosphates in the lipopolysaccharide (LPS) moiety
decreases surface negative charge and therefore reduces polymyxin binding to the modified

membrane®.

1.2.2 Antibiotics targeting DNA synthesis

DNA replication is a rapid and highly accurate process that ensures the transmission of genetic
instructions. Replication is divided into three steps: initiation, elongation, and termination, and
is aided by many proteins and enzymes. Initiation occurs at specific nucleotide sequence called
the origin of replication during which DNA gyrase (topoisomerase I1) introduces superhelical
twists in the bacterial DNA double-helix catalyzing the separation of daughter chromosomes.
During elongation, the addition of nucleotides occurs, and new DNA strands are synthesized
by DNA polymerase Ill. Once the complete chromosome has been replicated, termination of
replication occurs. Following replication, the resulting complete, interconnected circular
chromosomes are separated by topoisomerase IV, which introduces double-stranded breaks
allowing separation into two daughter cells. Bacterial DNA gyrase and topoisomerase IV are

distinctive from their eukaryotic counterparts, thus they serve as targets for quinolones®-8,

Quinolones antibiotics are active against both Gram-positive and Gram-negative bacteria and
inhibit bacterial DNA synthesis through disrupting the enzymes topoisomerase IV and DNA

gyrase®. The primary target is DNA gyrase in Gram-negative bacteriaand generally


https://www.sciencedirect.com/topics/medicine-and-dentistry/bacterial-outer-membrane
https://www.sciencedirect.com/topics/medicine-and-dentistry/bacterial-outer-membrane
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/gram-negative-bacterium
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topoisomerase IV is the target in Gram-positive bacteria®. Fluoroquinolones (e.g.,
ciprofloxacin and ofloxacin) show a broader spectrum of activity and improved
pharmacokinetics compared to the first-generation quinolones, and they inhibit bacterial growth
by interacting with the enzyme-bound DNA complex to create conformational changes that
lead to the inhibition of enzyme activity and ultimately resulting in rapid bacterial cell death®:52,
Target modification, decreased permeability and increase in efflux activity are among the
mechanisms of resistance to fluoroguinolones. The main resistance mechanism in all bacterial
species has been associated with mutation in the gyrA or gyrB genes; the genes that encode for
the two subunits of DNA gyrase®*®4. Furthermore, resistance to quinolones can be due to under-
expression of porins and over-expression of efflux pumps. This is achieved by mutation in
multiple antibiotic resistance (mar) gene that leads to both over-expression of the AcrAB efflux
pump and reduced expression of OmpF (outer membrane protein F) porin®®. Another gene that
contributes to resistance against quinolones is the nfxB gene, which causes alterations in
expression of functional OmpF at the cell surface®:57,

1.2.3 Antibiotics targeting RNA synthesis

Transcription is divided into three main steps: initiation, elongation, and termination, and is
mediated by DNA-dependent RNA polymerase (RNAP)®. The core enzyme consisting of five
conserved subunits (a2pff’®) is unable to recognize specific promoter sequences and initiate
transcription, without assembly with one of several transcription factors, sigma (o) to form
RNAP holoenzyme (028p'0c)% ™. Transcription is initiated by the complex formation between
the holoenzyme and the double-stranded DNA (dsDNA) sequence at the promoter region,
followed by the unwinding of a short region of DNA within the RNASP-bound sequence. The
polymerase will then incorporate ribonucleotides and forms phosphodiester bond between
them. At this stage the o factor dissociates and the RNAP undergoes global conformational
change and departs from the promoter to resume elongation’>’2. During elongation, the RNAP

can transcribe DNA over long distances (>10,000 bp) without dissociation and release of RNA
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product®®, Finally, RNAP encounters a termination signal of RNA stem-loop “hairpin” followed
by a segment of 8 to 10 nucleotides that encodes mostly uridine residues at the end of the
released RNA'3. This causes the release of the nascent transcript and the dissociation of the
RNAP from the DNA template®®’3, RNAP is vital for bacterial survival, and because it is

distinct from its eukaryotic counterparts, it is an attractive target for antibiotics.

Drugs targeting RNAP can either disrupt its interactions with DNA, RNA or ribonucleoside
triphosphates (NTPs) (e.g., rifamycins, sorangicin, microcin, myxopyronins, corallopyronin,
ripostatin and squaramides), interfere with the movement of RNAP mobile elements during
nucleotide addition cycle (NAC) (e.g., streptolydigin and salinamide), or disrupt RNAP
interactions with the transcription factors’. The rifamycin antibacterial agents (e.g., rifampin,
rifapentine, rifabutin, and rifamixin) and sorangicin bind with high affinity to DNA-bound
RNAP and prevent extension of RNA strands RNAP and inhibit it”. Microcin prevents NTP
uptake, thereby inhibiting abortive initiation and elongation. Myxopyronins, corallopyronin,
ripostatin and squaramides prevent the B’ clamp from opening, stabilize the B’ clamp regions in
a partly or fully closed conformation, and prevent template DNA from reaching the active site’®-
. The predominant mode of resistance to rifamycins in Mycobacterium tuberculosis arises
from mutations in the gene that encodes for RNA polymerase subunit 3 (rpoB) that result in a
decreased affinity of the enzyme to the antibiotic® %2, Such mutations result in a decreased
affinity of the enzyme to the antibiotic. Further studies hypothesized that resistance is due to
the inactivation mechanism (ribosylation) of rifampicin observed in Mycobacterium smegmatis

and efflux has been reported in Mycobacterium smegmatis and Mycobacterium aurum8:84,
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1.2.4 Antibiotics targeting protein synthesis

The ribosome is a highly abundant and conserved macromolecular-protein synthesis machinery
in the cell®. Bacterial 70S ribosome is composed of two highly conserved unequal
ribonucleoprotein particles: small (30S) and large (50S) subunits®. The small ribosomal
subunit decodes the genetic information from messenger RNA (mRNA) and the large subunit
hosts the catalytic peptidyl transferase center (PTC), where amino acids attached to transfer
RNAs (tRNAs) are linked into polypeptides®®®. Aided by several translation factors, the
ribosome hosts protein synthesis consisting of initiation, elongation, termination and
recycling®’. Initiation requires the assembly of 70S ribosome with the initiator tRNA and start
codon of the mRNA at the P-site, followed by elongation which involves the delivery of the aa-
tRNA to the A-site by the assist of elongation factor Tu (EF-Tu) and the base-pairing between
MRNA and tRNA, this allows the subsequent peptide bond formation to occur between the
growing amino acids, later tRNA translocate from P-to E-site and from A-to P-site. Termination
occurs when one of the stop codons (UAA, UAG or UGA) is encountered and are recognized
by termination release factors (RF1 and RF2) that hydrolyze the peptidyl-tRNA bound to the P
site and release the polypeptide chain from the ribosome. After ribosome disassembly, recycling
of the components for the next round of initiation occurs®-°2. Due to its importance in cell
functions and since it is distinct from the eukaryotic counterpart, the ribosome and protein

translation represent an attractive target for antibiotics.

Inhibitors of 30S ribosomal subunit include aminoglycosides and tetracyclines.
Aminoglycosides (e.g., spectinomycin, neomycin B, gentamicin, paromomycin and
kanamycin) bind to the small subunit causing the disruption of mMRNA-decoding fidelity of the
ribosome which, in turn, introduces mistakes during protein synthesis ultimately leading to the
accumulation of miscoded proteins®®. Bacterial resistance to aminoglycosides is challenging
due to the large number and diversity of modifying enzymes. Three classes of modifying

enzymes have been reported, and these include: aminoglycoside phosphotransferase (APH),
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aminoglycoside acetyltransferases (AAC) and aminoglycoside nucleotidyltransferases
(ANT)%. Spectinomycin is an aminoglycoside that impairs the movement of the small subunit
head leading to the disruption in tRNA translocation. Tetracyclines cross the outer membrane
of Gram-negative bacteria through the OmpF and OmpC porin channels and block the
accumulation of aminoacyl-tRNA to the ribosome®-%’. Resistance to tetracyclines is due to
efflux, ribosomal protection proteins (RPPs), and enzymatic inactivation of the antibiotic.
Tetracycline efflux proteins (Tet proteins) share amino acid structure with other efflux proteins
involved in chloramphenicol and quinolone resistance®” %, RPPs bind to the ribosome,
modifying its conformation, and thus, preventing tetracycline from binding to its target, thus
releasing the ribosome from the inhibitory effects of the drug so that protein synthesis can
proceed®>1%, An additional mechanism of tetracycline resistance was reported in E. coli only
when cells are growing aerobically, involves the tetX gene encoding a cytoplasmic protein

which detoxifies tetracycline!®::102,

Inhibitors of 50S ribosomal subunit include phenicols, macrolides, oxazolidinones and
streptogramins. Phenicols (e.g., chloramphenicol) block the catalytic portion of the peptidyl
transferase center, thus preventing binding of tRNA to the ribosome'®. Chloramphenicol
resistance is mainly due to the inactivation of the antibiotic by the enzyme chloramphenicol
acetyltransferase (CAT) that converts it successively to 3-acetyl and 1,3-diacetyl
derivatives!®*1%_  Nonenzymatic chloramphenicol resistance has been observed in Gram-
negative bacteria such as Pseudomonas aeruginosa and in members of Enterobacteriaceae.
Such alternative mechanisms involve increased membrane permeability and porin deficiency
that prevents the entry of the drug to the bacterial cell%17, Macrolides (e.g., erythromycin)
inhibit translation by blocking the progression of the peptide chain and interfere with the
formation of long polypeptides, which causes a premature detachment of incomplete peptide
chains from the ribosome!®1%  The first mechanism of macrolide resistance described in

Escherichia coli was due to posttranscriptional modification of the 23S rRNA by an adenine-
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specific N-methyltransferase specified by a class of genes termed erm (erythromycin ribosome
methylation)'®11% Recently, resistance by efflux was found to be clinically significant for
Gram-positive and Gram-negative pathogens. The genes of efflux pumps can be either acquired,
such as macrolide efflux gene (mef) encoded in S. pneumoniae and S. pyogenes by mefE and
mefA, respectively, or carried intrinsically by macrolide-specific ABC-type efflux carrier
(macAB) in E.coli*'**2, Oxazolidinones (e.g., linezolid) bind to the 50S subunit, preventing
complex formation with the 30S subunit and they block assembly of a functional translation
initiation complex!*3#. Most common resistance mechanism to linezolid is mediated by
amplification of the 23S rRNA gene region corresponding to the peptidyl transferase site!®.
Another mechanism of resistance to linezolid based on nucleotide mutations for genes encoding
for ribosomal proteins rplC (L3) and rplD (L4) has been reported in enterococci®.
Streptogramins consist of 2 types of components: A and B, both of which inhibit the elongation
step of translation. Streptogramin B shows a similar mode of action as macrolides, whereas
streptogramin A blocks aminoacyl-tRNA (AA-tRNA) binding to the A site of ribosomes and
peptide bond formation with peptidyl-tRNA (pep-tRNA) at the P site!!’. Both streptogramin
groups act synergistically in vivo®®. Resistance to streptogramin B components is due to either
enzymatic modification of the drug (hydrolysis of the depsipeptidic ring), antibiotic efflux or
modification of the target (methylation of the 23S rRNA). Acquired resistance to streptogramin
A components is due to either antibiotic efflux or inactivation of the drug (acetylation of the

hydroxyl group)té-12t,

1.2.5 Antibiotics targeting folic acid metabolism

Many microorganisms possess the ability to synthesize folic acid derivatives de novo, initially
forming dihydrofolate!?2. The folate biosynthesis in bacteria starts with the synthesis of the
pterin ring, which is catalyzed by GTP cyclohydrolase | (GTPCHI), followed by the transfers
of the pyrophosphate from ATP to DHMP catalyzed by 7,8-hydroxymethyl-7,8-dihydropterin

pyrophosphokinase ~ (HPPK),  which  produce  6-hydroxymethyl-7,8-dihydropterin


https://www.sciencedirect.com/topics/medicine-and-dentistry/nucleotide
https://www.sciencedirect.com/topics/medicine-and-dentistry/ribosome-protein

Introduction |13

pyrophosphate (DHPPP). The latter is the substrate of dihydropteroate synthase (DHPS), that
further performs the condensation with pABA to produce 7,8-dihydropteroate. Dihydrofolate
synthase (DHFS) and folylpoly-y-glutamate synthetase (FPGS) add glutamates to the 7,8-
dihydropteroate, producing dihydrofolate and its derivatives. The last step of the pathway is
catalyzed by dihydrofolate reductase (DHFR), which catalyzes the reduction of dihydrofolate

to tetrahydrofolate using NADPH as a cofactor'??,

DHFR and DHPS are the most studied enzyme of the folate pathway?3. Sulfonamides inhibit
dihydropteroate synthase (DHPS) by competing with the natural substrate p-amino-benzoic
acid and trimethoprim acts at a later stage of folic acid synthesis and inhibits the enzyme
dihydrofolate reductase (DHFR) by competing with its normal substrate, dihydrofolate24+126,
Since trimethoprim targets a later step in the same enzymic pathway as sulfonamides, they act
synergistically, and has been successfully developed in the combination drug co-trimoxazole!?*,
A variety of resistance mechanisms responsible for either intrinsic or acquired resistance to
trimethoprim, sulfonamides, or trimethoprim-sulfonamide combinations have been studied.
Bacterial resistance mechanisms to trimethoprim involve low cell permeability/efflux,
alternative metabolic pathways (bacteria lose their ability to synthesize thymidylate and can
circumvent the need for DHFR by using exogenous thymidine), production of a resistant
chromosomal DHFR enzyme, overproduction of a chromosomal DHR (with low affinity to
trimethoprim), and production of a plasmid-mediated resistant DHFR enzyme!?>-1?’_ Bacterial
resistance to sulfonamides is due to low cell permeability/efflux, production of insensitive
DHPS enzyme (with low affinity to sulfonamide), over production of DHPS natural substrate
p-aminobenzoic acid (competes with sulfonamides to the enzyme active site) and plasmid-
mediated production of additional sulfonamide-resistant DHPS enzyme!?31212" Resistance to
the combination of trimethoprim-sulfonamide has developed rapidly, although the relevance of

such resistance to the combined agents is less than that of each drug alone*?,
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Table 1: Resistance mechanisms of various antibiotics

Target Antibiotic class Resistance type

Resistance mechanism

Cell wall Beta-lactams Inactivating enzymes
Target modification

Decreased uptake/efflux

Production of B-lactamases that hydrolyze the -lactam ring
Mutations in the target penicillin binding protein (PBP)

Acquisition of new PBPs with decreased affinity for the drug

Active efflux of the drug out of the cell and modifications in cell wall

pumps porins
Glycopeptides Target modification Synthesis of D-Ala-D-Lac/-Ser instead of D-Ala-D-Ala
Polymyxins Target modification Modification of lipid A phosphates in lipopolysaccharide (LPS) moiety
Cell membrane Lipopeptide Target modification Modification of the cell surface charge leading to the electrostatic
repulsion of daptomycin from the cell membrane
Changes in the membrane composition via the alteration of membrane
metabolism
DNA synthesis Quinolones Target modification Mutation in the genes that encode for DNA gyrase (gyrA or gyrB)

Decreased uptake/efflux
pumps

Mutations in topoisomerase 1V
Down regulation of the expression of outer membrane protein F (OmpF)
Overexpression of the AcrAB multidrug efflux pump

RNA synthesis Rifamycins Target modification
Inactivating enzymes
Efflux pumps

Mutations in the gene that encodes for RNA polymerase subunit 3 (rpoB)
inactivation of rifampicin by ribosylation
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Protein synthesis

Aminoglycosides

Tetracyclines

Phenicols

Macrolides

Oxazolidinones
Streptogramins

Inactivating enzymes
Target modification

Efflux pumps
Inactivating enzymes

Inactivating enzymes
Decreased uptake
Target modification

Efflux pump

Target modification
Inactivating enzymes

Target modification

Production of modifying enzymes (phosphotransferase, acetyltransferases
and nucleotidyltransferase)

Production of ribosomal protection proteins (RPPs) which prevents
tetracycline from binding

Synthesis of tetracycline efflux proteins (Tet proteins)

Expression of gene TetX encoding a cytoplasmic protein which detoxifies
tetracycline (reported in E. coli)

Synthesis of chloramphenicol acetyltransferase (CAT) which inactivates
the antibiotic

Porin deficiency

Posttranscriptional modification of the 23S rRNA

Macrolide efflux gene (mef) and macrolide-specific ABC-type efflux
carrier (macAB)

Amplification of the 23S rRNA gene region

Acetylation of the hydroxyl group of streptogramin A

Hydrolysis of the depsipeptidic ring of streptogramin B

Methylation of the 23S rRNA (streptogramin B)

Folic acid synthesis

Trimethoprim

Sulfonamide

Target by-pass

Target modification
Decreased
uptake/efflux pumps
Target by-pass

Target modification
Decreased
uptake/efflux pumps

Loss of ability to synthesize thymidylate and circumvent the need for
DHFR by using exogenous thymidine
Production of resistant chromosomal DHFR enzyme

Over production of p-aminobenzoic acid that competes with sulfonamides
to the DHPS
Production of insensitive DHPS enzyme
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1.3 Approaches to overcome antimicrobial resistance

The global emergence of antimicrobial-resistant pathogens has alarmingly escalated, leading to
life-threatening infections, where the available treatments will fail to cure. According to the
World Health Organization (WHO) priority pathogen list (summarized in Table 2), twelve
species of bacteria are resistant to almost all available antibiotics*?®. This alarming spread in
resistance is unfortunately accompanied by a slow development of novel antibiotics, however,
different strategies with a well-constructed roadmap are being investigated to deliver the next
generation of antibiotics'®. Such strategies include (but are not limited to) natural product-
guided drug discovery, synthetic development of antibiotics and improvement of efficacy of
existing antibiotics by conjugation and combination. In this chapter, an overview of most recent
reports on antibiotics discovery pipeline from WHO and Pew Charitable Trusts is summarized,

and a focus on strategies as well as discoveries from recent literature is presented.

Table 2: WHO priority pathogens list*3!

Priority 1: Critical

Acinetobacter baumannii, carbapenem resistant

Pseudomonas aeruginosa, carbapenem-resistant

Enterobacteriaceae, carbapenem-resistant, third generation cephalosporin-resistant
Priority 2: High

Enterococcus faecium, vancomycin-resistant

Staphylococcus aureus, methicillin-resistant (MRSA), vancomycin-intermediate
and -resistant (VISA-VRSA)

Helicobacter pylori, clarithromycin-resistant

Campylobacter spp., fluoroquinolone-resistant

Salmonella spp., fluoroquinolone-resistant

Neisseria gonorrhoeae, third generation cephalosporin-resistant, fluoroquinolone-resistant
Priority 3: Medium

Streptococcus pneumoniae, penicillin-non-susceptible

Haemophilus influenzae, ampicillin-resistant

Shigella spp., fluoroguinolone-resistant
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1.3.1 Overview of pre-clinical and clinical development of antibiotics

In 2019, WHO published a global review of the preclinical antibacterial pipeline, based on
publicly available data mainly collected through a WHO data call on 252 agents in preclinical
development from 145 institutions worldwide. From the total reported agents, 83% (n = 209)
are direct-acting curative treating agents, including 69% (n = 144) small and 31% (n = 65) large
molecules. Most agents (19.8%) in the preclinical pipeline target cell wall synthesis (22% are
B-lactam/B-lactamase inhibitor combinations), followed by those that have direct membrane
effect (14.3%), and protein synthesis (8.3%)*?°. In summary, the pre-clinical pipeline shows a
number of innovative and diverse compounds. However, it would require a long period of time
to reach the market, as they are still in very early stages of development. Additionally, the
number of candidates in the preclinical pipeline is inadequate to provide the needed innovative
therapeutics for WHO priority pathogens list. There is a need for a large size of preclinical
pipeline to ensure that a few will eventually reach the market. Moreover, there is a very few
agents in development that target critical Gram-negative bacteria that present the most critical
priority. Thus, it is vital to further invest in the discovery and development of new antibacterial

treatments that overcome the challenge of drug-resistant bacterial infections.

Another report by WHO in 2019 indicated that there are 50 antibiotics in the clinical pipeline.
Only 64% of them (n = 32) target the WHO priority pathogens, 37.5% of which (n = 12) have
activity against at least one of the critical Gram-negative pathogens. In summary, most of the
agents in the clinical pipeline are derivatives of existing classes and less innovative than the
ones in pre-clinical pipeline. On the other hand, the anti-tuberculosis and Clostridium difficile
antibacterial clinical pipeline is more innovative than that of the WHO priority pathogens®*.
Given the fact that only a small fraction of approved antibiotics over the past few years
represents new compound classes, there is a crucial need for development of new therapeutic

agents with innovative chemistry and novel modes of action®*°.


https://doi.org/10.1371/journal.pone.0236604
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According to the Pew Charitable Trusts, there are around 43 new potential antibiotics in clinical
development for the US market as of December 2020%33, Of these antibiotics in development,
35% are in phase | clinical trials, 30% in phase Il and phase Ill, and 5% has new drug
applications. Majority (62%) of the submitted candidates belong to known NP classes and the
rest (38%) are synthetic. At least 44% of the antibiotics in clinical development target infections
caused by Gram-negative ESKAPE pathogens (Klebsiella pneumoniae,
Acinetobacter baumannii, Pseudomonas aeruginosa and Enterobacter spp.) and at least 35% of
the candidates have potential activity against carbapenem-resistant/extended spectrum [-

lactamase (ESBL)-producing Enterobacteriaceae, A. baumannii, and P. aeruginosa®331%,

In the WHO report of antibacterial agents in preclinical development, most of the projects were
led by commercial institutions, followed by academic institutions and foundations, where 93%
of the commercial institutions are small and medium-sized!?. Similarly, the Pew Charitable
Trusts data showed that over 95% of the products in development are explored by small
companies, where more than 70% are considered pre-revenue companies (have no products on
the market that they previously developed, commercialized, and marketed)'3*. Such numbers
show that large pharmaceutical companies show no or little interest in funding early antibiotic
research and, particularly, new classes of compounds, which is due to the low return on
investment in this area of early stage drug discovery'?>13°, Additionally, developing entirely
new scaffolds is more costly than for derivatives of established classes. In order to ensure a
dynamic and collaborative discovery pipeline, efforts are needed to bridge the gap between
academia and industry to exchange skills and expertise in order to transform hits into potential
drug products®®®. Another challenge is the limited funding especially for small and medium-

sized enterprisest01%°,



Introduction |19

1.3.2 Natural-product-guided drug discovery

In the search for new antimicrobial agents and anti-infective drugs, natural products (NPs)
represent the best hope for the generation of such novel agents. NPs comprise a large family of
distinct, novel, complex and diverse chemical entities that originate from bacterial, fungal,
plant, and marine sources'®’. Ever since the discovery of penicillin, more than 23,000 NPs have
been characterized, most of which were produced by the family Actinomycetaceae, specifically,
most of them (75%) were produced by a single genus, Streptomyces!3®*’. Around 50 % of
drugs that were newly introduced into the market between 1985 and 2005 were NPs or NP-
inspired products (NP-derivatives, semi-synthetic, synthetic compounds based on NP
pharmacophores)'361%, More recently, in 2013 around 40% of the total NCEs approved by the
US Food and Drug administration (FDA) were NP or NP-related compounds*®. Furthermore,
in a recent review, a total of 163 antibacterial agents were approved between 1981 and 2019,

55% of which were unaltered NP or NP derivatives and 22% were synthetic'®,

A promising number of novel NPs are currently under investigation in preclinical studies. Some
examples are discussed hereafter. Odilorhabdins (ODLs) represent a new class of modified
peptide antibiotics produced by the enzymes of the non-ribosomal peptide synthetase (NRPS)
gene cluster of the nematode-symbiotic bacterium Xenorhabdus nematophilal®®., ODLs
demonstrated in vitro and in vivo activity against several Gram-positive and Gram-negative
bacterial pathogens, including carbapenem-resistant Enterobacteriaceae (CRE). Mode of
action studies showed that ODLs interacts with the 16S rRNA and with the anticodon loop of
the A-site tRNA in the small ribosomal subunit*®, Cystobactamids are novel class of NPs
isolated from Cystobacter sp. and demonstrated a strong inhibitory effect against several Gram-
positive and Gram-negative pathogens especially against E. coli and A. baumannii*!. The
molecular targets of cystobactamids were identified as bacterial type topoisomerases type I1A,
namely DNA gyrase and topoisomerase V#1142 Another interesting NP compound is

Corallopyronin, obtained from myxobacterial strain Corallococcus coralloides, that targets
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DNA-dependent RNA polymerase (RNAP) of Gram-positive bacteria, including rifampicin-
resistant S. aureus'#3144, Streptomyces-derived griselimycins represent an important example
of drug discovery from soil bacteria. The antibiotic showed a superb activity against
M. tuberculosis, both in vitro and in vivo, by inhibiting the DNA polymerase sliding clamp
DnaN*, The examples presented above shows that NPs remain the best source for discovering
novel compounds with novel and unique targets that can lead to effective agents to fight
pathogens and overcome antimicrobial resistance. Such discovery has been evolving over the
past decades aided by major advances in the field, as development of analytical methods, target-
based approaches, combinatorial chemistry, genetic engineering, bioinformatics,

transcriptomics, proteomics, and metabolomics®®’,

1.3.3 Antibiotics-conjugates drug development

The development of new classes of antibiotics from natural products is time and money
consuming and accompanied with commercial risks, therefore, new strategies to improve the
antibacterial efficacy of existing antibiotics and to overcome their toxic effects have been
implemented. Antibiotic conjugation aims at addressing difficult-to-treat bacterial infections,
such as intracellular infections. Antibiotics-peptide conjugates (APCs) typically contain an
antibiotic, a linker, and a peptide, that would enhance uptake, distribution, metabolism and
reduce cytotoxicity, and hemolysis!4®4’. Among the most prominent and successful examples
of antibiotic conjugation strategies, are those with iron(lll)-chelators, known as
siderophores?*®149, Bacteria secret siderophores to solubilize and import iron from the
extracellular environment, as well as from competing organisms. Studies have shown that
siderophore—antibiotic conjugates can be actively transported into the bacterial cell using
siderophore iron uptake pathways, an approach termed the ‘Trojan horse’*®. Cefiderocol
(Fetroja®, Fetcroja®) is the first siderophore cephalosporin approved for the treatment of Gram-
negative bacterial infections, including complicated urinary tract infections (cUTIs), hospital-

acquired pneumonia (HAP) and ventilator-acquired pneumonia (VAP)!!, Cefiderocol is active
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against all four Ambler classes of B-lactamases and exhibits superb activity against many Gram-
negative pathogens, including multidrug resistant strains'®2. Another conjugation strategy
includes the linkage of antibiotics to antimicrobial peptides (AMPS), which are a membrane-
active peptides belonging to a novel class of antimicrobials >3, AMPs have been conjugated to
antibiotics such as vancomycin, levofloxacin, chloramphenicol and neomycin, in order to
increase their antibacterial efficacy*>*%". Unlike AMP, cell-penetrating peptides (CPPs) have
been studied as a technique to reach intracellular targets, infiltrating them without lysing®®8.
CCPs can be either co-administered with antibiotics such as vancomycin, amoxicillin and
norfloxacin, or conjugated to them**°, CCP-vancomycin conjugates have been recently studied
to treat intracellular vancomycin-resistant S. aureus and enterococci, and kanamycin
conjugated to CCP demonstrated an interesting in vitro activity in clearing of intracellular
Mycobacterium tuberculosis within  macrophages and significant in vivo reduction
of Salmonella in the Caenorhabditis elegans model*®®16!, Further promising examples include
antibody-antibiotic conjugation (AAC) which has proven useful in the treatment of intracellular
infections. An example of such conjugation is that of an anti-Staphylococcus aureus antibody
conjugated to dmDNAS31 (4-dimethylamino piperidino-hydroxybenzoxazino rifamycin)
targeting intracellular S. aureus, has now completed phase | clinical trials'®®!%2, In another
antibody-antibiotic conjugation example to target P. aeruginosa, an antibody was linked to
several photosensitizers which release singlet oxygen and trigger death in nearby cells, upon
irradiation with light!®®, Many other novel conjugates have been explored including host
defense peptides (HDPs), which are small cationic peptides that constitute the nonspecific
innate immune system, 64165 More recently, polycationic peptides (e.g. hexa-arginine) were
conjugated to vancomycin and the most active conjugate showed a 1000-fold increased
antimicrobial activity, and preliminary data showed a distinct mode of action from cell wall

inhibition.
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1.4 Outline of the thesis

The thesis work is divided into two parts, both describing the characterizing antibacterial
modes-of-action of two distinct compound classes overcoming AMR. The first part covers the
in-depth characterization of the antibiotic activity of the bacterial natural product elansolid A2
and provide insights into its target and mode-of-resistance in S. aureus. The second part
describes the conjugation of daptomycin to a polycationic peptide, studies its activity, and

compares it to daptomycin.

Elansolids biosynthetically belong to the group of type | trans-polyketides and comprise a
group of secondary metabolites isolated as two atropisomers Al and A2 from the gliding
bacterium Chitinophaga sanctit®’. The two-atropisomeric elansolids differ in their biological
activity, where elansolid A2 shows antibiotic activity against Gram-positive bacteria, while
elansolid Al is weakly active. The focus of this project is to study the biological activity of
elansolid A2 on a broad panel of bacteria and to discover its mode of action as well as its mode
of resistance in S. aureus by generating mutants, characterizing them, and exploring the genes
involved in resistance by whole genome sequencing. Target validation will be carried out by

several molecular and biophysical assays.

Modifications of existing drugs represent a strategy to shorten the drug development process
and enhance the antibacterial efficiency of antibiotics. Previous studies with vancomycin
conjugation to polycationic peptide revealed that such an approach is feasible to obtain highly
active derivatives'®®, Daptomycin, the first-in-class cyclic lipopeptide antibiotic, is primarily
used for the treatment of vancomycin-resistant Enterococcus spp. (VRE) and Methicillin-
resistant S. aureus (MRSA)®8. Daptomycin-conjugated to various peptide sequences differing
in net charge obtained by solid phase peptide synthesis by our collaborators. The aim of this
project was to assess the activity of the conjugates on daptomycin sensitive and resistant

S. aureus strains (DSSA and DRSA), study the structure-activity relationship (SAR) of the
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novel conjugates, and characterize and compare the lead conjugate DAP-R6 to daptomycin in
vitro and in vivo. Scanning electron microscopy (SEM) is carried out to differentiate the cell

morphology of daptomycin- and conjugate-treated bacteria.
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2  Elansolid A2: A Unique Natural Product Antibiotic Targeting the Small
Ribosomal Subunit and Inhibiting Translation in S. aureus

2.1  Abstract

Elansolids are secondary metabolites produced by the gliding bacterium Chitinophaga sancti.
Elansolid A2, an atropisomer of elansolid Al showed a remarkable activity against Gram-
positive bacteria, specifically against Methicillin-resistant Staphylococcus aureus (MRSA).
Given the promising activity of this interesting class of novel antibiotics, we further investigate
the antibacterial effect of elansolid A2 using a broader panel of bacteria. In addition to its good
activity against MRSA, elansolid A2 exhibited promising minimum inhibitory concentrations
(MICs) of 1 and 4 pg/mL against daptomycin-resistant S. aureus and penicillin-resistant
Streptococcus pneumoniae (PRSP), respectively. Importantly, characterization of in vitro
selected elansolid-resistant mutants of S. aureus enabled the identification of the target of
elansolids. Whole genome sequencing of these mutants revealed mutations in two genes, rpsG
and rpsK, encoding for two small subunit ribosomal proteins, S7 and S11. In vitro translation
inhibition assays and toeprinting experiments further confirmed that elansolid A2 traps the
ribosome with the initiator tRNA in the P-site preventing the elongation step. Importantly,
elansolid-resistant S. aureus mutants carrying mutations in rpsG and rpsK do not show cross-
resistance to common 30S and 50S ribosomal subunit inhibitors, which confirms a unique target
site of elansolids on the ribosome. Elansolid A2 exerts its inhibitory effect through a
bactericidal mode of action and the natural product displays a synergistic effect with 50S

ribosomal inhibitors such as erythromycin, chloramphenicol, and linezolid.
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2.2 Introduction

To tackle the alarming rise of antimicrobial resistance (AMR), there is an urgent need for the
development of novel antibiotics with unique chemistry and distinct mechanisms of action.
Natural products (NPs) have been historically known as an attractive source for drug discovery
in infection research!. NPs originate from bacterial, fungal, plant, and marine sources,
comprising an enormously broad scope of distinct and chemically complex entities.
Furthermore, NPs possess a wide range of biological activities against pathogenic bacteria by
addressing diverse targets?. Screening of Actinomycetes species from soil samples by
Waksman et al. in the 1940s followed by campaigns by companies such as Eli Lilly for bacterial
strains from soil collections from all the over the world, opened the door for pharmaceutical
companies to begin extensive screening for isolating secondary metabolites from soil bacteria®.
Almost 80% of vital antimicrobial classes including tetracyclines, macrolides and
aminoglycosides have been isolated from soil bacteria*®. Given their pharmaceutical value,
secondary metabolites produced by soil bacteria remain an attractive target for researchers in

their efforts to discover novel antimicrobial agents.

Elansolids (chemical structures in Figure 1) comprise a group of secondary metabolites isolated
from the filamentous, chitinolytic, gliding bacterium Chitinophaga sancti, and they belong to
the group of trans-polyketides type 1°7. Elansolid A was isolated as two separable atropisomers
Al and A2, where elansolid A2 shows antibiotic activity against Gram positive bacteria, unlike
elansolid A1 which is weakly active®. Atropisomerism arises in many common scaffolds in
drug discovery and is defined as a dynamic type of axial chirality that refers to the restricted
rotation of a single bond®°. In reverse to elansolid A2, in elansolid A1, at C6 the methylene
protons at are oriented to the outside of the lactone ring and at C7 the secondary alcohol is
folded in the lactone ring®. Additionally, elansolid A3, B1 and B2 bearing the unusual p-

quinone methide unit were isolated from the fermentation extract®!. Elansolid C1 was obtained
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by addition of anthranilic acid to a crude fermentation extract containing the macrolide
elansolid A2 and under mild acidic conditions, a Grob-type fragmentation of elansolid A3 led
to the p-hydroxy styryl isomer elansolid D*2*3, Elansolid A2 showed promising activity against
Gram-positive bacteria specifically against Methicillin-resistant S. aureus, and against efflux-
deficient E. coli AtolC in combination with the membrane-permeabilizing peptide polymyxin
B nonapeptide (PMBN), which suggests that the antibiotic might address a broad-spectrum
target while activity against Gram-negative bacteria is hampered by insufficient uptake and

efflux.

Elansolid B1 R = OH Elansolid C1
Elansolid B2 R = OMe
Elansolid B3 R = NH,

OH o}

Elansolid D1 Elansolid D2

Figure 1: Chemical structures of elansolids (A1-A3, B1-B3, C1, D1 and D2)
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Ever since the introduction of antibiotics, drugs targeting the ribosomes have been an important
subject of numerous studies®. Ribosomes are among the most conserved macromolecular
organelles in the bacterial cell, having an essential role in protein biosynthesis'®. The bacterial
70S ribosome is composed of two unequal subunits, the small (30S) and large (50S) subunits
that associate during translation. The small (30S) subunit contains 16S rRNA and ~ 20 proteins,
while the large (50S) subunit contains 23S rRNA, 5S rRNA, and over 30 proteins'’. Protein
synthesis (summarized in Figure 2) is divided into four steps: initiation, elongation,
termination, and recycling. Given their pivotal role in protein synthesis, ribosomes represent an
attractive target for antibiotics for the treatment of infectious diseases. Several antibiotics
targeting the ribosome and interfering with protein synthesis have been developed and many
are in clinical application, with e.g. linezolid being used to treat infections caused by hard-to-

treat vancomycin-resistant Enterococcus spp., (VRE)®.
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Figure 2: proteins synthesis cycle. Translation is mainly divided to four steps: initiation, elongation,
termination, and recycling. Initiation occurs by the assembly of 30S and a 50S ribosomal subunits with
the initiator tRNA and start codon of the mRNA positioned at the P-site. Elongation cycle encompasses
the delivery of the aminoacylated-tRNA (aa-tRNA) to the A-site of the ribosome, followed by the
base-pairing between mMRNA and tRNA, allowing the peptide bond formation to occur between the
growing amino acids and later, tRNA translocating from P-to E-site and from A-to P-site. Termination
and recycling lead to release of the polypeptide chain and the dissociation of the 70S ribosome,
followed by recycling of the translation components.

Herein, we aim to study the mode of action, mode of resistance as well as killing kinetics and
biological activity of elansolid A2 against a panel of Gram-positive and Gram-negative
pathogens. We generated elansolid-resistant S. aureus mutants and characterized them to
assess their growth kinetics, metabolic activity, and to study the genes involved in resistance
by performing whole genome sequence analysis. Intriguingly, elansolid-resistant mutants
acquired point mutations in genes encoding for small ribosomal subunit-proteins. We further
confirmed the target of elansolid is protein biosynthesis by in vitro translation inhibition
assays and toeprinting experiments that proved the position in which elansiolid traps the

ribosomes. Mutants’ characterization revealed no cross-resistance to a selection of 30S and

50S ribosomal subunit inhibitors, which confirms a unique target of the antibiotic.
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2.3 Materials and Methods

2.3.1 Bacterial strains and antimicrobial susceptibility testing

All bacterial were handled under conditions recommended by the depositor. S. aureus strains
Newman, Mu50 and N315 were obtained from the stock collection of the Institute of Medical
Microbiology, Zurich, Switzerland, and kindly provided by Brigitte Berger-Bachi. S. aureus
HGO001 and the corresponding HG001 daptomycin-resistant DAPR mutant (Miiller et al.,
2017)*° were provided by Prof. Dr. Tanja Schneider (University Hospital Bonn).

Experiments with all bacterial strains were conducted in Mueller Hinton Il Broth (Cation-
Adjusted) (BD BBL) (MHBII) and Mueller Hinton Il Broth supplemented to 50 mg/L Ca**
(MHBII-Ca?") for daptomycin-resistant S. aureus strain according to the guidelines of Clinical
and Laboratory Standards Institute (CLSI). Experiments with mycobacteria (M. marinum, M.
smegmatis and M. tuberculosis) were conducted in Middlebrook 7H9 broth base (Sigma-
Aldrich) supplemented with 10% Oleic Acid-Dextrose-Catalase (OADC).

Minimal inhibitory concentrations (MICs) were determined by standard broth microdilution
(BMD) based on 2-fold serial dilutions of tested compounds according to guidelines of the
Clinical & Laboratory Standards Institute (CLSI). Briefly, 75 pl/well of bacterial suspension at
~ 4 x 10° CFU/mL were added to a 96-well plate, along with 75 pl of compounds in serial
dilution (0.03-64 pg/mL). The plates were then incubated at ambient temperature, and the
lowest concentration at which no growth was observed by visual observation was considered
as the MIC. For M. marinum and M. tuberculosis, a final suspension of 1 x 10° CFU/mL were

used in the assay and the plates were incubated at 30 °C and 37 °C for 4 and 7 days respectively.

2.3.2 Killing kinetics of elansolid A2 in S. aureus

TKCs were performed using early logarithmic phase of growth of S. aureus strain Newman.
Briefly, an overnight culture of S. aureus Newman was incubated in MHBII, overnight at 37

°C. The culture was diluted 1:10 and incubated for one hour at 37 °C. Compound solutions
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were prepared with 4- and 8-fold MIC of Elansolid A2 (Final concentration of DMSO in assay
did not exceed 1%). The bacterial culture was diluted to an Optical Density (ODsooy of 0.04 (~1
x 10" CFU/mL) and the bacteria were either left untreated or treated with elansolid A2 at 4-fold
and 8-fold MIC, respectively. Samples were incubated at 37 °C and 180 rpm over the whole
course of the experiment. At specified time points (0, 10, 20, 30, 45, 60, 90 min, 2 h, 3 h, 4 h,
5h, 6 h and 24 h), ODeoo Was measured, and cultures were plated on Tryptic Soy agar (TSA)
(Millipore-Merck). CFU (colony-forming unit) counts were determined after 24 hours of

incubation at 37 °C.
2.3.3 Mutant generation and characterization

Resistant colonies to elansolid A2 were generated and characterized. Briefly, ODsoo
early logarithmic phase of growth of S. aureus Newman overnight-cultures was adjusted to 10
(~5 x 10° CFU/mL). 200 pL of the culture was confluently streaked on selective Tryptic Soy
agar (TSA) (Millipore-Merck) containing 2- and 4-fold MIC of elansolid A2 to have ~1 x 10°
CFU/plate. A culture was streaked on non-selective TSA (without elansolid A2) and served as
a control for the growth of the wild type (wt.) S. aureus strain. Plates were incubated at 37 °C
for 24 hours. Frequency of resistance was determined, resistant colonies were randomly
selected, and MIC was determined. Resistant colonies that showed a shift in MIC to > 64 pg/mL
were then selected as resistant mutants and these were further tested. Ten resistant colonies
were selected, and for simplicity were given the abbreviation ‘M’, standing for mutant and a

random number (1-10) e.g., M1 for mutant number 1.

Whole genome sequencing

Genomic DNA extraction of the mutants was performed by phenol-chloroform with
lysostaphin. DNA concentration and purity were measured by NanoDrop (Thermo Scientific™
NanoDrop 2000). Genomic DNA of different variants and one control S. aureus Newman strain

was sequenced using lllumina Paired-End technology on the MiSeq instrument at the Helmholtz
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Centre for Infection Research (Braunschweig, Germany). Raw data were imported into the
Geneious 9.1.337 software package and trimmed of low-quality parts with an error probability
threshold of 0.05. It was aligned against the S. aureus reference sequence. Assembly files were
then converted to consensus sequences by the ‘Generate consensus sequence’ option in the
Geneious software and ‘Highest quality’ consensus calling option. Resulting consensus
sequences were aligned to each other and to the reference genome sequence by the

‘progressiveMauve’ algorithm of the MAUVE whole-genome sequence alignment tool.

Mutation reversibility and mutant growth kinetics

Generated S. aureus mutants were characterized to study the reversibility of their elansolid-
resistant phenotype and fitness cost. Mutants (M1-M8) and the respective wild-type (wt) strain
were cultured in MHBII media without selective pressure and the culture was sub-cultivated
1:10° daily for 10 passages. MIC testing for the sub-cultivated cultures was performed to assess

whether the mutants revert to the elansolid-sensitive wild type phenotype.

To study and compare the growth kinetics of the mutans (M1-M8) to the wild type (wt) strain
of S. aureus, ODgoo Of overnight cultures was adjusted to 0.1 (~1 x 10’ CFU/mL) in fresh MHBII
and the growth Kkinetics were assessed by measuring ODgoo On plate reader (Tecan Infinite
M200Pro). The same experiment was performed under antibiotic pressure incubating the
mutants (M1-M10) as well as the wild type strain with supra-MIC of 64 pg/mL of elansolid

A2.

Assessment of metabolic activity with isothermal microcalorimetry

To measure the metabolic activity of elansolid A2 mutants in the absence and presence of
elansolid A2 pressure, the calScreener microcalorimeter (Symcel, Stockholm, Sweden) was
used. Briefly, early logarithmic phase of growth of S. aureus of overnight cultures was adjusted
to ODsoo Of 0.01 (~1 x 10° CFU/mL). 100 pL of mutants (M1-M8) and wild type S. aureus

strain were transferred to plastic inserts, then placed in titanium vials and tightened with
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titanium lids using torque wrench, set to 40 cNm force. Similar approach was done for the
mutants grown with supra-MIC of 64 pg/mL elansolid A2. After instrument calibration, the
heat flow was measured at 37 °C for 48 hrs. The ‘baseline’ and ‘main’ sections of the heat flow
curves for the samples were defined and data were analyzed using the web based Symcel

Calorimetry analysis application (https://symcel.shinyapps.io/symcel_calorimetricgrowth/).

Cross-resistance with reference antibiotics

To study the cross resistance of elansolid A2 with different antibiotics that target the ribosomes
and cell wall synthesis, MIC testing with the elansolid-resistant mutants (M1-M8) and wild
type S. aureus Newman was performed. Minimal inhibitory concentrations (MICs) were
determined by standard broth microdilution (BMD) based on 2-fold serial dilutions of tested
antibiotics (0.03-64 pg/mL) according to guidelines of the Clinical & Laboratory Standards
Institute (CLSI) (section 4.1). Antibiotics tested included: 30S ribosomal subunit inhibitors
(Tetracyclin, Spectinomycin, Kanamycin and Gentamicin) and 50S ribosomal subunit
inhibitors (Erythromycin, linezolid, and Chloramphenicol) and cell wall synthesis inhibitors
(vancomycin and ampicillin). MIC of the mutants was determined against the panel of
antibiotics to study any shift in MIC as compared to the wild type. All antibiotics used were

purchased from Sigma-Aldrich and dissolved according to the manufacture’s recommendation.

Checkerboard assay

The assay was used to evaluate synergism (or antagonism) between elansolid A2 and several
antibiotics. Briefly, a 2-fold serial dilution of elansolid A2 (0.09-192 pg/mL) in MHBII was
prepared in a 96-well microtiter plate (panel A) with a volume of 100 pL/well. Another 96-well
plate (panel B) was used for the 2-fold serial dilution in MHBII of different antibiotics (30S
ribosomal subunit inhibitors (tetracyclin, spectinomycin, kanamycin and gentamicin) and 50S
ribosomal subunit inhibitors (Erythromycin, linezolid, and Chloramphenicol) and cell wall

synthesis (vancomycin and ampicillin), respectively, with final 50 pL/well. For each antibiotic,
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the selected concentration ranges depended on previously determined MICs. After dilution, 50
ML were transferred from wells of panel A and dispensed in the corresponding wells of panel
B (final 100 pL volume). 50 uL of bacterial suspension of S. aureus Newman were added to
the plate to achieve ~10° CFU/mL (final volume 150 pL/well). The plates were incubated at 37
°C for 24 hrs. and wells were observed for turbidity and ODeoo was measured. MIC of each of
elansolid A2 (from panel A) and panel B (antibiotic) alone as well as the combination wells
were observed. Each test was performed at least in duplicate and included a growth control
without addition of any antibiotic. Fractional Inhibitory Concentration Index (FICI) of the

combination of the two compounds in each row was calculated by the formula®:

Z FICI = FICElanAZ + FICAntibitoic

_ MICEjana2 in combination ;| MICantibitoic in combination

MICElanAZ alone MICAntibiotic alone

We refer to the FICI interpretation proposed by Odds, 2003%° : FICI < 0.5 synergy, FICI > 4
antagonism and 1 < FIC < 4 indifference.

Surface Plasmon Resonance SPR

To confirm the elansolid target, we studied the interaction of elansolid A2 with two ribosomal
proteins S7 and S11 and determined the equilibrium dissociation constant (KD) by SPR. SPR
analyses were performed on a Biacore X100 system (GE Healthcare). Recombinant E. coli 30S
ribosomal protein S7 (rpsG) and S11 (rpsK) were purchased from 2BScientific (Oxfordshire).
S7 and S11 proteins were diluted to 50 pg/mL in 10 mM sodium acetate buffer (pH 4.5) and
immobilized on CM5 sensor chips (Biacore) by standard amine coupling for 200 sec to reach
~3000 response units (RU). All measurements were performed in duplicate. Increasing
concentrations of elansolid A2 were injected over the immobilized S7 or S11 proteins: 50, 100,

200, 400 and 800 uM. Binding interactions were monitored at 25 °C with a flow rate 30 pL/min
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in HBS-EP/5% DMSO as running buffer. The theoretical maximal RU (Rmax) for S7 and S11

was determined to be 74 and 100 RU, respectively, as calculated by the formula:

R _ Molecular weight (MW) Analyte " bilized ligand density (RU) X Stoich iric rati
max = weight (MW) Ligand immobilized ligand density oichometric ratio

The MW of S7 and S11 protein is 23,900 and 17700 Da, respectively. The MW values for
elansolid A2 is 589 Da. The stoichiometric ratio for all interactions were assumed to be 1. the
Kb values were calculated from the response data fitted to a model (the classical Langmuir

binding model) using the Biacore X100 evaluation software 2.0.1.
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2.4  Results

2.4.1 Antimicrobial susceptibility testing

Elansolid A2 was tested against a panel of Gram-positive and Gram-negative pathogens as well
as Mycobacterium spp. The natural product showed good antimicrobial activity with an MIC
of 4 ug/mL with S. aureus Newman and no apparent cross-resistance in methicillin-resistant,
vancomycin intermediate and daptomycin-resistant S. aureus strains. Other Gram-positive
strains such as S.carnosus, Micrococcus luteus and penicillin-resistant Streptococcus
pneumoniae were also sensitive towards elansolids with MICs in the range of 1-8 pg/mL.
Interestingly, Bacillus subtilis (MIC 32 pg/mL) and Enterococcus spp. (MIC 64 pg/mL)
displayed reduced susceptibility. Gram-negative strains of the test panel were non-susceptible
(E. coli, P. aeruginosa and A. baumannii) but a very weak activity was observed against an
efflux-deficient E. coli AtolC strain (MIC 64 pg/mL). Elansolid A2 did not show any inhibitory
effect against the tested mycobacterial strains; M. smegmatis, M. tuberculosis, and M. marinum
(MIC > 64 pg/mL). All data are summarized in Table 1. Given the importance as often multi-
drug resistant nosocomial pathogen and as a member of the ESKAPE group, S. aureus - being
particularly sensitive towards treatment with elansolid A2 - was chosen as model organisms to

elucidate the mechanism of action of elansolids.



Elansolid A2 |50

Table 1: Antimicrobial susceptibility testing of elansolid A2

MIC [pg/mL] of

Organism Strain Elansolid A2
Staphylococcus aureus Newman 4
N315 (MRSA) 8
Mu50 (VISA/MRSA) 4
HGOO01 (wt) 4
HGO01(DRSA) 1
Staphylococcus carnosus DSM20501 8
Bacillus subtilis DSM10 32
Micrococcus luteus DSM1790 1
Streptococcus pneumoniae DSM 20566 (wt) 8
DSM 11865 (PRSP) 8
Enterococcus faecalis DSM20478 64
DSM12956 (VRE) 64
Enterococcus faecium DSM20477 64
ATCC51559 (VRE) 64
Pseudomonas aeruginosa PAl4 > 64
Acinetobacter baumanniii DSM30008 > 64
Escherichia coli DSM1116 > 64
AtolC efflux-deficient 32-64
Mycobacterium marinum Strain M > 64
Mycobacterium smegmatis mc2155 > 64
Mycobacterium tuberculosis H37 Ra > 64
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2.4.2 Killing kinetics of elansolid A2 in S. aureus

To decipher the mode of action of elansolid A2, time-kill curves were recorded to monitor
bacterial growth and death (Figure 3). For this, exponential phase S. aureus was treated with
elansolid A2 at 2- and 4-fold MIC, and samples for counting of colony-forming units (CFUSs)
were taken at time points depicted in Figure 3. Over the course of the experiment (24 h),
CFU/mL of the untreated control increased by ca. 1.5-log. Killing kinetics against S. aureus
showed a reduction in number of viable cells directly after 15 minutes of treatment with 8 and
16 pug/mL elansolid A2, respectively. A 3-log reduction of viable cell count, which is typically
used to define a bactericidal mode of action, was achieved after approximately 2.5 h (4x MIC)
and 4 h (2x MIC), respectively. Importantly, no regrowth of bacteria was recorded after 24
hours for neither of the two concentrations. Taken together, this Kinetic profile indicates that
elansolid A2 shows a bactericidal effect against S. aureus as defined as a reduction greater than

99.9% (> 3 logao units) of the total count in the original inoculum?®.
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Figure 3: Time-kill kinetics of elansolid A2 against S. aureus Newman. 2- and 4-fold MIC (MIC =
4 pg/mL) of elansolid A2 eradicated more than 99.9% of the total count in the original inoculum verifying a
bactericidal activity. A 3-log reduction of viable cell count, which is typically used to define a bactericidal
mode of action, was achieved after approximately 2.5 h (4x MIC) and 4 h (2x MIC), respectively Dotted line

represents limit of detection (LoD)
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2.4.3 Mutant generation and characterization

The frequency at which resistant mutants appear in vitro is often used as an indicator of the
overall mutation frequency in bacteria and the likelihood and time frame of resistant strains
evolving after the introduction of an antibiotic into clinics. The frequency of resistance to
elansolid A2 in S. aureus was high with a value of ~1 x 107 at 4-fold MIC. For the mutant
characterization, random ten colonies were picked from an agar plate containing elansolid A2
at 4-fold MIC (16 p/mL). The isolated colonies were then re-tested for MIC with elansolid A2
to confirm their resistant phenotype and the level of resistance. All colonies showed a shift in
MIC to a value greater than 64 pg/mL compared to an MIC of 4 pug/mL with the wild type (>
16-fold shift). To study whether elansolid A2-resistance in S. aureus is reversible, the resistant
mutants were grown without antibiotic pressure for several passages with daily 1:10° dilution
into fresh growth medium. MIC was tested after 3 and 10 passages, respectively (data
summarized in Table 2). MIC assessment showed that none of the mutants reverted to wild
type level (MIC of 4 ug/mL). These data suggest that the mutation is stabilized in the bacterial
populations where antibiotic selective pressure is absent. Such stability might be due to the

development of cost-free resistance mutations??.

Table 2: MIC data of wild type (wt) and elansolid mutants (M1-M8) originally and after serial passages
without selective pressure.

MIC [pug/mL] of Elansolid A2

WT M1 M2 M3 M4 M5 M6 M7 M8

Original 4 > 64 > 64 > 64 > 64 > 64 > 64 > 64 > 64
Day 3 4 > 64 > 64 > 64 > 64 > 64 > 64 > 64 > 64

Day 10 4 > 64 > 64 > 64 > 64 > 64 > 64 > 64 > 64
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Whole genome sequence analysis

Having isolated elansolid A2-resistant S. aureus, whole genome sequencing was applied to
identify mutations responsible for this phenotype. Intriguingly, point mutations in two 30S
ribosomal genes, rpsK or rpsG, were found. Most of the variants developed mutations in rpsk,
encoding for the tertiary binding protein S11 (proline is replaced by alanine at position 60;
P60A) situated on the platform of the 30S ribosomal subunit?>2*, Only one mutant (M3)
harbored a point mutation in rpsG encoding for the primary binding protein S7 (proline is
replaced by serine at position 88; P88S) located in the head of the 30S subunit (data

summarized in Figure 4)22,

Protein Structure Gene Organism Sequence

...|81 88 95|...

S. aureus reference strain ...GGSNYQVPVEVRPER...

S S. aureus Newman WT ...GGSNYQVPVEVRPER...

[ st M1, M2, M4-M8 ...GGSNYQVPVEVRPER...

s7 74 x&;ﬁ#f D PSG M3 .GGSNYQVEVEVRPER...
(/)&E%IQ@L?‘E) Escherichia coli ...GGSTYQVPVEVRPVR...

‘ \“: é\';ﬂé 4 Mycobacterium tuberculosis ...GGATYQVPVEVRPDR...

“?‘- Streptococcus pneumoniae ...GGSNYQVPVEVRPER...
Thermus thermophilus ...GGANYQVPMEVSPRR...

Protein Structure Gene Organism Sequence

..-|51 60 65|...

S. aureus reference strain ...GFKGSKKSTPFAAQM...

S. aureus Newman WT ...GFKGSKKSTPFAAQM...

M1, M2, M4-M8 ...GFKGSKKSTAFAAQM...

S11 M3 ...GFKGSKKSTPFAAQM...
Escherichia coli ...GFRGSRKSTPFAAQV...

Mycobacterium tuberculosis ...GFKGSKKSTPFAAQM...

Streptococcus pneumoniae  ...GFKGSRKSTPFAAQM...

Thermus thermophilus ...GYKGSRKGTPYAAQL...

Figure 4: Sequence of S7 (rpsG) and S11 (rpsK) ribosomal proteins of S. aureus reference strain,
wildtype, and mutants M1-M8 in addition to a selction of bacteria. S7 protein sequence of mutant M3
shows a replacement of proline by serine in residue 88 marked in red (P88S), with no mutation in S11
protein. S11 protein sequence of mutants M1, M2, M3-M8 shows a replacement of proline by alanine in
residue 60 marked in red (P60A), with no mutation in S7 protein. Protein structures of S7 and S11 are
presented in yellow and brown respectively. Residue highlighted in grey represent porline as a conserved
amino acid in position 88 and 60 for S7 and S11 respectively, in refernce S. aureus strain as well as other
bacteria and mycobacteria. S. aureus reference strain NCTC8325/PS47 and S. aureus Newman strain as
a wildtype. Escherichia coli (strain K12), Mycobacterium tuberculosis (strain ATCC25618/H37Rv),
Streptococcus pneumoniae (strain  ATCCBAA-255/R6), and Thermus thermophilus (strain
ATCC27634/DSM 579/HB8). Sequences are obtained from Sequences from the Swiss-Prot protein
database (us.expasy.org/sprot)
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The head and platform (Figure 5-A) of the small ribosomal subunit undergo a series of
conformational changes and move along each other during translation. These conformational
changes are affected by S7-S11(Figure 5-A) interaction during protein synthesis?®. Both
mutations in elansolid variants show a replacement of proline in the protein sequences. Unlike
other proteinogenic amino acids, proline contains a secondary amino group as part of a
pyrrolidine residue, a feature that highly restricts its conformational flexibility. Furthermore,
proline can exist in both the cis and trans conformation in polypeptides conferring the amino
acid an important role in protein folding, and is often found at the end of a helix, in turns or
loops?®. Ribosomal proteins S7 and S11 interact via 148-155 region and the region
encompassing residues 55-63 respectively. In elansolid mutants, mutation in S11 is located in
residue 60 which is involved in the interaction with S7, however, mutation in S7 occurs in
residue 88 which is not in the interaction region but in close proximity (Figure 5-B). The
exchange of proline in either S7 or S11 in the mutants might change the conformation of the
proteins and thus, hinder elansolid A2 from binding. We propose that elansolid A2 binds to the
S7-S11 interface and prevents the interaction within the 30S subunit and further affects the
dynamics of the ribosome. Crystal structures show that S7-S11 interaction aids in the formation
of the exit channel, through which mRNA passess?’. It was also observed that the C-terminal
region of S7 could be cross-linked to the Shine-Dalgarno region of mRNA?8, Further, it was
demonstrated that the C-terminal domain of S7 contacts the anticodon of the tRNA bound to
the E-site?®. Moreover, cryo-electron microscopy (Cryo-EM) images suggest that translation
initiation factor (IF3) binds to S7 and S11%°. All the above-mentioned studies underline the
importance of S7-S11 protein-protein interactions observed during the formation of a functional

ribosome and their contribution to ribosome dynamics.
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Figure 5: Interaction between ribosomal proteins S7 and S11 in the 30S subunit. (A)
Crystallographic structure of the 30S ribosomal subunit of S. aureus showing the head and the platform.
Zoomed picture displaying the interaction between S7 and S11 in brown and green respectively. (B)
Ball-stick structure of S7 and S11 ribosomal proteins showing the residues involved in the binding in
green. Structures in blue represent proline and the red arrow shows the position of the mutation observed
in elansolid mutants. Crystallographic structure of the 30S ribosome is obtained from the Swiss-Prot
protein database (us.expasy.org/sprot)
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Mutant growth Kinetics

To further investigate whether resistance to elansolid A2 in S. aureus influences the growth
kinetics of the bacteria and their ability to replicate, we assessed Optical Density (ODsoo) values
over time. As already suggested by the observed non-reversible resistance phenotype, we did
not identify apparent differences in growth kinetics for the mutants compared to the wild type
(Figure 6-A). However, we also assessed the growth kinetics of individual mutants under
antibiotic pressure. For this, mutants as well as the wild type S. aureus strain were cultured with
64 pug/mL elansolid A2 (16-fold MIC, S. aureus wild type) (Figure 6-B). Intriguingly, although
all isolated mutants are per definition resistant, as assessed in end-point MIC determination, we
found one mutant (M3) with a mutation in S7 (rpsG) to exhibit a significantly slower growth
rate in the presence of elansolid A2. We hypothesize that mutation in rpsG is least favored as
it does not induce the same level of resistance and might have a more dramatic effect on the

bacterial growth than the mutation in rpsk.
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Figure 6: Growth kinetics as a measurement of optical density over time. ODeggo Of S. aureus wild
type strain and mutants assessed over 30 hrs for (A) untreated samples and (B) treated with 64 pg/mL
elansolid A2. Unlike others, the variant expressing the mutation in rpsG encoding for S7 protein
showed a slow and delayed growth kinetic in the presence of elansolid A2.
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Assessment of metabolic activity with isothermal microcalorimetry

In an orthogonal assay, the fitness of mutants in the absence and presence of elansolid A2 was
evaluated on the level of the microcalorimeter calScreener™ (Symcel, Sweden). The latter
allows the measurement of the total metabolic activity by the direct measurement of heat release
from biological specimens. The data were analyzed using CalView software (Symcel) and
presented as heat flow thermograms. Figure 7 represents the heat flow profile of S. aureus wt
and mutants (M1-M8), untreated and treated with 64 pg/mL, as a detection of bacterial activity.
M3 harboring the mutation in rpsG (S7) showed ~5-fold increase in heat flow compared to
other mutants harboring mutation in rpsK (S11), both, when untreated and treated with
64 pg/mL elansolid A2. Furthermore, when treated with elansolid A2, M3 showed a significant
shift in lag and exponential phase (shift from 8 to 12 h), a longer stationary phase that lasts from
18 to 26 h (shift from 2 to 8 h) and a high heat flow. These data suggest that M3 has a different
metabolic activity than other mutants. The metabolic rate of the elansolid A2-treated wildtype
(Figure 8) was low since elansolid A2 exerts its antibiotic effect preventing most energy release
of the sample. All mutants except for the variant M3 expressing the mutation in S7 (rpsG)
showed a normal metabolic rate for treated and untreated samples. However, M3 showed a peak
in metabolic rate, ~4-fold higher than other mutants. Such increase in metabolic rate
demonstrates that the bacteria is undergoing a high metabolic activity which can be explained
e.g., by a large energetic burden (fitness cost) for the mutant harboring rpsG mutation to
survive.

The measurement of heat release as a representation of metabolic activity of M3 is in line with
the slow growth kinetics of this mutant compared to other mutants. These data further prove
that the S7 mutation might influence the bacteria in a more dramatic way than other mutations
in S11 proteins. This is reflected by the low incidence of such mutation, a slow growth rate and
a high metabolic rate. We speculate that mutation in the S7 protein of the 30S ribosomal subunit

has a severe impact on the cell, given the importance of S7 in cross-linkage to the Shine-
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Dalgarno region of mRNA and the contact to anticodon tRNA in the E-site during protein

synthesis?®2°,
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Figure 7: Thermograms presented as heat flow vs. time for S. aureus wild type (wt) and mutants
(M1-M8). (A) untreated wt and M1, M2, M4-M8 samples show a normal heat flow, unlike M3 that
shows a higher peak in heat flow. (B) unlike other mutants, treatment with 64 pug/mL of elansolid A2
shows a shift in lag and exponential phase, high peak of heat flow and a longer stationary phase in M3.
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Figure 8: Metabolic rate of S. aureus wildtype and mutants untreated and treated with elansolid
A2. M3 shows a high metabolic rate as measured compared to the other mutations (M1, M2, M4-M8)
both when treated with elansolid A2 and when kept untreated.
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Cross-resistance studies with reference antibiotics

To study cross-resistance between elansolid A2 and other antibiotics, mainly those targeting
protein biosynthesis, susceptibility profiles of mutants were generated and summarized in
Table 3. All mutants showed MIC values greater than 64 ug/mL for elansolid A2 as seen
before, but they remained susceptible to all the other tested antibiotics, hence, no cross-
resistance could be observed with neither 30S ribosomal subunit inhibitors (kanamycin,
gentamicin, tetracycline, and linezolid) nor 50S ribosomal subunit inhibitors (linezolid,
erythromycin, chloramphenicol) or antibiotics inhibiting cell wall synthesis (ampicillin and
vancomycin). This further supports the assumption that elansolid A2 has a distinct mode of

action in targeting the ribosome.

Table 3: Susceptibility of elansolid A2 resistant S. aureus strains to a panel of ribosomal inhibitors.

MIC [pug/mL]
Target Antibiotic WT M1 M2 M3 M4 M5 M6 M7 M8
Kanamycin 4 8 8 4 8 4 8 8 8
30S .
ribosomal ~ Gentamicin 05 1 1 1 1 1 2 1 1
subunit Tetracycline 025 05 05 025 05 05 05 05 05
Linezolid 2 2 2 2 2 2 2 2 2
50S .
ribosomal ~ Erythromycin 025 025 025 025 025 025 025 025 05
subunit Chloramphenicol 8 8 8 8 8 8 16 16 16
Collwall  Ampicillin 0125 0125 025 025 025 025 0125 025 025
Vancomycin 2 2 2 2 2 2 2 2 2

Elansolid A2 4 >64 >64 >64 >64 >64 >64 >64 >64
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Checkerboard assay to study synergism of elansolid A2

Assuming that antibiotics targeting the same cellular process through a different mechanism
might exert synergistic activity (e.g., seen with the combination of folate synthesis inhibitors
trimethoprim and sulfamethoxazole) checkerboard assays were performed to investigate
interactions between elansolid A2 and a panel of antibiotics that target different sites of the
ribosome®!. Such an assay can help to decide if a specified combination of two antibiotics is
useful (synergism) for antimicrobial therapy. On the other hand, antagonism can result from
competition for target sites providing details on the mode of action of the respective antibiotic*2.
Elansolid A2 was shown to exert synergistic effects (X FICI = 0.5) with the 50S ribosomal
subunit inhibitors erythromycin, chloramphenicol, and linezolid. No synergism (0.5 < X FICI
< 4) with 30S ribosomal inhibitors could be observed for 30S ribosomal subunit inhibitors and
the cell wall inhibitor vancomycin, which was used as a control. Elansolid A2 did not show
antagonistic effects to any of the tested antibiotics indicating that it targets a distinct binding

site. Data are summarized in Table 4.

Table 4: Combination testing of elansolid A2 with different reference antibiotics. FICI: fractional
inhibitory concentration index; I: indifference; S: synergism.

MIC [ug/mL]
I Antibiotic in Elansolid A2 in .
Ar;'tllé):](;tlc combination with  combination with ZFICI  Activity
Elansolid A2 antibiotic
Erythromycin 0.5 0.125 1 0.5 S
Chloramphenicol 16 4 1 0.5 S
Linezolid 2 0.5 1 0.5 S
Kanamycin 8 1 2 0.625 I
Vancomycin 2 1 2 1 I

Tetracycline 0.5 0.25 2 1 I
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Surface Plasmon Resonance SPR

To confirm our genome-based findings that S7 and S11 ribosomal proteins are the target of
elansolid A2, we used surface plasmon resonance (SPR) to characterize the binding of elansolid
to each protein independently. SPR analysis demonstrated binding of elansolid A2 to E. coli
ribosomal proteins with high affinity (equilibrium dissociation constant Kp: 2.3 x 10° M and
1.3 x 10°° M for S7 and S11 proteins, respectively) and a fast recognition rate and slow
dissociation from the protein (S7, ka: 1.5 x 10’ Mt s7? | dissociation rate constant kq: 3 x 1072
s1;S11, ka: 7.8 x 105 M s72 kq: 10 x 103 s71) (Figure 9). No binding was detected between
the two ribosomal inhibitors, tetracycline, and erythromycin to S7 or S11. Kp values were
calculated from the response data fitted to a model (the classical Langmuir binding model)

using the Biacore X100 evaluation software 2.0.1.
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Figure 9: SPR-based kinetics of elansolid A2 binding to S7 and S11 ribosomal proteins. Langmuir graph
of elansolid A2 binding to (A) S7 and (B) S11 protein. Table showing values calculated from the response data
fitted to a model (the classical Langmuir binding model) using the Biacore X100 evaluation software 2.0.1.
Kp: equilibrium dissociation constant, ka: association rate constant, kq: dissociation constant.
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2.5  Discussion

The elansolids represent a novel class of macrolide antibiotics with good activity against Gram-
positive pathogens such as S. aureus and S. pneumoniae and a presumably unique ribosomal
target. The in vitro frequency of resistance (FOR) of S. aureus was high (~107") at 4-fold MIC
of elansolid A2 and the mutation is stable and without any fitness cost as shown by metabolic
activity measurement in the absence of antibiotic pressure. This suggests that the antibiotic
development might be hindered by the fast development of a stable resistant population. Despite
the high FoR of elansolid A2 in vitro, an important alternative should be taken into consideration;
the mutant prevention concentration (MPC). The latter is defined as the lowest concentration of
an antimicrobial agent that limits the occurrence of resistant mutants and is a measurement of
concentration that has been used to prevent or minimize the selection of resistant strains during
drug therapy®*3*. In general, the in vitro determination of FOR depends on the standard MIC
values, which do not completely correlate with in vivo results®. Thus, determination of the
interval between the MIC and MPC, known as mutant selection window (MSW), is important to

define the in vitro antimicrobial concentrations that favor the selection of resistant mutants33-6,

Although most of the ribosomal inhibitors exert their effect in a bacteriostatic mode of action
(e.g., oxazolidinones, and streptogramins), elansolid A2 exerts a bactericidal killing effect
against S. aureus as shown by time-Kkill curves. This is in line with aminoglycosides, that display
a very rapid bactericidal effect at higher concentrations, especially in clinical practice, and
macrolide (ketolide) family of antibiotics that include bactericidal (e.g., telithromycin or
solithromycin) inhibitors®’. The genes involved in resistance were identified by genome
sequence analysis of several elansolid-resistant S. aureus mutants. Most S. aureus elansolid-
resistant variants developed a point mutation in rpsK (encodes for 30S ribosomal protein S11,
positioned in the platform) and one mutant showed a point mutation in rpsG (encodes for 30S
ribosomal protein S7, positioned in the head). S7-S11 interaction has been identified as a crucial

protein-protein interaction (PPI) for the ribosome function, allowing the formation of the exit
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channel for mRNA passage. Further, the S7-S11 PPI induces a conformational change in the
head and platform of the 30S ribosomal subunit during assembly, binding of translation factors
(e.g. translational initiation factor IF3) or aminoacyl-tRNA (aaTRNA) and during
translocation?>2%3%, Only one out of the eight analyzed mutants had a mutation in S7 protein
and showed slow growth kinetics as monitored by optical density, and high metabolic activity
as reflected by a peak in heat production compared to the other variants under antibiotic
pressure. Unlike mutations in S11, the mutation in S7 is less efficient in conferring high-level
resistance since mutant growth is only delayed in the presence of elansolid (and no cost without

antibiotic pressure)

In E. coli, S7-S11 interaction involves S7 residues 148, 150, 152, 153 and 154, within 148-155
region, which is missing in eukaryotes and archaebacteria and S11 residues 55, 58, 59, 60, and
63 which is less conserved in eukaryotes and archaebacteria®®. This region of interaction is
highly conserved in bacteria as represented in Figure 9, showing the S7 and S11 sequence
examples of four representative bacteria: E. coli, T. thermophilus, S. aureus and S. pneumoniae
and M. tuberculosis?®>2®, Crystal structure studies of the bacterial 30S subunit based on site-
directed mutagenesis to disrupt the interaction between S7 and S11, included either deletion of
the 148-155 region in S7 or introduction of mutations in S7 and S11 interaction region. The
results revealed that such mutations made the ribosomes error-prone and increased the capacity
of the 30S to bind mRNA?Z, The disruption of contacts between S7 and S11, which are in the
ribosome exit (E) site, presumably impairs the coupling between the E and A (aminoacyl) sites,
which could contribute to decrease in the translational fidelity and make the ribosomes more
susceptible to errors. Furthermore, disrupting the interaction might cause a disturbance in the
exit channel, that is formed by the interaction of the two proteins, hindering it open, making it
easier for the mRNA to bind and thus increasing the capacity of 30S to bind mRNA?Z, All
elansolid variants with a mutation in rpsK that encodes for S11, show a replacement of proline

by alanine in position 60 (P60A) which is among the residues involved in the binding to the S7,
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affecting the assembly of the two ribosomal proteins and further impeding the ribosome
function (Figure 4 and 9). Furthermore, proline residue in position 60 (P60) is highly conserved
in bacteria (Figure 9) and given the importance of proline in polypeptide chain to reverse its
direction, we hypothesize that such amino acid replacement prevents the interaction with the
S7%3°, Genome analysis gives further evidence that elansolid A2 binds to S11 and prevents its
interaction with S7 which impacts the dynamics of the ribosome and consequently inhibits

protein synthesis.

Although the mutation observed in S7 protein occurred in position 88 (P88S) which is far from
the 148-155 region that binds the S11, the proline residue 88 (P88) is conserved in most bacteria
and its replacement might further impact the structure of the S7 and its binding to S11 or to
translation factors in the small ribosomal subunit (Figure 9). In the same study, Robert et al.,
showed that when only S7, but not S11 protein, was mutated within the contact site, the capacity
of association between the 30S ribosomal subunit to the 50S subunit decreased?®. This shows
that the mutation in S7 affects the ribosome in a more dramatic way than the mutation in S11.
These findings relate to our observation with the variant harboring S7 mutation which showed
a slower growth kinetics and consumed more energy to survive the antibiotic effect, which can
be reflected as fitness loss. This can further explain that the predominance of S11 mutations,
having a smaller impact on 30S-50S interaction than S7 mutations, may be preferred to hinder
elansolid binding at the PPI site as the ribosome stays probably functional for the variant
harboring S7 mutation. We hypothesize that elansolid binding to S7 blocks the interaction of
the latter with S11 and/or other binders such as 16S rRNA and decreases the association
between 30S and 50S subunits, leading to the failure in assembly of a functional ribosome and

ultimately inhibiting protein synthesis. Given the importance of S7-S11 interaction in the
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dynamics and functionality of the ribosomes, elansolid is the first reported antibiotic class that

targets this site and inhibits protein synthesis.

Protein Gene Organism Protein sequence
|148 — 155]
Escherichia coli ...AEANKAFAHYRW...LN
Staphylococcus aureus ...AEANKAFAHYRW
S7 rpsG Mycobacterium tuberculosis ...AEANRAFAHYRW
Streptococcus pneumoniae ...AEANRAFAHFRW
Thermus thermophilus ...AEANRAYAHYRW
Protein Gene Organism Protein sequence
|55 —— 63|
Escherichia coli ...FRGSRKSTPFAAQV...RV
Staphylococcus aureus ...FKGSKKSTPFAAQM...RV
Mycobacterium tuberculosis ...FKGSRKSTPFAAQL...RV
ST rpsK Streptococcus pneumoniae ...FKGSRKSTPFAAQA...RV
Thermus thermophilus ...YKGSRKGTPYAAQL...AS

Staphylococcus aureus M1, M2, M4-M8  ...FKGSKKSTAFAAQM...RV

Figure 9: Sequence of S7 (rpsG) and S11 (rpsK) ribosomal proteins. A representative sequence
of the 148-155 region of ribosomal protein S7 and of the region encompassing residues 55-63 of
ribosomal protein S11 from different organisms. The highlighted, underlined sequences represent
the region of interaction between S7 and S11. Marked in red is the alanine residue replacing proline
in elansolid mutants M1, M2, M4-M8 in the region of S11 that interacts with the S7 protein in the
30S ribosomal subunit. Escherichia coli (strain K12), Staphylococcus aureus (strain NCTC
8325/PS47), Mycobacterium tuberculosis (strain ATCC25618/H37Rv), Streptococcus pneumoniae
(strain ATCCBAA-255/R6), and Thermus thermophilus (strain ATCC27634/DSM 579/HBS).
Sequences are obtained from Sequences from the Swiss-Prot protein data base
(us.expasy.org/sprot)

To confirm our genomic-based findings that S7 and S11 ribosomal proteins are the target of
elansolid A2, we used surface plasmon resonance (SPR) to characterize the binding of elansolid
A2. SPR analysis demonstrated binding of elansolid A2 to E. coli ribosomal proteins with high
affinity with a fast recognition rate and slow dissociation from the protein. To further validate
the ribosomal target of elansolid A2, we studied the efficiency of translation inhibition by in
vitro E. coli lysate-based translation assay by monitoring luminescence induction resulting from
expression of a firefly luciferase (Fluc) reporter protein. Elansolid A2 inhibits the in vitro

translation with a half-inhibitory concentration (IC50) of ~6 uM (data not shown). Moreover,
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we investigated by primer extension inhibition assays, toeprinting experiments, the position of
the arrested ribosome on mRNA upon treatment with elansolid A2. We found out that elansolid
A2 (at 5 uM) traps the ribosome with the initiator tRNA in the P-site preventing the elongation
step (data not shown). We suppose that elansolid blocks the first translocation is as it binds near
the S7-S11 interface. These data further suggest that elansolid targets the ribosome not only in
Gram-positive, but also in Gram-negative bacteria, but the activity against Gram-negative
bacteria is hampered by the insufficient uptake and efflux®. This is in line with previous
findings by Beckmann et al., where they showed than elansolid A2 exhibited an MIC of
2 ug/mL against efflux-deficient E. coli AtolC in combination with the membrane-

permeabilizing peptide polymyxin B nonapeptide (PMBN)*.

To study the structure of the bacterial ribosomes, its subunits and functional complexes, cryo-
Electron Microscopy (cryo-EM) reconstruction methods have offered high resolution views of
the ribosome and explained a number of interactions?®. The advances in high resolution X-ray
structures of the bacterial ribosomes and the 30S and 50S subunits, has further facilitated the
study of the molecular mechanism of action of ribosomal inhibitors. Nowadays, crystal structures
of ribosomes complexed with almost all the major classes of ribosomal inhibitors, are
available*!. Crystal structures of isolated 30S and 50S subunits from Thermus thermophilus
present an excellent atomic-resolution structures of the ribosome, and provided an insight on the
interactions between tRNA, mRNA, antibiotics and translation factors and the ribosome in the
A, P, and E sites?®#243, Current work is focused on co-crystallizing elansolid A2 in complex with
the Thermus thermophilus 70S ribosome. Initial data did not show a density in the empty
ribosomes, 70S-PY crystals, when soaked with elansolid A2. However, current work is focused
co-crystallizing elansolid A2 with 70S ribosomes in functional complexes with mRNA and A-,
P-, and E-site tRNAs. This approach represents a more physiologically relevant type of complex
and would allow us to study the interaction of elansolid A2 with the ribosome in the presence of

MRNA and/or tRNA, that might be required for the drug to bind to the ribosome. In parallel to
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X-ray crystallization efforts, cryo-EM imaging of elansolid A2 in complex with P-tRNA
programmed E. coli ribosomes are ongoing. It is assumed that a P-tRNA programmed ribosomes
rather than empty one and would give a better structure and provide further evidence for the

presumed mode of inhibition.

2.6  Conclusion

The continuous increase in the emergence of threatening multidrug-resistant (MDR) pathogenic
bacteria has been a major concern in the past decade**. The multidrug-resistant methicillin-
resistant Staphylococcus aureus (MRSA) is of a great concern in hospitals and communities®.
This alarming spread of MDR pathogens, demands the discovery of novel antibacterial agents
with unique chemistry and novel mode of action. Natural products have been an important
source for the discovery and development of antibiotics with new and complex chemical
structures, and unique molecular targets. Challenging targets, such as the inhibition of protein-
protein interactions that were considered for a long time as undruggable in the context of
synthetic small molecule screening, can be addressed by natural product scaffolds*®. Ribosomes
represent a highly validated target for antibacterial drug discovery. Here, we presented
elansolids, a group of secondary metabolites that exhibited a promising, bactericidal activity
against several Gram-positive bacteria including drug-resistant Staphylococcus aureus. Mutant
analysis by whole genome sequencing revealed the target being the 30S ribosomal proteins S7
and S11. In vitro proteins synthesis experiments further proved translation inhibition and
toeprinting experiments further confirmed that elansolid A2 traps the ribosome with the initiator
tRNA in the P-site preventing the elongation step. Biophysical assay (SPR) additionally
validated at molecular level, the interaction of elansolid with S7 and S11 at high affinity. With
the majority of ribosomal antibiotics targeting the RNA component of the ribosome, a few 30S
ribosomal protein have been identified as targets for antibiotics***’. S12 (rpsL) located in the
A-site of the small ribosomal subunit, is a known target for streptomycin as shown in E. coli,

M. tuberculosis and L.biflexa*®. Additionally, streptomycin binding site is reported to be located
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in the interface between the ribosomal subunits, close to proteins S5 (rpsk) in the 30S subunit,
and moderate spectinomycin resistance was reported due to mutations in ribosomal protein S5
found in clinical N. gonorrhoeae strain**°°. Assuming that our findings can be confirmed in
biochemical and structural biology studies, elansolids binding to S7-S11 would be the first
antibiotic class targeting this site on the ribosome nicely explaining the lack of cross resistance

with known antibiotic.
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3  Daptomycin-Peptide-Chimera are Active Against Multi-Resistant
Pathogens and Acquire a Calcium-Independent Mechanism of Action

3.1  Abstract

Daptomycin is a lipopeptide antibiotic used to treat infections with vancomycin-resistant
enterococci (VRE) and methicillin-resistant Staphylococcus aureus (MRSA). It interacts with
the bacterial cell membrane in a calcium-dependent manner. Resistance to daptomycin has
developed in VRE and MRSA clinical isolates after daptomycin treatment. Given the not-fully
understood mode of action of daptomycin, the complexity of the structure regarding chemical
modifications, its inactivation by lung surfactants, and the development of resistance, there is a
necessity for strategies to reinforce the drug’s activity. Herein, we show that conjugation of
polycationic peptides highly increased the activity of daptomycin against resistant bacteria in
vitro and in vivo, in zebrafish infected larvae. The most active conjugate consisted of a hexa-
arginine peptide coupled to daptomycin. In contrast to daptomycin, these novel conjugates Kill
resistant pathogens in vitro in a calcium-independent manner resulting in cell lysis. Scanning
electron microscopy further revealed the difference in cell membrane structure after treatment
with the conjugate and daptomycin. Therefore, we propose a modified mode of action for this

new class of antibacterial agents.
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3.2 Introduction

According to the report of the Centers for Disease Control and Prevention’s (CDC) National
Healthcare Safety Network (NHSN) for antimicrobial-resistant pathogens associated with adult
healthcare-associated infections (HAISs) between 2015 and 2017, S. aureus was the second most
common pathogen across all HAIs constituting around 12% of reported pathogens. E. faecalis
(7.9%) and E. faecium (3.8%) ranked 5" and 8", respectively, in the most frequently isolated

pathogens?.

Enterococci were originally included in the genus Streptococcus, however, based on genetic
characterization in the 1980s, they were classified as an independent genus, Enterococcus?.
Enterococcus faecium and Enterococcus faecalis are responsible for the majority of human
infections in hospitalized patients®. Being the third most common nosocomial pathogen,
enterococci cause urinary tract infections (UTIs), bacteremia, intra-abdominal infections, and
endocarditis*. They are also responsible for up to 20% of community-acquired endocarditis®.
Enterococci survive hospital settings due to their intrinsic resistance and tolerance to most
commonly used antibiotics such as [-lactams, aminoglycosides, cephalosporins,
fluoroquinolones, streptogramins and trimethoprim-sulfamethoxazole*®. Furthermore, they can
acquire resistance and overcome treatment with chloramphenicol, aminoglycosides,
erythromycin, tetracycline, rifampin, and glycopeptides®. In 1988, isolation of vancomycin-
resistant E. faecalis and E. faecium was first reported in England’. Then, Vancomycin resistant
enterococci (VRE) have rapidly spread worldwide. Vancomycin resistance is widely common
in E. faecium, and relatively rare in E. faecalis*. In a recent executive summary for the
surveillance of antimicrobial resistance in Europe in 2020, a “particular concern’ in the increase
of vancomycin-resistant isolates of E. faecium, from 11.6% in 2016 to 16.8% in 2020 was
reported®. The VRE situation nowadays in Germany is also alarming, where the Antibiotic
Resistance Surveillance system (ARS), hosted by the Robert Koch Institute (RKI), showed that

the number of E. faecium isolates with resistance to vancomycin increased from 11.2% in 2014
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t0 26.1% in 2017%°. Similarly, data from ‘Krankenhaus-Infektions-Surveillance-System’(KISS)
focusing on Intensive Care Unit (ICU-KISS) reported a 282% increase in VRE cases between
2007 and 2012, and likewise, data from the Paul Ehrlich Society revealed a continuous increase

in VRE isolates from 12.6 %, 16,6% to 24,4% in 2010, 2013 and 201613,

Staphylococci are bacteria of the human skin microbiota and they are opportunistic
pathogens'#*°, Staphylococcus aureus and Staphylococcus epidermidis account for about two
third of implant infections!®. S aureus is a major human pathogen and the causative agent of
infections including bacteremia, infective endocarditis (IE), skin and soft tissue infections
(SSTIs), osteomyelitis, device-related infections, pulmonary infections, toxic shock syndrome
(TSS), and urinary tract infections'’8, Soon after the discovery of methicillin in 1960s,
methicillin-resistant S. aureus (MRSA) isolates have been isolated from patients in the United
Kingdom?®®. Vancomycin and teicoplanin were the last resort antibiotics for the treatment of
MRSA, however, in 1996, the first MRSA strain with reduced susceptibility to vancomycin
(Minimum Inhibitory Concentration, MIC: 8 mg/L), termed vancomycin intermediate-resistant
S. aureus (VISA), was isolated from a surgical wound infection in Japan?°2%, In 2002, MRSA-
vancomycin-resistant S. aureus (VRSA) strains were reported in the United States. The strains
harbored the vanA operon, transmitted by Tn1546 transposon, by conjugation from a
glycopeptide-resistant Enterococcus faecalis?®. In Germany, data from KISS surveillance for
the period between 2007 and 2016 showed that there is a major reduction in nosocomial S.
aureus infections due to MRSA from 37.1% to 21.8% for blood stream infections (BSI), from
38.7% to 19.2% for lower respiratory tract infections (LRTI) and from 21.1% to 7.4% in
surgical site infections (SSI)?3. Although there was a decrease in the percentage of MRSA
isolates in Europe between 2016 and 2020, MRSA remains a critical pathogen, with high

incidence among certain age groups and in several countries®?,
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Figure 1: Chemical structure of daptomycin

The scarce of antibiotic arsenal and the spread of antimicrobial resistance, led to the use of last-
resort antibiotics such as daptomycin to manage VRE and MRSA infections®>%, Daptomycin
(Figure 1) is a novel antimicrobial agent used for the treatment of multidrug-resistant, Gram-
positive pathogens, such as MRSA, VRE, and glycopeptide-intermediate and -resistant S.
aureus®’. Daptomycin has been shown to induce skeletal muscle myopathy, however, dosing
alterations minimized such effects?. In 2003, daptomycin, was approved by the Food and Drug
Administration (FDA) for the treatment of complicated skin and skin-structure
infection (SSSIs) and in 2006, it was approved in the United States for the treatment
of S. aureus bacteremia?®. Until today, daptomycin is the last approved and marketed novel

antibiotic class®.

Daptomycin is a cyclic lipopeptide discovered in the 1980s, produced by the soil bacterium,
Streptomyces roseosporus®!. Daptomycin exerts a potent bactericidal activity among most
clinically important pathogens, and its mode of action is not yet fully understood. Studies
showed that daptomycin binds to the bacterial membrane lipid phosphatidylglycerol (PG), and
it inserts itself in the cell membrane in a calcium-dependent manner, resulting in membrane
depolarization and subsequent loss of intracellular components, including K*, Mg?* and ATP32

%, Calcium ions reduce the overall negative charge of the peptide and induces structural
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changes that permit the antibiotic to interact with the bacterial cell membrane®. Further studies
demonstrated that daptomycin induces lipid aggregates (patches) on the surface of bacterial
membranes which redirects the localization of proteins involved in cell division and cell wall
synthesis and may ultimately lead to a breach in the cell membrane and cell death®’. A similar
study shows that the membrane lipid-aggregates induced by the daptomycin-calcium complex,
causes the removal of lipid molecules from the bilayers (lipid-extracting phenomenon) leading
to cell death®®. Further studies showed that daptomycin inhibits cell wall synthesis, leading to
rearrangement of fluid lipid domains, thus, affecting overall membrane fluidity, causing proton
leakage and a gradual decrease in membrane potential, but does not lead to the formation of
membrane pores®3°, Most recently, the Ca?*-daptomycin complex was shown to interact with
bacterial cell envelope precursors in the presence of the anionic phospholipid
phosphatidylglycerol (PG), forming a tripartite complex at the staphylococcal septum and
interrupting cell wall biosynthesis, resulting in massive membrane rearrangements, followed
by membrane leakage and cell death*. The same study further hypothesized the lack of activity
of daptomycin against streptomycetes-producer strain, and Gram-negative pathogens due to the
reduced PG content*#2, Furthermore, the inactivation of daptomycin by pulmonary surfactant
in vitro might be attributed to the relatively high PG content in lung surfactant*®. In Figure 2,

few proposed mechanisms of action of daptomycin are summarized.
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Figure 3: Proposed mechanisms of action of Ca?*-daptomycin complex. (A) The complex inserts into
the cell membrane and oligomerizes in the outer leaflet. Daptomycin oligomers translocate into the inner
leaflet of the membrane, resulting in the formation of a functional pore-like structure. lons such as K*
leaks out of the bacterial cell, causing membrane depolarization®.(B) (1) At sub-MIC, alterations of outer-
leaflet curvature recruit the essential cell division protein (DivIVA), leading the cell to incorrectly identify
the location as a site of potential cell division. This leads to local changes in peptidoglycan biogenesis,
affecting cell wall morphology and septation. (2) At supra-MIC, sites of local membrane curvature are
induced, leading to discontinuities in the membrane at the site of complex insertion which causes slow
leakage of ions and loss of membrane potential®”.(C) Peripheral membrane proteins involved in cell wall
and lipid synthesis localize to RIFs indicated by a high concentration of fluid lipids. Following insertion,
redistribution of lipids in the outer and inner leaflet leads to the flipping of daptomycin through the bilayer
to the inner leaflet. Peripheral membrane proteins are displaced from RIFs. As a result, access to fluid
lipids in the inner leaflet is blocked, resulting in the withdrawal of fluid lipids from the bulk and increased
membrane rigidity*®. Figures adopted from [36, 37 and 39].
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Despite its therapeutic effectiveness, there is an increasing number of reports of daptomycin
clinical failures due to emergence of resistance among patients infected with VRE and
MRSA*4S, aureus and E. faecium resistance breakpoints are > 1 pg/mL and > 8 pg/mL,
respectively, according to the European Committee on Antimicrobial Susceptibility Testing
(EUCAST) (Figure 3) and the Clinical and Laboratory Standards Institute (CLS1)**%!, The
development of resistance to daptomycin in MRSA and VRE is associated with modifications
of the cell envelope and reduced drug binding to cell membrane proteins®?>. Although several
resistant mutants were isolated, resistance development to daptomycin is still slow compared

to other drugs®.
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Due to the complexity of derivatization of daptomycin, and to preserve the effectiveness of such
a last-resort antibiotic, the demand for fast and financially rewarding strategies of antibiotic
development is crucial. The modification of established drugs represents an example of such
strategies to shorten the drug development process, and thereby also to reduce costs. Previous
studies with vancomycin revealed that polycationic peptide conjugation is a viable approach to
obtain highly active derivatives®. Herein, we aim at demonstrating the feasibility of the
approach for daptomycin. We showed that conjugation of polycationic peptides significantly
increased the activity of daptomycin against a laboratory generated daptomycin-resistant S.
aureus isolate. Intriguingly, and in contrast to daptomycin, the lead conjugate DAP-R6, acts
independently from the prevalent calcium concentration and can kill daptomycin-resistant
pathogens. DAP-R6 was found to increase the survival of zebrafish larvae infected with
daptomycin-resistant S. aureus. Scanning electron microscopy further revealed differences in
cell membrane structure after treatment with the conjugate and daptomycin. Thus, we propose

a modified mode of action of this new class of antibacterial agents.
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3.3 Materials and Methods

3.3.1 Peptide synthesis

The peptide moiety was synthesized by solid phase peptide synthesis using the Fmoc strategy
as described previously. Briefly, a rink amid resin (loading 0.67 mmol/g) was preloaded with
cysteine. Further amino acids were coupled using a standard protocol on an Applied Biosystems
433A synthesizer with HBTU activation strategy. The final cleavage of the peptide was
performed in TFA/H.O/TIS (90/5/5) for at least two hours. The cleaved peptide was
precipitated in diethyl ether and dried. Purification of the peptide was performed by preparative

HPLC.

3.3.2 Daptomycin-conjugate synthesis

For the synthesis of daptomycin polycationic peptide conjugates, the previously described
coupling strategy was used (Umsttter et al., 2020)°®. For this, daptomycin was mixed with 0.5
eq of a heterobifunctional crosslinker (Sulfo-SMCC) DMSO stock solution in PBS (pH 8.16)
and shaken at room temperature for one hour. The product was purified by preparative HPLC
and lyophilized. For peptide coupling, the daptomycin-SMCC conjugate was dissolved in PBS
(pH 5.5) and mixed with the peptide solution in DMSO. Purification by preparative HPLC was

performed after two hours reaction at room temperature.

3.3.3 NMR studies

NMR spectra were acquired using a Bruker Avance |1 NMR spectrometer equipped with a 5-
mm, inverse-configuration probe with triple-axis gradient capability at a field strength of 14.1
T operating at 600 and 150 MHz for *H and *3C nuclei, respectively, in de-DMSO or D20 at
24.9 C. Pulse widths were calibrated following the described protocol.®l The chemical shifts
of *H nuclei are reported relative to the internal reference TMS (¢ 4 = 0 ppm). General NMR

experimental and acquisition details for 1D 1H and selective 1D NOESY (zm, 0.3 s) and
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standard, gradient-selected 2D COSY and *H{**C}-HSQC have been previously described for

routine spectral assignment and structural analysis®’.

3.3.4 Ca?" ion-induced micelle formation by NMR

Solutions of DAP-R6 and daptomycin were prepared in D20 at 24.9 °C and at a concentration
of 1 mM together with 0, 1, 2 and 5 equivalents of CaCl,. The samples with 5 equivalents of
CaCl, were subsequently diluted by %, ¥ and 1/20. Micelle formation of was ascertained by

signal line broadening as per literature®,

3.3.5 Bacterial strains and growth conditions

Daptomycin-resistant S. aureus (DRSA) clinical isolates (n=26) as well as vancomycin-
resistant E. faecium (VRE) clinical isolates (n=34), were provided by the Institute of Medical
Microbiology and Hygiene at University Hospital Saarland. S. aureus HGO01 and the
corresponding HG001 DAPR mutant (Miiller et al., 2017)°° were grown on Trypticase™ Soy
Broth (TSA) and kept at 37°C.

S. aureus strains Newman, Mu50 and N315 were obtained from the stock collection of the
Institute of Medical Microbiology, Zurich, Switzerland, and kindly provided by Brigitte
Berger-Béachi. Experiments were conducted in Mueller Hinton Broth (MHB), Mueller Hinton
I Broth (Cation-Adjusted) (BD BBL) (MHBII) and Mueller Hinton Il Broth supplemented to
50 mg/L Ca?* (MHBII-Ca?*) according to the guidelines of Clinical and Laboratory Standards

Institute (CLSI).

3.3.6 Antimicrobial susceptibility testing

Minimal inhibitory concentrations (MIC) for laboratory and clinical isolates were determined
in MHBII-Ca?" unless otherwise stated, by standard broth microdilution. Briefly, 75 pl/well of
bacterial suspension at ~ 4x 10° CFU/mL were added to a 96-well plate, along with 75 pl of

compounds in serial dilution (0.03-64 pug/mL). The plates were then incubated for 24 h at 37°C,
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and the lowest concentration at which no growth was observed by visual observation was

considered as the MIC.

3.3.7 Maximum tolerated concentration (MTC) in zebrafish embryos/larvae

MTC assays were performed to determine developmental and acute toxicity of DAP-R6 and
daptomycin on different embryonic developmental stages of zebrafish. Briefly, embryos were
sorted at O dpf (day post fertilization) in a 96-well plate (1 embryo/well). The embryos were
then immersed in different concentrations of DAP-R6 and daptomycin (6.25-50 pg/mL) in 0.3x
Danieau’s solution (0.05 M NaCl, 0.01 M KCI, Ca(NOs)2, MgSOa, Hepes buffer; pH 7.3)
(n=20). The embryos/larvae were observed microscopically every 24 h to monitor embryonic
development, anomalies, pigmentation, heartbeat, and locomotor responses. An embryo/larva

was considered dead if there was no heartbeat recorded.

3.3.8 Time-kill curves (TKC) and cell lysis monitoring

TKCs were performed using log-phase S. aureus HG001 (daptomycin-susceptible). Bacteria
were cultured in MHBII overnight, and then diluted 1:100, two hours prior to the start of the
experiment. Briefly, the bacterial suspension was adjusted to 10’ CFU/mL in MHBII-Ca?* and
cultured at 37°C in the presence of 2-and 4-fold MIC of DAP-R6 (MIC 2 pg/mL) and of
daptomycin (MIC 1 pg/mL), respectively. Samples were taken at different time points (0, 15,
30, 60, 120, 180, 240 and 360 min) and were cultured on solid medium (Trypticase™ Soy agar,
TSA). Following 24 h incubation at 37°C, colony forming unit (CFU) were counted and a

bactericidal effect was defined as > 3 log decrease in CFU/mL.

Cell lysis was monitored by measuring optical density of treated S. aureus HG001 (wt) during
log-phase growth in MHBII-Ca?*. ODsoo Was adjusted to 0.5 and bacterial cultures were treated
with 2.5 and/or 5 pg/mL of DAP-R6 and/or daptomycin. ODeoo Was monitored at different time

points (0, 15, 30, 60, 90, and 120 min).
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3.3.9 Measurement of total ATP over time

ATP concentrations in treated and untreated samples were measured. Briefly, S. aureus HG001
(wt) bacterial suspensions were adjusted to 10’ CFU/mL in MHBII-Ca?* and cultured in the
presence of 4-fold MIC of DAP-R6 (MIC 2 pg/mL) and daptomycin (MIC 1ug/mL). At each
time point (15, 30, 60 and 120 min), 50 pL of the sample were taken and 50 pL BacTiter-Glo™
microbial cell viability reagent was added. Luminescence as a measure of ATP content and
bacterial viability was measured using Tecan Infinite M200Pro with an integration time of 500

ms.

3.3.10 Scanning Electron Microscopy (SEM)

Sample preparation and fixation

S. aureus HG001 and the HG001 DAPR mutant were cultured in MHBII overnight, and then
diluted 1:100 2 hours prior to the start of the experiment. Briefly, ODsoo Was adjusted to 0.5 in
MHBII-Ca?*and cultured at 37°C with 10 pg/mL DAP-R6 and daptomycin for 2 hours. Cells
were washed twice with Phosphate buffered saline (PBS) and fixed with 4% Paraformaldehyde
(PFA 16% aqueous solution EM grade) for 30 mins at room temperature. Cells were washed

twice with Milli-Q® water for imaging.

Imaging

Imaging was performed at the laboratories of Leibniz Institute for New Materials GmbH (INM)
at Saarland University. Briefly, Fixed samples (1 puL) were carefully dried on a silicon wafer
before depositing a thin gold layer by sputter deposition (20 mA, 45 sec). Secondary electron
images were captured in high vacuum mode using an FEI Quanta™ 400 FEG SEM equipped
with an Everhart-Thornley Detector (ETD) at 10 kV accelerating voltage (spot size 3, 10 s

dwell time).
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3.3.11 Bacterial membrane potential

Membrane depolarization was measured using the BacLight™ bacterial membrane potential Kit
(Invitrogen™). Briefly, an overnight culture of S. aureus was adjusted to an ODsgo of 0.1 and
cells were treated with varying concentrations of DAP-R6 and daptomycin (2- and 4-fold MIC).
the samples were stained with the fluorescent membrane potential indicator dye DiOC»>(3) (3,3'-
diethyloxacarbocyanine iodide) for 35 minutes. DiOC»(3) shows green fluorescence in all
bacterial cells at low concentrations, but the fluorescence shifts toward red emission as the dye
molecules self-associate at higher cytosolic concentrations caused by increased membrane
potentials. The stained samples were measured using Tecan Infinite M200Pro plate reader at
varying time points (Emission Wavelength 675 and 525 nm for red and green fluorescence,
respectively). The proton ionophore CCCP (carbonyl cyanide 3-chlorophenylhydrazone) and

nisin were used as positive control.

3.3.12 In-vivo efficacy in zebrafish-DRSA model

All zebrafish studies have been performed with larvae younger than 120 hours post-fertilization
(hpf). The use of self-feeding ZF embryos and larvae that are younger than 120 hpf are not
considered as animal experiments according to European legislation (EU directive
2010/63/EU)%.

The zebrafish-DRSA model was used to study the in vivo efficacy of DAP-R6. Briefly,
zebrafish embryos at 1 dpf (day post fertilization) were sorted and anesthetized by incubating
them in 0.0002% tricaine (3-amino benzoic acid ethyl ester) pH 7.0, during the injection
process. ODsoo 0f HG001 DAPR mutant strain in exponential phase was adjusted to 0.25 and
mixed with 0.5% phenol red (1:1 dilution). The microinjection needle was loaded with the
DRSA using a microloader tip, and the needle was loaded onto a micromanipulator. The embryo
was positioned so that the yolk is directly below the tip of the needle. The needle was then
lowered until it contacted the yolk sac of the embryo. The embryo was gently pushed into the

tip of needle until it just pierces the yolk, and the required volume (~2 nL) was injected, yielding
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~120-150 CFU/embryo. The larvae were removed afterwards and incubated at 28 °C for 30
minutes prior to treatment. Following infection, the larvae were treated via yolk injection with
~2 nL of (i) DMSO control (vehicle), (ii) daptomycin and (iii) DAP-R6, yielding ~20 ng/larva
of tested antibiotics. The larvae were incubated at 28 °C for 4 dpi (days post infection) and
survival was monitored and reported daily. For this experiment, a total of 100 zebrafish embryos
of the wild AB line were used. The samples (n=25) were divided into (i) uninfected-untreated
control, (ii) infected-treated with DMSO control, (iii) infected-treated with daptomycin, and

(iv) infected-treated with DAP-R6.
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3.4  Results

3.4.1 Peptide and daptomycin-conjugate synthesis

The conjugates consist of a peptide moiety and the daptomycin-core conjugated by the SMCC
linker. Conjugates were obtained by solid phase peptide synthesis, followed by conjugation to
daptomycin via a stable thioether bond. The active ester moiety of Sulfo-SMCC was linked to
the primary amine function of the ornithine residue. Consequently, the peptide was added to
the maleimide function of the heterobifunctional crosslinker (Figure 4). The approach we were
focusing on, was to change the net charge of this peptide moiety. For this reason, various peptide

sequences differing in net charge were synthesized.

o
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Figure 4: Structure and synthesis of the novel daptomycin derivatives. The respective peptide moiety is
linked to daptomycin using the heterobifunctional linker Sulfo-SMCC. The first step is the site-specific
derivatisation at the ornithine residue of daptomycin. Subsequently, the thiol group of the peptide is bound by
Michael addition to the maleimide moiety of the linker Sulfo-SMCC.
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3.4.2 Antimicrobial susceptibility testing

To gain insight into the structure-activity relationship (SAR) of the novel conjugates, various
peptide sequences differing in net charge were synthesized, and the activity (minimum
inhibitory concentrations; MIC) of the conjugates was determined by broth microdilution
assays using daptomycin sensitive and resistant S. aureus strains. The results imply that a
positive net charge of the peptide sequence is crucial. Screening revealed an optimum of six
positive charges per molecule. The most effective, in terms of activity against the daptomycin-
resistant strain, was conjugate ‘DAP-R6’ harboring arginine as the basic amino acid,
outperforming both the conjugates containing the natural amino acids lysine as well as those
based on the unnatural amino acid ornithine (Table 1). The promising activity of the conjugate
DAP-R6 to overcome daptomycin resistance led us to further characterize this compound.
Complete MIC data of the conjugates against few S. aureus strains are summarized in

supplementary data-Table S1.

Table 1: MIC determination of daptomycin conjugates differing in net charge on a daptomycin
sensitive and resistant S. aureus strain.

Compound Net Charge MIC (ug/mL) S. aureus MIC (pg/mL) S.
(peptide moiety) peptide moiety HGO001 (wt) aureus HG001 (DRSA)
Daptomycin - 0.5 32
DAP-D6 (D6C) -6 > 64 > 64
DAP-G6 (G6C) 0 32 > 64
DAP-A6 (A6C) 0 > 64 > 64
DAP-R3E3 (R3E3C) 0 > 64 > 64
DAP-R1 (R1C) +1 4 > 64
DAP-R3 (R3C) +3 0.5 16
DAP-R6 (R6C) +6 1-2 4
DAP-K6 (K6C) +6 0.5 16
DAP-0Orn6 (Orn6C) +6 2 8

DAP-R9 (R9C) +9 8 8
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To ensure that the effect of DAP-R6 was solely due to the antibiotic moiety, and not due the
conjugated peptide or linker, MIC was determined for R6C (peptide) and R6C-SMCC (Peptide
+ linker) with S. aureus HGO0O01 (wt), and vancomycin-resistant E. faecium VRE (ATCC
51559). Peptide R6C alone did not have any inhibitory effect on either bacterial isolate (MIC
of > 64 pg/mL for S. aureus HG001 (wt) and 64 pg/mL for E. faecium VRE strain (ATCC
51559)). Similarly, MIC was high for the peptide and linker together (MIC of 64 pg/mL for
HGO001 (wt) and 32 pg/mL for VRE, E. faecium strain (ATCC51559). These data show that
neither the linker, nor the peptide alone have a potent antibacterial inhibitory effect, compared

to the complete conjugate DAP-R6 (Table 1 and Table 2).

Table 2: MIC determination of peptide (R6C) and peptide linker (R6C-SMCC) on S. aureus
and E. faecium strains.

Substance MIC (pg/mL) S. aureus  MIC (ug/mL) E. faecium
HGO001 (wt) VRE (ATCC51559)

Peptide (R6C) > 64 64

Peptide+linker (R6C-SMCC) 64 32

3.4.3 MIC determination at different calcium concentrations

The influence of calcium on micelle formation, the initial step of daptomycin’s mode of action,
was studied by NMR spectroscopy. The calcium-induced micelle formation known for
daptomycin was also observed for DAP-R6. Comprehensive analysis of the calcium-promoted
effects revealed even greater stability of the DAP-R6 micelles as reflected by their resistance
against dilution. Therefore, a significant calcium dependence on the antimicrobial activity of
DAP-R6 was expected. Surprisingly, the antibacterial activity of DAP-R6 was found
completely independent from the anticipated effects of calcium supplementation. For this
reason, we studied the MIC of the conjugate and daptomycin in different media with different
concentration of calcium supplements. The activity of DAP-R6 against sensitive as well as
resistant S. aureus strains in the absence of calcium, pointed towards significant differences in

modes of action of daptomycin and DAP-R6 (Table 3).
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Table 3: MIC comparison of daptomycin and its derivative DAP-R6 in microdilution testing in
different media with varying calcium composition against the laboratory-acquired daptomycin
resistant strain HG001

MIC (ug/mL) MIC (ug/mL)

Medium S. aureus HG0O01 (wt) S. aureus HG001 (DRSA)
DAP-R6 Daptomycin DAP-R6 Daptomycin

Mueller Hinton Broth
(3-6 mg/L calcium) 2 64 4 > 128
Mueller Hinton 11 Broth
(20-25 mg/L calcium) 2 8 4 64-128
Ca?* supplemented
Mueller Hinton 11 Broth (50 1 0.5 4 32

mg/L calcium)

Furthermore, we assessed the MIC of daptomycin and its conjugate DAP-R6 on several clinical
DRSA strains (n=26) (EUCAST breakpoint > 1 pg/mL). Like the daptomycin-resistant
laboratory strain, DAP-R6 exhibited an effect against daptomycin-resistant clinical isolates
with narrow MIC distribution (MICsoe0 Of 4 pg/mL). Furthermore, DAP-R6 is also highly
active against vancomycin-resistant E. faecium (VRE) clinical isolates with an MICso of

2 pg/mL and MICgo of 4 pug/mL, respectively. Data are summarized in Table 4.

Table 4: MIC determination of DAP-R6 and daptomycin on daptomycin-resistant S. aureus
(DRSA) clinical isolates (n = 26) in the presence and absence of calcium, and on vancomycin-
resistant on vancomycin-resistant E. faecium (VRE) clinical isolates (n=34)

MICso (ug/mL) MICoo (Hg/mL)
Medium
DAP-R6  Daptomycin  DAP-R6 Daptomycin
Mueller Hinton Broth
(3-6 mg/L calcium) 4 32 8 32
Ca2* supplemented Mueller Hinton 11 Broth
. 4 2 4 4
(50 mg/L calcium)
MICso (ug/mL) MICoo (ng/mL)
Medium
DAP-R6  Vancomycin DAP-R6 Vancomycin
Mueller Hinton Broth ) > 64 4 > 64

(3-6 mg/L calcium)
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To further validate the independency of the daptomycin-conjugate on calcium ions, we
examined the MIC of clinical DRSA isolates in the absence and presence of calcium ions. As
expected, and in line with laboratory strains, the minimum inhibitory concentration of
daptomycin was affected by the presence of Ca?* in the testing media (MICsp shifted from 32
to 2 pg/mL and MICq shifted from 32 to 4 ug/mL in the presence of Ca*). In the contrary, the
minimum inhibitory concentration of daptomycin-conjugate was not affected by the absence of
Ca?" in the testing media and the values remained the same. The data are summarized in Table
4. 1t is useful to note that the DAP-R6 did not overcome the daptomycin resistance in clinical
isolates since they are resistant to daptomycin with a low MIC, close to the EUCAST breakpoint
(> 1 ng/mL), which is even below the scope of activity of the conjugate against the wild type
strain (2 pug/mL). Thus, the activity of DAP-RG6 is to be further assessed with additional clinical
isolates with a higher MIC to daptomycin (in the scope of activity of the conjugate), or the
usage of E. faecium daptomycin resistant strains, that have a EUCAST breakpoints of > 8
pg/mL. However, MIC distribution shows no resistance correlation between daptomycin and
DAP-R6 (correlation coefficient 0.3). MIC distribution of clinical isolates is summarized in

Figure 5.
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Figure 5: MIC distribution of clinical isolates. The distribution of MIC for DRSA clinical isolates
differs between daptomycin and DAP-R6.

3.4.4 Invitro and in vivo toxicity assessment

Potential in vitro toxicity of DAP-R6 was assessed using a hepatocellular carcinoma cell line
(HepG2). Encouragingly, the compound did not exert any cytotoxic effects at the tested
concentrations (up to 100 pg/mL). In vivo tolerability was assessed in a zebrafish embryo/larvae
toxicity model. As suspected from in vitro cytotoxicity screening, we did not observe toxic
effects on continuously exposed larvae at five days post-fertilization (dpf) when DAP-R6 was
added at concentrations up to 50 pg/mL into the fish water (0.3x Danieau’s solution) at 1 dpf
(supplement data-Figure S4). Based on these insights, molecular imaging and biodistribution
studies in Wistar rats were performed. In contrast to daptomycin, which rapidly accumulates in
the kidneys followed by renal elimination, DAP-R6 showed a notable change in
pharmacokinetics: the main amount of the conjugate is targeted to the liver (Figure 6A). A
second fraction reaches the kidneys, which is accompanied by renal elimination resulting in a

significantly changed liver to kidney ratio (Figure 6B).
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Figure 6: Biodistribution of daptomycin and its derivative DAP-R6 in rat. (A) Scintigraphic imaging
of 1%I-labelled daptomycin in comparison to %I-labelled DAP-R6. (B) The changed organ distribution
profile is confirmed by the biodistribution study of daptomycin and DAP-R6. %D/g: Percentage
daptomycin per gram tissue.
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3.4.5 Time-kill curves (TKC) and cell lysis monitoring

Comprehensive analysis of the kinetics of time-Kkill studies revealed an accelerated onset of the
activity of DAP-R6 compared to daptomycin. This difference in bacterial elimination provided
a further proof for the existence of a potential additional mode of action (Figure 7). Treatment
with DAP-R6 (4-fold MIC) reduced bacterial count as early as 15 minutes, and after 2 hours,
the bacterial count was at its minimal. On the other hand, the bactericidal effect of daptomycin
was slower than that of DAP-R6. The increased activity of DAP-R6 against daptomycin-

resistant strains points to an enhanced in vitro activity.
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Figure 7. Time-kill curves (TKCs) of DAP-R6 and daptomycin against S. aureus HGO01 (wt).
Exponential phase cultures of S. aureus wild type HG0O01 were grown and treated with 2x and 4x MIC of
DAP-R6 (MIC 2ug/mL) and daptomycin (MIC 1 pg/mL), and CFU were enumerated by plating appropriate
sample dilutions on solid agar. DAP-R6 exerted a fast bactericidal effect within 15 minutes, while
daptomycin had a delayed bactericidal effect. Dotted blue line represents limit of detection (LoD = 100)
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It has been reported that daptomycin’s bactericidal activity does not result in cell lysis?®3*. To
assess whether DAP-R6 exerts its activity against S. aureus in a similar manner, we monitored
cell lysis by measuring optical density (ODeoo) during log-phase growth of bacteria after
treatment with 2.5 and 5 pg/mL DAP-R6 (MIC 2 pg/mL) or daptomycin (MIC 1 upg/mL).
(Figure 8). Unlike daptomycin, DAP-R6 induced a rapid drop in ODeqo as fast as 15 minutes
post treatment. This drop in optical density implies that the conjugate exerts its bactericidal
activity through lysis. This activity was observed to a much lower extent after treatment with
daptomycin. Thus, we suggest that the conjugate has a different mode of action than
daptomycin. Although several reports support that daptomycin does not induce lysis, this effect
is observed at higher concentrations of the drug where it interferes with cell membrane lipid
organization and initiates cell wall breaches that disrupt the membrane, potentially leading to

cell lysis®.

-s- Control

-A- DAP-R6 2.5 pg/mL

- DAP-R6 5 pg/mL

- daptomycin 2.5 yg/mL

-A: daptomycin 5 pg/mL

time [min]

Figure 8. Bacterial lysis assessment. Optical density ODgy of S. aureus HGO01 wt strain was
monitored during log-phase following exposure to 2.5 and 5 pg/mL DAP-R6 or daptomycin for 2
hours. This drop in optical density implies a lysis effect for DAP-R6 which was not observed for
daptomycin for up to 2 h post treatment.
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3.4.6 Measurement of total ATP over time

The rapid antibacterial effect of DAP-R6 was further confirmed by an orthogonal assay that
relies on the quantification of ATP as a measure of cell viability. The level of ATP in S. aureus
decreased rapidly after treatment with DAP-R6 compared to a slower reduction with
daptomycin (Table 5). These data are in line with time-kill curves that show a more rapid onset

of DAP-R6 action compared to daptomycin.

Table 5: ATP concentration in S. aureus following exposure to DAP-R6 and daptomycin. Level
of ATP decreased rapidly upon treatment with 4-fold MIC of DAP-R6 compared to that of
daptomycin for 2 hours.

Luminescence as a measure of ATP content

Time (min) (Ratio to untreated control)
4X MIC DAP-R6 4X MIC Daptomycin
15 0.9 11
30 0.6 11
60 0.3 0.9
120 0.07 0.3

3.4.7 Scanning Electron Microscopy (SEM)

To confirm the lytic effect of the daptomycin-conjugate, we imaged S. aureus HGOO1 (wt)
strain using Scanning Electron Microscopy (SEM). Samples were treated with 10 pg/mL DAP-
R6 (5-fold MIC) and daptomycin (10-fold MIC) for 2 hours at 37°C. After fixation with 4%
paraformaldehyde, secondary electron images were captured in high vacuum mode.
Daptomycin treated sample showed membrane-lipid aggregates at the septum of cell-division
arrested cells. This effect of daptomycin was also observed in other recent studies "%, For this,
we confirmed that daptomycin exerts its effect on the septum of dividing cells by forming
membrane patches that lead to rupture of the cell membrane®®. DAP-R6 showed a total
membrane rupture, confirming our ‘lysis’ theory, thus, daptomycin and the conjugate alters the

bacterial membrane in diverse ways. SEM images are shown in Figure 9.
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Figure 9: Scanning electron microscopy images of S. aureus HG0O01. After 2 h incubation, (A) untreated
samples, (B) daptomycin induced membrane aggregates at the division-arrested cells without lysis, in contrast to
(C), the antimicrobial effects of DAP-R6 reflected by rupture and a prevalent release of cell wall blocks with a
strongly accelerated onset of bactericidal effects.

3.4.8 Bacterial membrane potential

To assess and compare the effect of DAP-R6 and daptomycin on membrane depolarization, we
studied the bacterial membrane potential using the fluorescent membrane potential indicator
dye DiOC»(3). Our data, summarized in Figure 10, showed that DAP-R6 at 2-and 4-fold MIC
(4 and 8 pg/mL) caused membrane depolarization as fast as 5 minutes and continued dropping
gradually in concentration-dependent manner to reach low values after 35 minutes. This fast
membrane depolarization is in line with the fast lytic effect observed as fast as 15 minutes post
treatment, and further validate the mode of action of the conjugate via membrane disruption
which leads to the leakage of cellular ions, interrupting the membrane potential. The membrane
depolarization effect of DAP-R6 at 4-fold MIC is like that of nisin, which exerts its antibacterial
effects through interacting with cytoplasmic membrane causing pore formation, leading to
efflux of ions®:. On the other hand, daptomycin did not exert any membrane depolarization for
35 minutes, which is line with our time-kill experiments which show that daptomycin did not
exert its bactericidal effect until after 1 hour (Figure 7). Similar data showed that daptomycin
does not induce depolarization until 30-60 minutes post treatment®>®2, The proton ionophore

CCCP (1 pg/mL) induced full membrane depolarization as early as 5 minutes.
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Figure 10: Membrane potential in S. aureus. Red/green ratios were calculated using mean fluorescence
intensities of samples incubated with DiOC»(3) in the presence of 2- and 4-fold MIC DAP-R6 (4 and 8 pg/mL)
and daptomycin (2 and 4 pg/mL), 4-fold nisin (16 pg/mL) and 1 pg/mL CCCP. DAP-R6 induced membrane
depolarization as early as 5 minutes and gradually decreased. Daptomycin did not cause depolarization during
the first 35 minutes of treatment. Nisin and CCCP induced depolarization as fast as 5 minutes.
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3.4.9 Invivo efficacy in zebrafish-DRSA model

DRSA-infected zebrafish embryos were treated via yolk injection with ~2 nL of (i) DMSO
control (vehicle), (ii) daptomycin and (iii) DAP-R6, yielding ~20 ng/larva of tested antibiotics,
and the embryos/larvae were incubated at 28 “C for 4 dpi (days post infection) and survival as
a measure of compound efficacy was monitored and reported daily. The data summarized in
Figure 11, show that the infected-untreated embryos could not survive DRSA infection for
more than 3 days where most of the untreated larvae (80%) died at 3 dpi. Daptomycin treatment
did not overcome the bacterial infection, where 64% of the infected larvae did not survive after
3 dpi. In contrast, treatment with the conjugate saved more than 85% of the infected larvae at 3
dpi. At the end of the experiment (4 dpi), treatment with the conjugate saved 48% of the larvae,
compared to the 16% of those that were treated with daptomycin and 8% able to naturally
overcome the infection. These data suggest that the conjugate can overcome daptomycin

resistance, not only in vitro, but also in vivo in the zebrafish larvae model of DRSA infection.
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Figure 11: Kaplan Meier graph of DRSA-infected zebrafish embryos after treatment with
daptomycin and DAP-R6. Treatment with DAP-RG6 led to a prolonged survival of DRSA-infected larvae
compared to daptomycin. Significance calculation using log-rank (Mantel-Cox) test. (**** = <0.0001,;
*** = 0.0007)
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3.5 Discussion

With the prevalent resistance to several antibiotics and the declining antibiotic development,
last-resort antibiotics such as daptomycin, are used to manage vancomycin-resistant E.
faecium (VRE) and methicillin-resistant S. aureus (MRSA) infections especially among
critically ill hospitalized patients®>®. Until today, there is a low proportion of daptomycin
resistance in VRE and MRSA in Europe, however, there are increasing reports worldwide of
daptomycin resistance, due to prolonged treatment courses and infections with high bacterial
burdens®>?%, The linkage of antibiotics to a polycationic peptide represents a promising and
effective approach for the development of highly potent substances by structural modification

of already existing drugs to combat multidrug-resistant.

Previous study by Umstétter et al., showed that site-specific conjugation of short polycationic
peptide to glycopeptide antibiotic, vancomycin exhibited ~1000-fold increased antimicrobial
activity and was able to overcome vancomycin resistance®®. The lead conjugate (FU002)
consisting of vancomycin, linked to Hexa-arginine peptide by heterobifunctional cross linker
SMCC (succinimidyl 4-(N-maleimidomethyl)cyclohexane-1-carboxylate), demonstrated low
MIC values (< 4 pg/mL) and overcomes important types of vancomycin resistance (vanA, vanB
and vanC) in E. faecium, E. faecalis and E. casseliflavus strains®. Additionally, FU002
displayed good safety profile in tested cell lines (blood, kidney, and liver cells) by in vitro
cytotoxicity studies and did not show hemolysis of human blood cells. We have further carried
out biological assessment for vancomycin-conjugate (FU002) in house and confirmed its good
activity against several vancomycin-resistant enterococci strains (VRE) and vancomycin-
intermediate resistant S. aureus strain (VISA) as well as clinical-VRE isolates (data not shown).
Surprisingly, the peptide and the peptide-linker alone exhibited only a very weak antibacterial
effect. The promising conjugation of vancomycin to polycationic peptide opened the door for

the development of other conjugates with the last resort lipopeptide antibiotic, daptomycin.
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Herein, we studied several daptomycin-conjugates consisting of various peptide sequences
differing in net charge linked to the daptomycin-core by the SMCC linker. The structure-
activity relationship (SAR) of the novel conjugates was determined by MIC determination of
daptomycin-sensitive and -resistant S. aureus strains. The results showed that a positive net
charge, with an optimum of six positive charges per molecule of the peptide sequence is
essential for the enhanced activity of the conjugate. Surpassing both conjugates containing
either lysine or ornithine, DAP-R6 harboring arginine as the basic amino acid exhibited the
most effective activity against the daptomycin-resistant strain HG001 (DRSA). The lead
conjugate DAP-R6 demonstrated a promising activity with an MIC of 2 ug/mL and overcame
daptomycin resistance in a resistant laboratory strain-HG001 (MIC of 32 pg/mL against
daptomycin)®®. The peptide and/or linker separately showed a very weak inhibitory effect
against several tested strains, which shows that the full conjugate is needed to exert a killing
effect. Furthermore, this indicates that the conjugate remains intact and that the positively
charged peptide might offer better binding affinity against the negatively charged cell
membrane. These important findings led us to further investigate the importance of conjugating
a cationic peptide to the anionic daptomycin in overcoming resistance. Since the in vitro activity
of daptomycin is dependent on calcium ions that reduce the overall negative charge of the
antibiotic and induces conformational changes that permit the antibiotic to interact with the
bacterial cell membrane, we tested whether the conjugate is less dependant on calcium than
daptomycin alone®. As expected, and unlike daptomycin, the conjugate retained its inhibitory
effect against the DRSA strain and several DRSA clinical isolates when tested in media with
different calcium concentrations. We hypothesize that the polycationic peptide substitutes the
need of calcium in reducing the negative charge of daptomycin and bridges it to the cell
membrane thereby boosting the activity of the “warhead” daptomycin in inducing its

bactericidal effect3>:%362,
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Unlike most antibiotics, the mechanisms of resistance to daptomycin are distinct and include
structural and functional membrane modifications, as well as alterations of the cell wall®®. Two
main resistance mechanisms have been reported in S. aureus and include electrostatic repulsion
of the positively charged daptomycin-calcium complex by increase in the positive charge of the
cell membrane which results in a decreased binding of daptomycin, and a thickened cell wall,
which have been found in clinical MRSA and VISA strains®. Other factors such as membrane
phospholipid metabolism, changes in membrane fluidity and carotenoid pigment content have

6466 For the positively charged

also been associated with daptomycin resistance in S. aureus
DAP-R6 to overcome daptomycin resistance in HG001, we speculated that the mode of
resistance in this strain is due to a thickened cell wall, rather than ‘charge repulsion’. As
described by Muller et al., the HG001 DRSA strain exhibited only modest changes in cell
surface charge, but showed a significantly thickened cell wall and are surrounded by additional
alterations of the membrane and the cell wall material as observed by transmission electron
microscopy®°.

MICso90 of DAP-R6 against DRSA clinical isolates in clinical isolates is in the range of 4
pg/mL. This value is above the EUCAST clinical breakpoint for daptomycin resistance for S.
aureus. Thus, although DAP-R6 kept its activity against clinical isolates but did not overcome
resistance. This might be attributed to either the close MIC values of the isolates to the
breakpoint of EUCAST for daptomycin resistance, which is even lower that the activity of the
conjugate on the wild type of strain (MIC 2 pg/mL), or the mutants’ mode of resistance is
different from that of the laboratory strain. Genome sequence analysis and characterization of
the clinical isolates is to be further explored to explain the resistance phenotype.

Since the polycationic peptide is not active alone, the fact that the conjugate is calcium-
independent and that it overcomes daptomycin resistance in DRSA, we hypothesize that DAP-

R6 facilitates membrane interaction and achieves its effect in a distinct mode of action that

daptomycin. To compare the mode of action of DAP-R6 to daptomycin-Ca?* complex, we
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observed that the conjugate exerts a faster onset of cidality of S. aureus than daptomycin, and
that the mode of action is through lysis, which is not the case with daptomycin®’. We further
examined disruption of membrane potential upon treatment with DAP-R6 and noticed that it
induced membrane depolarization faster than daptomycin. Scanning electron microscopy
additionally revealed that the conjugate caused disruption of the cell membrane and changed
its morphology, whereas daptomycin induced membrane blebs at the septum of division-
arrested cells. We hypothesize that the conjugate exerts its bactericidal effect in a distinct mode
of action than daptomycin through lysis of bacterial cells causing a fast efflux of intracellular
components and ultimately leading to cell death. Further investigations will include mutant
generation of DAP-RG6 to study the mechanism of action of the conjugate and examine the genes
involved in resistance as well as the underlying transcriptomic and proteomic changes.
Additionally, characterising the mutants for phenotypic characteristics such as cell wall
thickness, autolysis, pigmentation, biofilm formation, membrane phospholipid metabolism, and
changes in membrane fluidity are to be carried out. Such approach might give a better hint on
the mode of action of daptomycin as well. Further approaches include fluorescently labeling

DAP-R6 and monitor its binding site in the cell membrane with fluorescence microscopy.
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3.6 Conclusion

Antimicrobial resistance necessitates the development of new antibiotics with “resistance-
breaking” properties. In this study, daptomycin, an antibiotic of last resort, was coupled to
polycationic peptides. Conjugation of polycationic peptides was proven to represent a versatile
strategy for the fast and affordable reactivation of daptomycin. The conjugate antibiotic
demonstrated in vitro and in vivo activity against a highly daptomycin-resistant strain. The lead
conjugate DAP-R6 exerted a fast and more potent effect than daptomycin. It exerted its effect
in a calcium-independent manner, as the conjugated polycationic peptide was able to replace
the need for calcium ions. This suggests that adding a positive charge to the anionic antibiotic
leads to a better attachment and oligomerization of daptomycin to bacterial membrane. Results
from the DRSA-zebrafish model showed that treatment with the conjugate prolonged the
survival of the larvae. This early model is encouraging as it shows that DAP-R6 might be also

effective in higher organism models.
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3.8  Supplementary information

3.8.1 Antimicrobial susceptibility testing

Table S1: Antimicrobial susceptibility testing of different daptomycin conjugates against S. aureus strains

MIC

MIC
Coniu [mwllj:on [mg/L] on [mg//lll_]con [mg/L] on [m'g\ﬂllj;on
Compound njugated S aureus o> QUreUS g Biureus S AUrEUS 9 reus
peptide moiety Newman N315 Mu50 HGO001 HGO001
(MRSA/N SA) (wild (DRSA)
(VSSA) SSA) (VI type)
Daptomycin - 0.5 0.5 2 0.5 32
DAP-R6 R6C 1 0.5-1 2 1-2 4
DAP-R3 R3C 0.5-1 2 4 0.5 16
DAP-R9 R9C 4 8 8 8 8
DAP-K6 K6C 1 4 4 0.5 16
DAP-R3K3 R3K3C 2 2 4 2 8
DAP-R3A3 R3A3C 2 2 16 8 > 64
DAP-R3G3 R3G3C 1 1 8 1 64
DAP-R3E3 R3E3C > 64 > 64 > 64 > 64 > 64
DAP-(RE)3 (RE)3C > 64 > 64 > 64 > 64 > 64
DAP-H6 H6C 16 16 > 64 64 > 64
DAP-R1 RC 1 2 16 4 > 64
DAP-A6 A6C 32 32 > 64 > 64 > 64
DAP-K1 KC 2 2 16 8 > 64
DAP-G6 G6C 8 8 > 64 32 > 64
DAP-K3 K3C 0.5 0.5 8 1 64
DAP-K9 K9C 1 1 4 4 16
DAP-F6 F6C > 64 > 64 > 64 > 64 > 64
DAP-D6 D6C > 64 > 64 > 64 > 64 > 64
DAP-Orn6 Orn6C 0.25 0.5 2 2 8
DAP-CapR3 C6-R3C 4 2 8 8 > 64
DAP-CapryR3 C8-R3C 4 4 8 8 > 64
DAP-CarR3 C10-R3C 8 4 16 4 > 64
DAP-MyrR3 C14-R3C > 64 4-8 > 64 > 64 > 64
DAP-PalmR3 C16-R3C > 64 > 64 > 64 > 64 > 64
DAP-SteaR3 C18-R3C > 64 > 64 > 64 > 64 > 64
DAP-CapK3 C6-K3C 2 2 16 4 > 64
DAP-CapryK3 C8-K3C 4 4 16 8 > 64
DAP-CarK3 C10-K3C 8 8 8 16 64
DAP-LauK3 Cl12-K3C 8 4 > 64 32 > 64
DAP-MyrK3 C14-K3C > 64 32 > 64 > 64 > 64
DAP-PalmK3 C16-K3C > 64 > 64 > 64 > 64 > 64
DAP-SteaK3 C18-K3C > 64 > 64 > 64 > 64 > 64
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3.8.2 In-vivo toxicity in zebrafish

50
25
12.5

6.25

DAP-RE concentration (pg/mL)

0 20 40 60 80 100

zebrafish survival (%) 4 day
post treatment

Figure S4. The maximum tolerated concentration of DAP-R6 in zebrafish embryos/larvae. 80% of
zebrafish embryos/larvae survived a concentration of 50 pg/mL of DAP-R6.
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Chapter 4

4  General Discussion and Conclusion

The major aim of the thesis was the characterization of two antibiotic classes with the potential
to overcome antimicrobial resistance employing different strategies. The first approach
discussed in chapter 1 is natural product-guided, where elansolid A2 isolated from the gliding
bacterium Chitinophaga sancti was characterized for its antibacterial activity, time-Kkill kinetics,
cross resistance, as well as the mode of resistance and mode of action. In line with the general
notion that natural products often exhibit innovative modes of action, elansolid A2 was found
to inhibit protein synthesis by targeting a presumably unique site on the bacterial ribosome. The
second approach discussed in chapter 2 is based on chemically modifying the clinically used
antibiotic daptomycin through conjugation with a polycationic peptide moiety generating a
resistance-breaking antibiotic. The antibacterial activity was studied, killing Kinetics were
investigated, and the mode of action of the frontrunner conjugate DAP-R6 was compared to
that of daptomycin. Indeed, there is evidence for DAP-R6 overcoming daptomycin resistance

in Staphylococcus aureus.

4.1  Natural product antibiotics addressing unique targets

Microbial natural products are the origin of most classes of antibiotics in clinical use, and they
continue to be a rich source of unique and complex structural scaffolds that act on new targets
and can overcome the resistance!. Owing to their fundamental role, bacterial ribosome and
protein synthesis represent an attractive target for the discovery and development of novel
antibacterial agents?. The bacterial ribosome is composed of 16S, 23S and 5S ribosomal RNAs
(rRNAs) dominating the main functional sites and around 54 ribosomal proteins®. Few common

sites are targeted by ribosomal inhibitors including the path of the mRNA and tRNAs on the
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30S subunit or at or near the peptidyl-transferase center (PTC), that catalyzes peptide bond

formation??.

Bacteria have developed several mechanisms to counteract the antibiotics targeting the
ribosome such as decreased permeability of drugs, or by active efflux, drug modification or
degradation, increased expression of the target or of a mimic of the target that confiscates the
drug, and factor-assisted protection of the drug target to dislocate the drug from its binding
site*®. Target mutation or modification of rRNA and/or ribosomal proteins is the most common
resistance mechanism for ribosomal inhibitors, and includes for example, mutation of ribosomal
proteins L3, L11 and L22 that confers resistance to tiamulin, thiostrepton-like antibiotics and
macrolides respectively® %, Linezolid resistance in S. aureus is due to the combination of both
rRNA C2534U mutation and ribosomal protein mutations in L3 and L4*2. In elansolids mutants,
the only mutations explored by whole genome sequencing involve S7 (rpsG) and S11 (rpsK)
ribosomal proteins, so we speculate that they are the direct target of elansolid A2. This is to be
further confirmed by X-ray crystallography and Cryo-electron microscopy (Cryo-EM) to
explain how elansolids bind to the ribosome and inhibit protein synthesis. This resistance
involves a unique protein-protein interaction site that is not reported to be the target of any drug,
which opens the door to further study PPIs in ribosomes as possible and unique targets for

antimicrobial drugs.

Elansolid A2 can become an important antibiotic in the protein synthesis inhibitors arsenal, due
to its rapid bactericidal activity against multidrug-resistant S. aureus pathogens, and its unique
30S ribosomal target. The S7-S11 interface represents an important site that connect the head
of the 30 S subunit to the platform and is involved in the formation of the exit channel through
which passes the messenger RNA. However, this site was never reported in literature as a target
for antibacterial agents. Understanding the specific interaction of elansolid with S7-S11 by

structure-based approaches such as crystal structure analysis and Cryo-EM imaging might fuel


https://www.nature.com/articles/nrmicro3155#Glos1
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a chemistry discovery program making use of the structural information regarding this
important, un- or under-exploited site, that might not be recognized by existing resistance
mechanisms. Furthermore, this study shows that natural products can offer a novel binding site
and new modes of action that can serve as starting points for antibiotic drug development. The
interaction between S7 and S11 proteins is not the only characterized protein-protein interaction
(PPI) that display ribosomal functionality. Ribosomal proteins S4 and S5 have been shown to
participate in the decoding and assembly on the ribosome and the interaction with antibiotics,
such as spectinomycin®®4. Thus, beside rRNA, PPI interactions play an important part in the
dynamics of the ribosome, and present promising un- or under-exploited targets for the
development of ribosomal inhibitors. Several compounds that target novel sites on the 30S
subunit have been identified, such as Furvina® that is shown to inhibits protein synthesis by
blocking translation initiation, through binding to the 30S ribosomal subunit and inhibiting P-
site decoding®. In addition to Cryo-EM imaging and co-crystallization of elansolids with 70S
ribosomes, further approaches will focus on co-crystallization of elansolid A2 with S7 and/or
S11 and studying the neutralization effect of elansolid on the binding of the two ribosomal

proteins by biophysical assays.
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4.2  Modification of existing antibiotic classes to overcome AMR

The outer membrane (OM) permeability barrier of Gram-negative pathogens is a vital resistance
factor and hinders the penetration of antibiotics'®. Several approaches to circumvent this
permeability mediated resistance have been developed. These strategies include either the
conjugation of drugs with components to destabilize the bacterial OM such as polycationic

peptides, or to make use of the bacterial nutrient uptake by a Trojan Horse strategy.

Conjugation of existing antibiotics to either a peptide, antibody, or iron-chelating agent,
proved to be a successful, cost-efficient, and fast strategy to enhance ADME (adsorption,
distribution, metabolism, excretion) properties and reduce toxicity of antibiotics. Furthermore,
such modifications can help to overcome resistance and address difficult-to-treat bacterial
infections, such as intracellular and persistent infections!”*®, Among the successful examples
nature has developed are sideromycins, which are antibiotics covalently linked to the iron-
chelating molecules, siderophores'®. Iron is essential for bacteria as a cofactor in many
metabolic processes, but due to its low solubility in aerobic environments, many bacteria
produce and excrete low-molecular-weight (500-1500 D) siderophores into their environment
to chelate iron, and then recognize and actively import them?®2t, Bacteria have evolved uptake
systems to allow them to utilize siderophores made by other bacteria (xenosiderophores)?%3,
To counter this iron ‘thievery’, some bacteria developed sideromycins, known as ‘Trojan
horse’, which are conjugates of a siderophore and a lethal component?’. Only few naturally
occurring sideromycins have been discovered, including albomycin, a derivative of ferrichrome
with a bound thioribosyl-pyrimidine moiety and Salmycin, a ferrioxamine derivative with a
bound aminodisaccharide®*. A wide spectrum of siderophore—antibiotic conjugates have been
chemically synthesized, among which is the recently FDA-approved drug cefiderocol. The
latter is a novel siderophore-cephalosporin conjugate antibiotic that exhibited structural

stability against hydrolysis by serine- and metallo-B-lactamases, including clinically relevant
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carbapenemases, and is used for the treatment of cUTIs, including kidney infections caused by
Gram-negative pathogens®®?®. However, recent studies have reported the development of
resistance to cefidercol in P. aeruginosa, E. coli, K. pneumoniae, E. cloacae and A. baumannii.
The resistance mechanisms include alterations of the iron uptake pathways (P. aeruginosa),
production of metallo-R-lactamases (E. coli), production of B-lactamases (K. pneumoniae and
E. cloacae) and reduced expression of the siderophore receptor and mutations in Penicillin
Binding Protein (A. baumannii) 2. It is useful to note that no acquired B-lactamases were
found in P. aeruginosa and A. baumanni strains?”?, Since the import of antibiotic-siderophore
depends on the bacterial membrane receptor proteins, it is expected that the development of
resistance in clinical isolates would emerge rapidly?®. In comparison, enhancing antibiotic
activity by conjugation of antibiotics to elements such as peptides such as our lead daptomycin
conjugate DAP-R6 that bind with adapted membrane composition should show a decreased
propensity to resistance development as further alterations of the membrane composition are
unlikely to occur as this would pose a significant burden to the bacteria. In a preliminary study
done with resistance development with DAP-R6 mutants, we were not able to generate mutants
after several passages, but this must be further assessed. Future steps will include generation of
resistant mutants to DAP-R6 to investigate the genetic, transcriptomic and proteomic changes,
which will allow us to further study and understand the mechanism behind the action of the

promising conjugate.


https://www.sciencedirect.com/topics/medicine-and-dentistry/transcriptomics
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4.3  Conclusion

The rapid rise in infections caused by bacteria that are resistant to almost all available antibiotics
is alarming and necessitates global strategic plans to tackle it. Natural products represent a rich
source for the discovery and development of new chemical compounds with a unique
mechanism of action to fight pathogenic bacteria and to overcome severe and hard-to-treat
infections. The search for new chemical matter with promising antibacterial efficiency is
supported by advances in the field including new tools and techniques such as, high-throughput
screening (HTS) of compound libraries, fragment-based design, next-generation sequencing
(NGS) technologies and genome mining, and CRISPR/Cas9-mediated genome editing®-*. The
conventional antibiotic discovery and development is time-consuming, costly and has led to a
very small pipeline of truly new therapeutic options. For this reason, a number of strategies and
alternatives to antibiotics have been developed, including conjugation of already exiting
antibiotics, combination therapy, bacteriophage therapy, vaccines, antibodies, probiotics,
lysins, immune stimulation and suppression, host defense peptides and innate defense peptides,
toxin sequestration using liposomes, and alphamers®.

There is an indispensable need for the development of antimicrobials that directly affect
pathogens and interfere with key components of cell processes and functions, however,
additional alternative approaches to clear bacterial infections and overcome AMR are also
urgently needed. Several novel strategies including host-directed therapy (HDT) and anti-
virulence therapies have been investigated. HDT interferes with host mechanisms that are
required by the pathogen to replicate and persist, boost the immune responses against it and
further reduce inflammation at the site of infection®. Among the promising HDT examples are
those addressed for treatment of intracellular M. tuberculosis (Mtb)®. Mtb replicates within
early phagosomes, persists in macrophages, and escapes the host immune responses. Several
HDTSs have been directed at each stage of the macrophage life cycle of Mtb, and include trigger

of autophagy, activation of cytokines, promote phagosome maturation, induce antimicrobial
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peptides, and inhibit lipid body formation®, Anti-virulence therapies interfere with the ability
of the bacteria to activate their virulence traits to establish an infection, preventing them from
colonizing the host®. Additionally, these anti-virulence drugs could be used in combination
with antimicrobials. A number of anti-virulence therapies has been developed that target
adhesins and biofilms, toxins, and specialized secretion systems®. The advantages of such
strategies present are that there is weaker pressure for the development of resistance, and since
they target the immune system or virulence pathways that exist exclusively in pathogens, they
are less likely to have severe side effects.

The rapidly evolving crisis of bacterial resistance requires a great awareness and fast response
plans to tackle this alarming health hazard. Promising strategies to combat resistance should
focus on preventing infections from occurring in the first place, discovering new tactics to
directly attack pathogens without developing resistance, or to target host—pathogen interactions
without directly affecting the pathogen, to slow the spread of resistance to prolong the
effectiveness of last resort antibiotics, and to encourage investments in the field of drug
discovery and development. The two approaches presented in this work, highlight important
aspects to combat the alarming spread of bacterial resistance. Elansolids proved that natural
products are an important and rich niche for the development of novel antibiotics with new
mode of action, and they might offer a promising platform for drug development and design
programs. Conjugation of already existing antibiotics such as daptomycin to polycationic
peptides offer a faster and cheaper approach to overcome resistance and enhance the activity
and delivery of the drugs and might bypass the potential side-effects and toxicity of the

antibiotic.
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