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1. Introduction

1.1. Global burden of antimicrobial resistance

Antibiotic resistance represents a significant challenge to global health, jeopardizing years of medical
advancements. It undermines routine medical care, increases morbidity and mortality, and imposes

substantial costs on health systems (Naghavi et al., 2024).

A high percentage of resistant infections found in clinical settings can be linked to a certain group of
pathogens. The World Health Organization (WHO) has consistently reported the need for urgent
strategies to prevent and control antimicrobial resistance in these priority pathogens over the past few
years. In these reports, priority pathogens were categorized into three groups (Critical, High, Medium)
according to their immediate public threat level. According to the most recent report in 2024 (World
Health Organization, 2024), Gram-negative bacterial pathogens retained their “critical” classification
from the earlier report in 2017 (World Health Organization, 2017). This group includes carbapenem-
resistant  Acinetobacter baumannii, as well as carbapenem and cephalosporin-resistant
Enterobacterales, including Escherichia coli, Klebsiella pneumoniae, Citrobacter, Serratia,
Morganella, and Enterobacter species. It is particularly alarming, as these pathogens are able to resist
carbapenem treatment regimes, which was long considered the "last resort" for serious gram-negative
infections (Sheu et al., 2019). In 2019 alone, drug-resistant bacterial infections were directly responsible
for an estimated 1.27 million deaths and associated with ~4.95 million deaths globally (Fig. 1; Murray
et al., 2022), despite the introduction of several new antibiotics and antibiotic adjuvants(Miller & Arias,
2024). This corresponds to roughly 1 in 11 infection-related deaths (= 9%) being directly attributable to
antimicrobial resistance (AMR) in 2019 (Ikuta et al., 2022). Notably, four of the top six pathogens with
high mortality rate are Gram-negative organisms (E. coli, K. pneumoniae, A. baumannii, Pseudomonas
aeruginosa), reflecting the outsized impact of Gram-negative resistance on global health (Fig. 1). This
epidemiological burden underscores the urgent need for new strategies to combat AMR on a global
scale. Without changing how antibiotics are developed and deployed, small advances are rapidly undone

by bacterial adaptation.

Having outlined the clinical burden and the pathogens of greatest concern, the next step is to examine
the mechanistic landscape of resistance. Understanding common pathways that repeatedly emerge
across species and drug classes is essential for building a general framework to guide rational antibiotic

design.
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Figure 1. Global deaths associated with and attributable to antimicrobial resistance (AMR) by pathogens
in 2019. Horizontal dot—error plots show estimated global deaths for major bacterial pathogens. Blue points
denote deaths associated with AMR (infections caused by bacteria resistant to >1 routinely used antimicrobial).
Red points denote deaths due to AMR (excess mortality attributable to resistance compared with a scenario in
which infections are drug-susceptible). Horizontal bars represent 95% confidence interval. Pathogens are ordered
by burden. The x-axis indicates global deaths in 2019 (up to ~1.2 million). Modified from Murray et al. (2022).

1.2.Mechanisms of antibiotic resistance

Understanding how bacteria become resistant is challenging: resistance predates modern medicine, and
bacteria use diverse mechanisms to withstand antimicrobial pressure (Dcosta et al., 2011). Clarifying
these molecular routes helps us (i) identify general resistance patterns, (ii) optimize use of existing
drugs, (iii) design new antibiotics less prone to resistance, and (iv) develop new countermeasures
(MacNair et al., 2024; Theuretzbacher, 2025b). Broadly, resistance arises in two ways: intrinsic
resistance, driven by structural or functional traits that block drug action, and acquired resistance, gained

through mutations or horizontal gene transfer (Darby et al., 2023).

For example, the outer membrane of Gram-negative bacteria acts as a permeability barrier, limiting
entry of many antibiotics. This helps explain why some classes (e.g., macrolides) show poor activity
against Gram-negatives (Table 1; Myers & Clark, 2021; Vaara, 1993). Intrinsic resistance can also stem
from the absence or replacement of a target, as with triclosan, where species that lack Fabl or carry
triclosan-insensitive ENR isoenzymes (e.g., FabV in Pseudomonas) are inherently nonsusceptible (Zhu

et al., 2010).
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Table 1. Bacterial species and the antibiotics intrinsic resistance. Table is adapted from Reygaert (2018).

Bacteria Antibiotics with intrinsic resistance

Bacteroides (anaerobes) aminoglycosides, many p-lactams, quinolones
All gram positives aztreonam

All gram negatives glycopeptides, lipopeptides

Enterococci aminoglycosides, cephalosporins, lincosamides
Escherichia coli macrolides

Klebsiella spp. ampicillin

Acinetobacter spp. ampicillin, glycopeptides

sulfonamides, ampicillin, 1% and 2™ generation cephalosporins,

Pseudomonas aeruginosa ; .
8 chloramphenicol, tetracycline

Serratia marcescens macrolides

Listeria monocytogenes cephalosporins

Bacteria can also develop resistance through genetic mutations, which results in the emergence of novel
traits that facilitate survival. These mechanisms can be roughly divided into four main strategies, each
of which stands for a unique method of counteracting the effects of antibiotics (Fig. 2; Darby et al.,

2023).
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Figure 2. Core mechanisms of antibiotic resistance in Gram-negative bacteria. Schematic of a Gram-negative
cell envelope (outer membrane, periplasm, inner membrane) highlights the principal ways bacteria reduce
antibiotic efficacy. 1) Decreased influx: reduced porin number or altered porin selectivity lowers drug entry into
the periplasm (common for B-lactams and fluoroquinolones). 2) Active efflux: multidrug efflux pumps expel
chemically diverse antibiotics from the cell, decreasing intracellular concentrations. 3) Antibiotic inactivation:
periplasmic or cytosolic enzymes chemically modify or hydrolyze drugs (for example, B-lactamases;
aminoglycoside-modifying enzymes). 4) Target-site modification: mutations or enzymatic alterations of drug
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targets prevent binding (for example, changes in DNA gyrase/topoisomerase IV, ribosomal RNA/proteins, or lipid
A for polymyxins). 5) Target protection: proteins that shield or remove antibiotics from their targets (for
example, Qnr proteins protecting DNA gyrase; ABC-F factors protecting the ribosome). Together, these
mechanisms, often present in combination, either limit drug accumulation or diminish target engagement,
resulting in clinical resistance. Illustration adapted from Darby et al. (2023) and created with Biorender.com.

1.2.1 Enzymatic inactivation

One of the most widespread bacterial resistance strategies is the synthesis of enzymes that chemically
modify or inactivate antimicrobial drugs before they reach their targets. Antibiotics can be modified in
two main ways: either by transferring a chemical group or by degrading the antibiotic and rendering it
inactive (Fig. 3; Darby et al., 2023). f-lactamases, which hydrolyze the -lactam ring and are essential
for the action of carbapenems, cephalosporins, and penicillins, serve as an example of the latter strategy
(Fig. 3a; Tooke et al., 2019). The emergence of B-lactamases is one of the most studied examples of
bacterial adaptation to antibiotic pressure. With over 7,000 different B-lactamase variations discovered
so far, the variety of these enzymes is simply enormous (Naas et al., 2017). Based on their amino acid
sequences and catalytic processes, these enzymes are divided into four main functional classes (A, B,

C, and D) (Tooke et al., 2019).

a. I
L —
Hydrolysis

b. Acetyltransferase /&@
P
0°

Phosphotransferase

U Methyltransferase C

Figure 3. Enzymatic inactivation of antibiotics. (a) Hydrolysis: drug-inactivating enzymes cleave susceptible
bonds, yielding inactive fragments (e.g., B-lactamases opening the B-lactam ring). (b) Covalent modification:
transferases attach small groups to the drug scaffold, such as acetyl (acetyltransferases), methyl
(methyltransferases), or phosphate (phosphotransferases), thereby diminishing target binding and/or stability
(classically seen with aminoglycosides, chloramphenicol, and some macrolides). Figure adapted from Darby et
al. (2023) and created with Biorender.com

These enzymes are particularly problematic because they can render carbapenems, one of the last-resort
antibiotics, to be ineffective. It is therefore expected that the WHO’s 2024 antibiotic-resistance report
classified carbapenem-resistant A. baumannii and Enterobacterales as critical-priority pathogens

(World Health Organization, 2024). Carbapenem resistance typically arises from carbapenemase

production or the synthesis of extended-spectrum B-lactamases together with porin loss (Codjoe &
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Donkor, 2017). Carbapenemases, including KPC (class A), NDM (class B), and OXA (class D), can
hydrolyze penicillins, cephalosporins, and carbapenems, drastically decreasing the number of available

treatment options for a specific infection (Halat & Moubareck, 2020).

Although several new antibiotics have been developed to overcome existing resistance mechanisms,
most are simply derivatives of older drugs. Cefiderocol, a novel siderophore-cephalosporin approved
by the FDA in 2019, was designed to treat carbapenem-resistant Gram-negative pathogens, especially
metallo-B-lactamase-producing P. aeruginosa and A. baumannii (Bianco et al., 2024; Theuretzbacher
et al., 2025). However, a recent study reported that carbapenemases NDM-15, NDM-22, and NDM-27
can already confer resistance to cefiderocol (Daruka et al., 2025). Furthermore, systematic review and
meta-analysis found high rates of cefiderocol non-susceptibility among NDM B-lactamase—producing
Enterobacterales and A. baumannii, undermining its novelty (Karakonstantis et al., 2024). Similarly,
sulopenem, thiopenem p-lactam antibiotic approved by FDA in 2024, has already encountered
resistance mediated by environmental DNA fragments encoding NDM B-lactamases (Daruka et al.,

2025).

Tetracycline-inactivating enzymes, which catalyze the oxidation of tetracyclines, provide yet another
notable example of the inactivation of antibiotics. The most well-known is the Tet(X) family, which has
been identified in numerous bacterial classes and has the ability to spread horizontally on transposable
elements to impart high-level resistance to tetracyclines (T. He et al., 2019; Markley & Wencewicz,
2018). The environmental prevalence of these enzymes is positively correlated with tetracycline use
(Gasparrini et al., 2020). Consequently, newer antibiotics like eravacycline and omadacycline, which
were approved by the FDA in 2018, are already facing resistance mediated by environmental tetX

enzymes (Daruka et al., 2025).

In addition to B-lactamases and tetracycline-inactivating enzymes, bacteria produce a wide range of
antibiotic-modifying enzymes that transfer chemical groups to drugs, thereby inactivating them. For
example, aminoglycoside-modifying enzymes (AMEs) can acetylate, phosphorylate, or adenylate
aminoglycoside antibiotics, preventing their binding to the bacterial ribosome (Fig. 3b; Darby et al.,
2023). In addition to chromosomes, many AMEs are encoded by mobile genetic elements, which
facilitate their horizontal spread across environments (Partridge et al., 2018; M. S. Ramirez & Tolmasky,
2010). Apramycin, a novel aminoglycoside currently in clinical development, largely evades most
common AMEs but can still be inactivated by the ApmA acetyltransferase (Bordeleau et al., 2021).
However, recent findings demonstrate that bacteria harboring DNA fragments from environmental
samples encoding acetyltransferases exhibit reduced susceptibility to apramycin, suggesting that
derivatives of older antibiotics may already be vulnerable to the same resistance mechanisms that

rendered previous generations ineffective (Daruka et al., 2025).
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1.2.2 Target modification

When bacteria are unable to break down antibiotics, they often change the cellular targets that these
drugs bind (Fig. 4). This strategy keeps vital biological processes intact while rendering antibiotics
useless. Various target modification methods are sometimes highly unique to particular kinds of
antibiotics. The fluoroquinolones antibiotics, for instance, bind close to the active site of crucial
topoisomerase enzymes to inhibit them (Hooper & Jacoby, 2016). Point mutations in the quinolone
resistance-determining regions (QRDRs) of the gyrd, gyrB, parC, and parE genes reduce
fluoroquinolone binding affinity while maintaining enzyme activity (Varughese et al.,, 2018).
Furthermore, the acquisition of the gnr gene, a family of genes carried on plasmids often seen in Gram-
negative bacteria that protect topoisomerases from inhibition by quinolones, combined with gyr4 point

mutations can result in high-level resistance (Darby et al., 2023).

Target ‘
prote| n
Am ibiotic . k
b Target
. protection
protein

Y -
-
-«

Figure 4. Target protection as a resistance mechanism. Schematic illustrates how target protection proteins
(orange) can rescue an antibiotic-inhibited target (pink/blue) without mutating it. (a) The protector transiently
occupies the drug-binding pocket, displacing the antibiotic and leaving an active target that resumes function
(green). (b) The protector binds at a distinct site and remodels the target ejecting the bound drug; both proteins
then dissociate, and activity is restored. (¢) The protector remains associated with the target, capping the binding
surface or stabilizing a drug-poor conformation, thereby preventing (re)binding while allowing catalysis.
Examples include ribosomal protection proteins (TetM/TetO, ABC-F factors) and quinolone protection proteins
(Qnr/PRP). Figure adapted from Darby et al. (2023) and created with Biorender.com
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1.2.3 Efflux system

Bacterial defense strategies also include the active export of drugs via efflux pumps. Although all
bacteria have numerous efflux pumps, these pumps are especially crucial in mediating antimicrobial
resistance in Gram-negative bacteria. Efflux pumps work in tandem with the impermeable double
membrane, adding to the inherent resistance of bacteria to many drugs (Krishnamoorthy et al., 2017).
It has also been shown that the downregulation of efflux pumps in bacteria reduces the frequency at
which resistance evolves within a population (Ricci et al., 2006). Efflux transporters are classified into
six groups, with the resistance-nodulation-division (RND) family providing the most clinically relevant
levels of resistance in Gram-negative bacteria (Alav et al., 2021). Overexpression of RND pumps in
clinical isolates can lead to multidrug resistance (MDR) due to their ability to export several drugs with

different structures and chemical properties (Blair et al., 2014).

The AcrAB-TolC system, a member of the RND family, allows E. coli and other Enterobacteriaceae to
efflux wide range of antimicrobials, including B-lactams, fluoroquinolones, tetracyclines, and
macrolides. Similarly, the MexAB-OprM system contributes to the intrinsic resistance of P. aeruginosa

against multiple antibiotic classes (Huang et al., 2022).

Efflux pump expression is often regulated by local repressor proteins, and mutations affecting these
repressors can lead to pump overexpression and increased resistance. For instance, in Salmonella
typhimurium, acrAB-tolC expression is controlled by RamA, which itself is regulated by RamR
(Abouzeed et al., 2008).

Importantly, the regulatory network extends beyond efflux alone. Global regulators such as MarA,
SoxS, and Rob, which also influence acrd4B-tolC expression, are involved in maintaining membrane
integrity, DNA repair, biofilm formation, quorum sensing, and virulence. These pleiotropic roles
highlight that efflux pump regulation is embedded within a broader genetic network that supports

bacterial survival under diverse stress conditions (Chubiz, 2023).

1.2.4 Reduced permeability

The bacterial cell envelope is the initial line of defense against antimicrobial agents. Changes in the cell
envelope's permeability can have a major impact on antibiotic efficacy, particularly for drugs that must
pass through the cell membrane to reach their targets. This is especially important in Gram-negative
bacteria, which have a double-membrane structure that makes the cellular envelope relatively
impermeable, resulting in intrinsic resistance to many antibiotics used against Gram-positive pathogens.
This poses a significant challenge to the development of novel antimicrobials that can penetrate the cell

envelope (Saxena et al., 2023).
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Gram-negative bacteria commonly use porin alterations as a resistance strategy. These porins allow
hydrophilic compounds, such as many antibiotics, to pass through the outer membrane. The creation of
porins with altered selectivity, as well as their deletion, can drastically lower antibiotic absorption
(Davin-Regli et al., 2024). For instance, changes to Enterobacteriaceae's OmpC and OmpF porins can
result in B-lactam resistance (Masi et al., 2022), whereas P. aeruginosa's loss of the OprD porin is linked

to carbapenem resistance (H. Li et al., 2012).

In addition to drug entry through porins, the structure of the outer membrane itself also contributes to
reduced antibiotic activity. For instance, modifications of lipopolysaccharides (LPS) in the outer
membrane can confer resistance, particularly against cationic antimicrobial peptides (CAMP) such as
polymyxins. The addition of 4-amino-4-deoxy-L-arabinose (Ara4N) or phosphoethanolamine (pEtN)
to lipid A decreases the overall negative charge of the outer membrane, thereby reducing polymyxin
binding and leading to resistance (Daruka et al., 2025; Spohn et al., 2019). These modifications are
commonly regulated by two-component systems such as PmrAB and PhoPQ (Olaitan et al., 2014; Poirel
et al., 2017). Additionally, in K. pneumoniae, inactivation of the small transmembrane protein MgrB, a
negative regulator of PhoPQ, is a frequent mechanism underlying acquired colistin resistance

(Cannatelli et al., 2014).

These recurring resistance mechanisms, such as enzymatic inactivation, target alteration, active efflux,
and reduced permeability, represent continuous limitations on antibiotic design. From this perspective,
the current drug discovery pipeline is not merely a catalog of candidate molecules but rather a testing

ground for strategies aimed at overcoming or circumventing these barriers.

1.3 Strategies for designing antibiotics resilient to resistance

After the “Golden Age” of antibiotic discovery, the number of novel chemotypes and targets declined
sharply. Today’s pipeline is dominated by refinements of existing classes or combinations with [3-
lactamase inhibitors, which provide short-term clinical value but often struggle to ensure long-term
efficacy (Theuretzbacher, 2025b; Theuretzbacher et al., 2025). This underscores the need to identify the

key factors that shape resistance risk and integrate them into the antibiotic development process.

The permeability barrier of Gram-negative pathogens makes them particularly difficult to treat.
Compared with Gram-positive infections, far fewer long-lasting effective options exist, and as a result,

current development efforts are heavily focused toward Gram-negative bacteria.

The clinical pipeline itself serves as a practical measure of discovery activity. To date, the most
consistent advances have come from novel B-lactamase inhibitors, which protect B-lactam antibiotics
(e.g., penicillins and cephalosporins) from enzymatic hydrolysis. Together with beta-lactam antibiotics,
this pipeline dominates the discovery of novel antibiotics in clinical trials (Fig. 5; Theuretzbacher,

20254a).
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Figure 5. Recent approvals and clinical pipeline for selected antibiotic classes (2014-2024). Dot plots show
the number of systemic agents recently approved (left) and in clinical development (right) for three major
classes. Numbers next to each dot indicate counts of distinct agents in each category. The figure highlights the
dominance of B-lactam/BLI combinations in both recent approvals and the current pipeline. Adapted from
Theuretzbacher et al. (2025)

However, as highlighted in Chapter 1.2.1, B-lactamases are highly diverse and continue to evolve (Bush
& Jacoby, 2010). Metallo-B-lactamases and inhibitor-resistant variants can undermine the efficacy of
even the most advanced B-lactamase inhibitors (Karaiskos et al., 2025). Moreover, not all B-lactam
resistance is enzymatic; mutations that diminish binding affinity to penicillin-binding proteins (PBPs)

or the acquisition of alternative PBPs via plasmids can also compromise these novel therapies (Sethuvel

et al., 2023).

The greatest challenge remains the development of first-in-class agents, whether by identifying new
targets or by exploiting novel mechanisms of action against established ones. Unsurprisingly, progress
in this area has been minimal (Butler et al., 2023). Despite substantial investment from both industry
and academia, only a handful of compounds with genuinely novel activity against Gram-negative

pathogens have reached the pipeline.

1.3.1 Permeabilizers: overcoming the outer-membrane barrier

One of the major challenges in the discovery of new antibiotics active against Gram-negative bacteria
lies in their unique double-membrane structure. The outer membrane (OM) serves as a selective
permeability barrier composed of an asymmetric bilayer, where lipopolysaccharides (LPS) form the
outer leaflet and phospholipids occupy the inner one. This barrier greatly restricts the diffusion of
hydrophobic and large hydrophilic molecules, thereby shielding essential cellular targets from antibiotic
access (Delcour, 2008; May & Grabowicz, 2018). In addition to passive exclusion, efflux pumps
embedded in the OM further reduce intracellular drug accumulation, collectively conferring a

formidable intrinsic resistance to many otherwise potent compounds (Ntallis et al., 2025).
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Permeabilizers are agents that compromise this barrier, either transiently or permanently, to facilitate
the entry of antibiotics or other molecules. Classical examples include cationic peptides such as
polymyxins, which bind to the negatively charged phosphate groups of LPS, displacing divalent cations
(Mg, Ca*") and destabilizing the OM. This electrostatic disruption increases membrane permeability,
leading to leakage of periplasmic contents and cell death (Falagas & Kasiakou, 2006). Importantly, at
sublethal concentrations, such molecules can also potentiate otherwise impermeant antibiotics, such

effect that underlies the concept of “permeabilizer-based combination therapy” (Yan et al., 2019).

Beyond these traditional examples, the term permeabilizer has expanded to include synthetic and semi-
synthetic compounds that either directly perturb the OM or exploit OM components (such as LPS or
BamA) to gain entry (D. M. Ramirez et al., 2022; Si et al., 2023). These molecules need not be limited
to membrane disruption; rather, their ability to transiently increase permeability is integral to their
mechanism of action (Dhanda et al., 2025). This distinction is crucial, because several newly discovered
antibiotics combine membrane permeabilization with a second, independent intracellular target,
yielding what we refer to as dual-target permeabilizers (e.g., POL7306, tridecaptin M152-P3,
SCH79797) (Jangra et al., 2019; Luther et al., 2019; J. K. Martin et al., 2020). Such compounds merge
rapid bactericidal action with a reduced probability of resistance, since effective survival would require

simultaneous adaptation to both envelope damage and intracellular inhibition.

Understanding permeabilizers is therefore fundamental to the rationale discussed in the following
sections. In Chapter 1.3.2, I explore strategies that target the assembly and maintenance of the Gram-
negative envelope, particularly the biosynthesis and transport of LPS, a central determinant of
permeability. The mechanisms described there define the structural and biochemical basis of how the
outer membrane maintains its integrity and thus explain why disrupting or bypassing it through
permeabilizers can be so effective. In turn, this sets the stage for the dual-target design concepts
introduced later, where membrane permeabilization acts not merely as an access mechanism but as a

direct, complementary mode of killing that minimizes resistance evolution.

1.3.2 Targeting LPS biogenesis and transport: promising yet unrealized opportunities

Building upon this concept, several efforts have focused on directly targeting the molecular pathways
that construct and maintain the outer membrane barrier itself. Within the current antibiotic pipeline, one
of the most intensively explored directions targets LPS biosynthesis and transport. LPS consists of three
structural elements: the lipid A membrane anchor, the core oligosaccharide, and the O-antigen, with
lipid A forming the outer leaflet of the outer membrane. Its production is governed by an extensive
biosynthetic and regulatory network that integrates enzymes from fatty-acid metabolism, phospholipid

synthesis, and diverse LPS-modification pathways (Fig. 6; Romano & Hung, 2023).
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Figure 6. Gram-negative envelope biogenesis: lipid A/LPS production and OMP assembly. Schematic of the
Gram-negative cell envelope showing key pathways that build and traffic outer-membrane components. Bottom
left, fatty-acid biosynthesis (FASII): acetyl-CoA is carboxylated by AccA-D, transferred to ACP by FabD, and
elongated via FabH/G/Z/A/B/F/1 to produce 3-hydroxy-acyl-ACPs. These acyl donors feed lipid A/LPS
biosynthesis (LpxA — LpxC — LpxD — LpxH) to generate a lipid A disaccharide. MsbA flips nascent lipid
A—core to the periplasmic leaflet of the inner membrane. The Lpt machine, consisting of the IM ABC transporter
LptB:FGC, periplasmic LptA oligomers, and the OM translocon LptD/E, mediates LPS extraction, translocation
across the periplasm, and insertion into the outer leaflet of the OM. In parallel, B-barrel outer-membrane proteins
(OMPs) are exported to the periplasm, processed by signal peptidase LepB, and assembled into the OM by the
Bam complex (BamA-E). Adapted from Theuretzbacher et al. (2023) and created with Biorender.com

The enzymes of the lipid A pathway, encoded by the /px family, are highly conserved across species and
localized to the cytoplasm or the inner face of the inner membrane. Among these, LpxA, LpxC, and
LpxD have emerged as prominent drug targets (Theuretzbacher et al., 2023). However, clinical
translation has proven to be difficult. Although potent LpxC inhibitors have been developed, their
advancement has been constrained by cardiovascular toxicity, while dual-targeting approaches that

exploit the structural similarity of LpxA and LpxD have been hampered by the complexity of their
enzymatic reactions (F. Cohen et al., 2019; Han et al., 2020; Kroeck et al., 2019; Surivet et al., 2020).

Following lipid A—core assembly, LPS is flipped into the periplasm and transported to the cell surface
by the Lpt (lipopolysaccharide transport) machinery, a seven-protein complex in which the loss of any
component causes defective or modified LPS accumulation (Okuda et al., 2016). Of these proteins,

LptD has been studied most extensively due to its surface exposure (Botte et al., 2022). LptD is a B-
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barrel outer-membrane protein whose assembly depends on BamA, the central subunit of the B-barrel
assembly machinery (BAM) (Lee et al., 2019). The last stages of LPS assembly at the cell surface are
mediated by LptD.

One of the earliest notable leads against an outer-membrane protein LptD was murepavadin, a
peptidomimetic with specificity for P. aeruginosa (Srinivas et al., 2010). Although it showed promising
activity, Phase 3 trials were halted due to nephrotoxicity (Prasad et al., 2022). Subsequent work
produced chimeric molecules that engage both LPS and BamA at the outer membrane (e.g., POL7306),
broadening anti-Gram-negative activity (Fig. 6; Luther et al., 2019).

BamA itselfis an essential protein that catalyzes the folding and insertion of B-barrel proteins like porins
and LptD. It is one of the two crucial outer-membrane proteins, along with LptD. Because BamA is a
B-barrel rather than a classical enzyme with a discrete active site, it has often been considered
“undruggable” for small molecules (Lewis et al., 2024). Consistent with this view, purely synthetic
BamaA inhibitors have been hard to produce. A partial solution has been the development of OMPTAs
(outer-membrane-protein-targeting antibiotics), chimeric polymyxin—cyclic polycations that harness
polymyxin’s strong affinity for LPS to achieve potent antibacterial activity, despite forming only weak

direct contacts with BamA (Luther et al., 2019).

While LPS-pathway enzymes and assembly factors remain attractive, safety liabilities and delivery
constraints have slowed clinical translation. This has motivated alternative envelope-focused strategies

that do not exclusively depend on LPS binding.

1.3.3 Non-canonical strategies that target the membrane envelope

Other notable early stage leads with in vivo activity against Gram-negative bacteria include tridecaptins.
They represent a particularly interesting re-emerging class of non-ribosomal antimicrobial peptides
(NRAPs) with potent efficacy against critical priority Gram-negative pathogens (Bann et al., 2021).
Tridecaptin M, recently isolated from Paenibacillus sp., selectively binds the Gram-negative variant of
lipid II at the outer leaflet of the inner membrane, thereby disrupting the proton-motive force. In
addition, tridecaptins interact with LPS, though via a molecular mechanism distinct from polymyxins
(Cochrane et al., 2016; Jangra et al., 2019). Because NRAPs are assembled by non-ribosomal peptide
synthetases (NRPSs), they can incorporate both proteinogenic and non-proteinogenic residues and
undergo enzyme-mediated tailoring (Calcott et al., 2020; Felnagle et al., 2008). This biosynthetic
flexibility provides a rich platform for chemical optimization of potency, stability, and pharmacological

properties.

Another promising example is SCH79797, a repurposed small molecule with broad-spectrum activity
mediated by dual mechanisms: disruption of the Gram-negative outer membrane through engagement

of the mechanosensitive channel MscL, and inhibition of folate biosynthesis (J. K. Martin et al., 2020;
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Wray et al., 2022). Notably, while combination therapies pairing dihydrofolate reductase (DHFR)
inhibitors (e.g., trimethoprim) with membrane disruptors often display antagonism, combining both
mechanisms within a single scaffold have been associated with a low frequency of resistance and high
potency (J. K. Martin et al., 2020). Because SCH79797 depolarizes membranes via MscL rather than
through LPS binding, it highlights a complementary strategy for envelope disruption.

Together, these non-traditional approaches illustrate how envelope function can be compromised using
small molecules or tailored peptides. By moving beyond strictly LPS-centric strategies, such agents
broaden the scope of outer-membrane targeting and point toward rational designs that integrate multiple

activities within a single scaffold to minimize resistance emergence.
1.4 Integrating available strategies to rationally design future antibiotics

In response to the urgent need for effective treatment options, two key strategies have gained
prominence: (i) antibiotics that target immutable aspects of bacterial physiology, and (ii) multi-targeting
antibiotics, in which a single molecule inhibits multiple bacterial targets (Breukink & de Kruijff, 2006;
Lewis, 2020; Shukla et al., 2023; Silver, 2007).

The first strategy focuses on cellular structures that are not directly protein-encoded and thus less
susceptible to mutation-driven resistance. For example, compounds that disrupt cell-envelope integrity
exploit bacterial vulnerabilities that cannot be easily altered by point mutations (Lewis, 2020; Q. Li et
al., 2021). Lipid II, a peptidoglycan precursor, demonstrates such a target and has been proposed as a
promising candidate for drugs with inherently low resistance potential (Breukink & de Kruijft, 2006;
Ling et al., 2015). In these cases, while resistance may still arise, it often comes at the cost of diminished

virulence or reduced bacterial fitness.

The second strategy relies on designing molecules that act against multiple targets simultaneously. In
principle, resistance emergence would require multiple concurrent mutations. In practice, this approach
has limitations. Single mutations that offer significant advantages against one target or class are
frequently seen in natural bacterial populations. Prolonged usage of antibiotics might enhance these
precursors, thereby promoting resistance to dual-target drugs that are still under development (Szili et
al., 2019). Moreover, resistance can evolve through indirect mechanisms such as reduced permeability,
enzymatic inactivation, or altered efflux specificity, which may bypass the intended multi-target effect

(Darby et al., 2023).

Given these considerations, [ hypothesize that the most durable approaches will combine multiple
mechanisms of action with a particular emphasis on membrane disruption. By contrast, drugs that act
on a single membrane-associated function or two intracellular protein targets may remain vulnerable to

envelope-level adaptations or pre-existing resistance mutations.
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To test this hypothesis, we employ a series of complementary assays in Gram-negative, critical-priority
pathogens. We selected 16 antibiotics covering diverse classes, including compounds that have been
recently approved or remain in preclinical development, to better reflect the current drug discovery
pipeline. For systematic comparison, I classified these drugs into four groups, with our primary focus
on dual-target permeabilizers, agents that disrupt the bacterial outer membrane while simultaneously
targeting another cellular pathway. This group includes POL7306, tridecaptin M152-P3, and
SCH79797. Resistance development against these antibiotics is evaluated in parallel with three control
groups: (i) single-target permeabilizers, such as polymyxin; (ii) dual-target non-permeabilizers,
demonstrated by gepotidacin; and (iii) single-target non-permeabilizers, representing antimicrobials
with well-defined single mechanisms of action (e.g., aminoglycosides, tetracyclines). By integrating
laboratory evolution with functional metagenomics and gene overexpression screens across these
antibiotic—bacteria combinations, 1 systematically quantify resistance potential, map the genetic
pathways driving adaptation, and evaluate scaffolds that are least prone to resistance. This framework
not only provides a comparative assessment of current drug candidates but also offers empirical
evidence to guide the rational design of next-generation antibiotics that maximize efficacy while

limiting the risk of resistance evolution.
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2. Aims

The overarching aim of this study is to define the principles underlying the development of antibiotics
that are less prone to bacterial resistance, with a particular focus on agents that simultaneously disrupt
membrane integrity and inhibit a distinct cellular pathway. I hypothesize that such “dual-target
permeabilizers” impose evolutionary constraints that limit the emergence of resistance compared to

drugs that act on a single membrane-associated pathway or two intracellular protein targets.
To address this:

e  We first examine how resistance evolves in clinically relevant Gram-negative pathogens (F.
coli, K. pneumoniae, A. baumannii, P. aeruginosa) when exposed to 16 different antibiotics,
testing whether antibiotics that simultaneously disrupt membrane integrity and inhibit a distinct
cellular pathway reduce the likelihood of resistance development.

o The genetic and mechanistic bases of resistance are then investigated, including the
contribution of de novo mutations in target sites or efflux pumps, the role of gene amplification,
and the potential acquisition of resistance through mobile genetic elements.

e To evaluate the environmental prevalence and transfer risk of resistance factors, functional
metagenomic screens are applied from human, soil, and clinical microbiome sources.

o Finally, the bactericidal activity of membrane-permeabilizing antibiotics is assessed by
quantifying population dynamics during exposure to lethal concentrations, thereby clarifying

whether rapid killing contributes to their reduced resistance frequency.

Together, these aims are designed to systematically evaluate whether antibiotics that target both
membrane integrity and additional cellular pathways (i.e., dual-target permeabilizers) can overcome the
evolutionary pressures that typically drive resistance. By integrating laboratory evolution, genetic
analysis, functional metagenomics, and time-kill experiments, the study seeks to establish a framework

to guide the future design of antibiotics with limited resistance.
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3. Methods and materials

3.1.  Strains, antibiotics, and media

This study employed a diverse collection of bacterial strains to investigate resistance phenomena. For
the frequency-of-resistance (FoR) and adaptive laboratory evolution (ALE) experiments, two strains
were chosen for each species: Escherichia coli ATCC 25922, Klebsiella pneumoniae ATCC 10031,
Acinetobacter baumannii ATCC 17978, and Pseudomonas aeruginosa ATCC BAA-3107 represented
the antibiotic-sensitive (SEN) cohort, whereas E. coli NCTC 13846, K. pneumoniae ATCC 700603, A.
baumannii ATCC BAA-1605, and P. aeruginosa LESB58 constituted the multi-drug resistant (MDR)
cohort. Functional metagenomic screens were later performed in E. coli ATCC 25922 and K
pneumoniae ATCC 10031 to capture environmental resistance determinants. To characterize dose—kill
kinetics, an E. coli ATCC 25922 strain co-expressing yellow fluorescent protein (YFP, encoded on
PZS2R, chloramphenicol-resistant) and red fluorescent protein (mCherry, also on pZS2R,

chloramphenicol-resistant) was employed.

Sixteen antibiotics spanning four distinct modes of action were tested, including eleven novel
compounds currently in various clinical trial phases and five established antibiotics with extensive
clinical histories (names, abbreviations, and detailed properties are presented in Table 2). Antibiotics
were either custom-synthesized in-house or procured from commercial suppliers. Upon preparation,
each stock solution was filter-sterilized and stored at —20 °C until use. Cation-adjusted Mueller—Hinton
Broth 2 (MHB; Millipore) served as the primary growth medium unless specified otherwise. In the case
of SCH79797 (SCH), which inhibits folate biosynthesis, medium composition was switched to Minimal
Salt (MS) in order to maximize antibacterial activity; this MS medium comprised 1 g/L. (NH4)2SOs,
3g/L KH:POs4, 7g/L K:HPOs, and was supplemented with 1.2mM sodium citrate dihydrate
(NasCsHs07:2H20), 0.4 mM MgSOs4, 0.54 pg/mL FeCls, 1 pg/mL thiamine HCl, 0.2% Casamino Acids,
and 0.2% glucose.

3.2. Membrane permeabilization assay

The outer membrane—permeabilizing effects of selected antibiotics on E. coli ATCC 25922 were
quantified using the hydrophobic fluorescent probe 1-N-phenylnaphthylamine (NPN; Merck) in
accordance with established protocols (Helander & Mattila-Sandholm, 2000). Initially, E. coli
ATCC 25922 was inoculated into MHB and incubated overnight at 37 °C to saturation. Two hundred
microliters of this overnight culture were then diluted into 20 mL fresh MHB and grown with shaking
until mid-logarithmic phase (ODsoo =0.4—-0.6). Cells were harvested by centrifugation (1,100 x g,
10 minutes), washed twice, and resuspended in a buffer containing 5 mM HEPES (pH 7.0) and 5 mM
glucose to an ODsoo of 0.4—0.6. One hundred microliters of this bacterial suspension, adjusted to four

times the minimum inhibitory concentration (MIC) of each antibiotic, were mixed in a black 96-well
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plate (Revvity PhenoPlate-96) with 50 uL freshly prepared NPN solution and 50 L. of HEPES bufter.
After equilibrating at room temperature for 15 minutes, fluorescence was measured immediately using
a Biotek Synergy H1 microplate reader (excitation 350 nm, emission 410 nm). Untreated E. coli served
as a negative control, whereas polymyxin B (10 pg/mL)—treated cells provided a positive control.
Relative fluorescence units were calculated by normalizing each antibiotic-treated well to the untreated

control.

3.3. Frequency-of-Resistance assay

To assess how frequently spontaneous resistant mutants emerge within a bacterial population, FoR
assays were performed following established guidelines (Bell & MacLean, 2018; Ling et al., 2015;
Luria & Delbriick, 1943; Nyerges et al., 2020). Each overnight culture (grown in MHB at 37 °C,
250 RPM) was centrifuged, washed twice in fresh MHB, and adjusted to approximately 10'° stationary-
phase cells per sample. These suspensions were then plated onto MHB agar plates containing antibiotic
concentrations of 2x, 4x, 8x, and 20% the empirically determined MIC. Plates were incubated at 37 °C
for 48 hours, with each concentration tested in triplicate. Simultaneously, total viable counts were
determined by serially diluting and plating aliquots of the washed cells on antibiotic-free MHB agar.
After 18 hours of incubation at 37 °C, colony-forming units (CFUs) were counted to calculate the initial
cell density. Resistance frequency was defined as the ratio of colonies growing on antibiotic-containing
plates to the total viable CFU count. From plates yielding colonies at the highest antibiotic
concentration, ten individual colonies were picked for subsequent MIC determination and whole-

genome sequencing.

3.4. High-throughput laboratory evolution

Adaptive laboratory evolution (ALE) experiments were designed to select for maximal resistance,
following a high-throughput protocol (Bddi et al., 2017; Spohn et al., 2019). For each antibiotic—
ancestral strain combination, ten parallel populations were initiated in 96-well plates at an antibiotic
concentration that produced approximately 50% growth inhibition, as determined by preliminary dose—
response assays. Cultures were incubated in MHB at 37 °C with continuous shaking (300 RPM) for
72 hours. At the end of each incubation, optical density at 600 nm (ODsoo) was measured; wells showing
ODsoo > 0.2 at the highest antibiotic concentration were deemed to have sufficient growth to proceed.
Twenty microliters from each qualifying well were transferred into four fresh wells arranged in a
chessboard layout, each containing MHB supplemented with incrementally higher antibiotic
concentrations (0.5%, 1x, 1.5x, and 2.5x the previous concentration). This layout also facilitated cross-
contamination checks. Transfer and selection steps were repeated for twenty consecutive passages,

ultimately yielding 728 evolved lines across all antibiotic—strain combinations.
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3.5. High-Throughput MIC measurements

Minimum inhibitory concentrations (MICs) of all ancestral and evolved strains were determined via an
automated broth microdilution approach in accordance with Clinical and Laboratory Standards Institute
(CLSI) guidelines. Utilizing 384-well microtiter plates (Greiner), a robotic liquid handling system
dispensed 11-16 twofold serial dilutions of each antibiotic into wells containing 60 pL of MHB. Each
well was inoculated with a bacterial suspension at 5 x 10° cells/mL. Plates were incubated at 37 °C with
continuous shaking (900 RPM, 3 mm throw) for 18 hours, with two biological replicates per strain.
Post-incubation, ODsoo was measured by a Biotek Synergy microplate reader. The MIC was recorded
as the lowest antibiotic concentration yielding ODsoo < 0.05 (after subtraction of blank OD readings).

Relative MIC for each evolved strain was calculated by dividing its MIC by that of the ancestral strain.

3.6.  Invitro growth measurements

To evaluate the fitness effects of resistance mutations, growth curves were generated for bacterial
variants with available whole-genome sequences. Early stationary-phase cultures were prepared by
growing each strain in MHB at 37 °C with shaking (Dunai et al., 2019). Inoculum size of 5 x 10* cells
from these cultures were inoculated into 60 uL MHB in 384-well microtiter plates (Greiner), with at
least nine replicates per variant (three biological replicates, each with three technical replicates). Plates
were incubated at 37 °C under continuous shaking in a BioTek Synergy HL1 microplate reader. Optical
density at 600 nm (ODsoo) was recorded every 5 minutes for 24 hours. From the kinetic growth data, the
area under the growth curve (AUC) was calculated over the 24-hour period. AUC serves as an integrated
proxy for fitness, incorporating both the exponential growth rate and the final biomass achieved by each

strain.

3.7. Whole-genome sequencing and variant analysis

To elucidate genetic changes underlying antibiotic resistance, 2—5 evolved lines from the FoR and ALE
experiments were selected for whole-genome sequencing. Resistant populations were grown overnight
in antibiotic-free medium, and genomic DNA was isolated using the GenElute Bacterial Genomic DNA
Kit (Sigma). DNA was eluted twice in 60 pL. RNase-free water, after which 60 puL of the eluate was
concentrated using the Zymo DNA Clean & Concentrator Kit. DNA concentration was measured with
a Qubit Fluorometer and normalized to 1 ng/uL. Sequencing libraries were constructed with the
Nextera XT DNA library preparation kit (Illumina) following the manufacturer’s instructions and were

sequenced on an Illumina NextSeq 500 platform, generating 2 x 150 bp paired-end reads.

Sequencing reads were mapped to their respective reference genomes using the Burrows—Wheeler
Aligner (BWA) (H. Li & Durbin, 2009). PCR duplicates were identified and removed using Picard
MarkDuplicates and reads with more than six mismatches were discarded. Single nucleotide

polymorphisms (SNPs) and small insertions or deletions (INDELs) were called with Freebayes
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(Garrison & Marth, 2012) and filtered via vcffilter (Garrison et al., 2022), retaining only variants with
a quality score exceeding 100. All candidate variants were manually inspected using the Integrative
Genomics Viewer (IGV) to identify potential artifacts (Robinson et al., 2011). Variants present in the
ancestral genome were excluded from further analysis. Mutations found in more than nine independent
lines were considered likely ancestral and thus removed; those detected in six to nine lines were also
manually reviewed. Variants located within repetitive regions of 40 bp or longer were discarded.
Additionally, lines exhibiting mutations in DNA mismatch repair genes (mutL, mutS, mutY) or harboring
more than nineteen total mutations (indicative of hypermutator phenotypes) were excluded from

downstream analyses.

For eight different strains (E. coli ATCC 25922, K. pneumoniae ATCC 10031, A. baumannii
ATCC 17978, P. aeruginosa ATCC BAA-3107, K. pneumoniae ATCC 700603, A. baumannii
ATCC BAA-1605, P. aeruginosa LESB 58, and E. coli NCTC 13846) genomic sequences and
annotations were retrieved from the ATCC database or NCBI (accession numbers FM209186.1 and
Nz _UFZG00000000.1). All genes, including hypothetical open reading frames, were functionally
annotated using PANNZER?2 (T6ronen et al., 2018; Téronen & Holm, 2022). Orthologous gene groups
across these strains were identified with OrthoFinder (version 2.5.4), facilitating cross-strain

comparisons of mutation targets (Emms & Kelly, 2015, 2019).

3.8. Comparative mutational analysis

To explore the genomic adaptations associated with different antibiotics, a comparative mutational
analysis pipeline was implemented in R (version 4.3.2) (R Core Team, 2022). The clusterProfiler
package was used to perform KEGG pathway enrichment analyses on lists of mutated genes, mapping
them onto E. coli K-12 MG1655 pathways for consistency (Wu et al., 2021). To extend functional
insights, these gene lists were merged with Clusters of Orthologous Groups (COG) annotations using
the COG database (Tatusov et al., 1997). This combined approach enabled comprehensive profiling of

resistance-associated pathways across all evolved lines.

3.9. AcrAB efflux system screening

To investigate the role of AcrAB efflux in antibiotic susceptibility, we compared efflux-deficient and
overexpression strains of E. coli K-12 BW25113. The AacrB mutant was generated via P1 transduction
according to established protocols, whereas the overexpression strain was constructed by transforming
BW25113 with a multicopy plasmid (pUCacr4B) encoding the acr4B operon; a control strain carried
the empty vector pUC118 (Baba et al., 2006; Nishino & Yamaguchi, 2001). The pUCacr4B plasmid
was kindly provided by Kunihiko Nishino and Akihito Yamaguchi (Osaka University). Because acrAB
expression is driven by its native promoters on pUCacr4B, no external induction was necessary.
Antibiotic susceptibility testing was performed using a modified broth dilution method in 96-well

microtiter plates containing fresh MHB (or MS medium for SCH) (Wiegand et al., 2008). Ten-step serial
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dilutions of each antibiotic were prepared from stock solutions (two wells per concentration per strain).
For plasmid-bearing strains, ampicillin (100 pg/mL) was included to maintain the plasmid. Cultures
were diluted to 5 x 10° CFU/mL prior to inoculation. One column in each plate contained only medium
to determine background OD. Plates were incubated at 37 °C with continuous shaking (900 RPM, 3 mm
throw) for 18 hours. ODsoo was measured using a Biotek Synergy 2 microplate reader. MIC was defined
as the lowest antibiotic concentration yielding an ODsoo < 0.05 after background subtraction. Relative

MIC values were calculated by expressing each strain’s MIC on a log scale:

MIC
i pUCacrAB
relative MICpycacrap = l0gs m
MIC
relative MICpqcrp = l0gs #
wt

3.10. Genome-wide overexpression library screening

A genome-wide overexpression screen was conducted using the E. coli K-12 ASKA library (pCA24N-
ORFgrp[) to identify genes whose overexpression confers antibiotic resistance (Kitagawa et al., 2005).
Frozen aliquots of the pooled ASKA library (GFP minus) in E. coli K-12 BW25113 were inoculated
into 5 mL MHB supplemented with chloramphenicol (20 ug/mL) and grown at 37 °C until an ODsoo of
approximately 0.8 was reached. For pre-induction, cultures were treated with 50 uM IPTG at 30 °C for
1 hour under constant agitation (200 RPM). The induced cells were then diluted to 5 x 10° CFU in 50 uL
and evenly spread on MHB agar plates containing 100 uM IPTG, 10 pg/mL chloramphenicol, and an
antibiotic concentration gradient (OmniTray format) (Bryson & Szybalski, 1952). Plates were incubated
at 37 °C for 24 hours in duplicate. For each antibiotic, a control plate containing an equal number of
cells transformed with an empty vector (pCA24N-noORF) was used to establish the inhibition zone in
the absence of overexpressed ORFs. Colonies that grew beyond the inhibition zone were visually

identified and collected to form a pooled “resistant colony” sample for each antibiotic.

Plasmid DNA was then extracted from each pooled sample using the GeneJET Plasmid Miniprep Kit
(Thermo Scientific). To eliminate genomic DNA contamination, 1 pg of plasmid DNA was incubated
with Exonuclease I (20 U/uL; 2.5 U total) and Lambda Exonuclease (10 U/uL; 10 U total) in <50 uLL
reaction volume at 37 °C for 30 minutes, followed by heat inactivation at 80 °C for 15 minutes. Digested
plasmid DNA was purified using the Zymo DNA Clean & Concentrator Kit. Sequencing libraries were
prepared from the purified plasmids with the Nextera XT DNA library preparation kit and assessed for
quality on an Agilent BioAnalyzer 2100 (High Sensitivity DNA Chip). Libraries were then sequenced
on an [llumina NextSeq 500 system using the NextSeq 500/550 Mid Output Kit v2.5 (300 cycles).
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3.11. OREF identification from overexpression library

To pinpoint which ORFs were responsible for antibiotic resistance, raw sequencing reads were
processed as follows. First, two 150 bp sequences flanking the plasmid integration site (denoted “E”
(end) and “S” (start)) were identified within the fastq files using the Smith—Waterman alignment
algorithm (Smith & Waterman, 1981). Reads containing sequence matches to these flanking regions,
allowing a Hamming distance of up to 10, were retained. Reads with at least 15 bp alignment to both a
plasmid junction (E or S) and the ORF were kept; those failing this criterion were replaced with
“dummy” sequences to preserve file integrity. Retained reads were then mapped to the E. coli K-12
MG1655 reference genome using BWA with a custom Burrows—Wheeler Transform implementation
(H. Li & Durbin, 2009). ORFs were identified as contiguous regions bounded by E and S sequences
with >15 bp continuous coverage. Each putative ORF was validated by checking for the presence of
stop codons and ensuring a minimum length of 15 bp. ORF annotations were assigned by comparing to
the genome’s GTF file, prioritizing protein-coding sequences. ORFs exhibiting greater length than the
annotated coding sequence were also noted, and identity scores (percentage of identical bases) to the

reference CDS were reported.

3.12. Functional metagenomic screens

Functional metagenomic screens were carried out to discover resistance-conferring DNA fragments
from environmental and clinical sources. Previously constructed metagenomic libraries captured
resistomes from (i) river sediment and soil samples at seven antibiotic-polluted industrial sites in India;
(i1) fecal samples from ten healthy European volunteers (five male, five female; ages 26—42; no
antibiotic exposure for at least one year); and (iii) a pool of 68 multidrug-resistant clinical isolates
(Apjok et al., 2023). Environmental DNA was isolated using the DNeasy PowerSoil Kit (Qiagen), while
genomic DNA from clinical isolates was obtained with the GenElute Bacterial Genomic DNA Kit
(Sigma). DNA was enzymatically sheared, and fragments ranging from 1.5 to 5 kb were selected to
capture full-length resistance genes, although some larger elements may have been excluded. Fragments
were cloned into a medium-copy-number plasmid featuring 10-nt barcodes (up- and down-tags)
flanking each insert. Resulting library sizes varied from 2 to 6 million clones, with an average insert

size of approximately 2 kb.

To screen these libraries, K. pneumoniae ATCC 10031 was transformed via DEEPMINE bacteriophage
transduction, which employs hybrid T7 phage particles optimized for functional metagenomics in
clinical strains (Apjok et al., 2023). For E. coli ATCC 25922, electroporation was used. The
DEEPMINE protocol was modified by generating hybrid phages lacking gp11, gp12, and gp17 genes,
and by utilizing a new phage tail donor plasmid carrying ®SG-JL2 tail genes and the T7 packaging
signal (Daruka et al., 2025; Yosef et al., 2017). Functional selections were conducted on MHB agar

plates containing antibiotic gradients; plates were incubated at 37 °C for 24 hours (Kintses et al., 2019;
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Szybalski, 1954). Control plates carrying empty metagenomic vectors (no inserts) were used to define
baseline inhibition zones. Resistant colonies, identified in regions beyond the inhibition zone, were
harvested for plasmid extraction. Plasmid DNA was isolated using the GeneJET Miniprep Kit (Thermo
Scientific) and subjected to Exonuclease I and Lambda Exonuclease treatment (as described above) to
remove genomic contamination. Purified plasmids were then sequenced by two complementary
approaches: Illumina sequencing flanking barcodes and full-length Nanopore sequencing of the inserts

and barcodes.

3.13. Annotation of antibiotic resistance genes (ARGsS)

To identify and classify ARGs within metagenomic inserts, Nanopore consensus sequences were first
matched to corresponding selection experiments using [llumina-derived 8 nt barcodes. Illumina reads
were demultiplexed based on these barcodes, and each set was linked to its Nanopore consensus
sequence via the unique 10 nt insert barcodes. To minimize redundancy and false positives, contigs
were filtered by retaining only barcodes with the highest Nanopore read counts and contigs supported
by at least eight Nanopore reads and five Illumina reads. Open reading frames within these contigs were
predicted using Prodigal v2.6.3 (Hyatt et al., 2010). Predicted ORFs were annotated via BLASTx
(NCBI BLAST v2.12.0) against the CARD and ResFinder databases, applying an E-value cutoff of 10~
(Alcock et al., 2020; Altschul et al., 1990; Bortolaia et al., 2020). ORFs were clustered at 95% identity
and coverage using CD-HIT v4.8.1, retaining one representative per cluster (Fu et al., 2012). Inserts
were then classified based on the presence of ARGs and whether those ARGs corresponded to the
selecting antibiotic. To ensure that host-derived sequences were excluded, ORFs were compared by
BLASTYp against host proteomes (from UniProt), and any ORF exhibiting more than 80% sequence
similarity to a host protein was removed. Finally, the likely origin of each insert was determined by
searching Nanopore contigs against the NCBI Prokaryotic RefSeq Genomes database using BLASTn
(NCBI BLAST v2.12.0), followed by taxonomic assignment through R and the taxizedb package
(Chamberlain S, 2024; Grenié¢ et al., 2023; O’Leary et al., 2016; R Core Team, 2022).

3.14. Phylogenetic and geographic analysis of ARGs

Building upon previous large-scale surveys of E. coli resistance, 26,881 E. coli genomes were retrieved
from the NCBI RefSeq database in February 2022. After filtering for complete metadata, 16,272
genomes were retained (Pursey et al., 2023). /n silico Clermont phylogrouping was performed using
the EzClermont command-line tool, and host plus geographic metadata were extracted from biosample
records via Biopython’s Bio.Entrez utilities (Clermont et al., 2013; Waters et al., 2020). Hosts were
categorized into three groups, i.e., “Human,” “Agricultural/Domestic Animals,” and “Wild Animals”,
by applying regular expressions to the host field. Geographic locations were aggregated into 20
subregions based on Natural Earth data. For each genome, a BLASTp search was conducted against the

predicted ARG ORFs identified via functional metagenomic screens, with hits requiring >90% amino
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acid identity and >90% query coverage and being present in no more than 10% of the genomes. This

analysis enabled mapping of ARG prevalence across host types, phylogroups, and geographic regions.

3.15. Quantifying bacterial survival under antibiotic exposure

Killing kinetics for each antibiotic were measured by exposing bacterial cultures to antibiotics in
96-well deep-well plates and quantifying viability after four hours via microplating CFU counts and/or
fluorescent viability staining (Lazar et al., 2022). First, single colonies of each strain (including YFP-
and mCherry-tagged E. coli, K. pneumoniae, and A. baumannii) were grown overnight in MHB at 37 °C
with shaking (160 RPM), with chloramphenicol (10 pg/mL) added for plasmid maintenance in
fluorescent E. coli. Overnight cultures were diluted 1:5000 in fresh MHB and grown to an ODsoo of
0.25. Cells were then concentrated by centrifugation and aliquoted into 50 pL. glycerol stocks
(~2.2 x 10° cells), which were stored at —80 °C. To prepare assay plates, 235 uL. MHB (or MS for SCH)
was dispensed into each well of a 96-well plate, and antibiotics were added using a Tecan D300e digital
dispenser to create a 12-step dilution series ranging from 0.5% to 30x MIC. For single-dose clearance
assays, antibiotics were prepared at 10x MIC in at least three technical replicates per strain—antibiotic

pair. No-cell and no-antibiotic wells were included as negative and positive controls, respectively.

For dose—response assays involving fluorescent E. coli, frozen YFP- and mCherry-expressing stocks
were thawed, mixed in a 1:1 ratio, and diluted 1:1000 in 30 mL MHB; cultures were incubated at 37 °C,
160 RPM for 45 minutes to recover. Fifteen microliters of this suspension (~107 CFU) were then
inoculated into each antibiotic-containing well (total volume 250 pL). For single-dose clearance assays
of E. coli, K. pneumoniae, and A. baumannii, frozen stocks of each strain were thawed, diluted 1:1000
in 30 mL MHB, and grown to ODsoo = 0.25 at 37 °C, 160 RPM; 15 uL (~107 CFU) were transferred
into each 10x MIC well. Plates were incubated for 4 hours at 37 °C with shaking (160 RPM).

Following antibiotic exposure, dose-response samples were serially diluted fivefold in phosphate-
buffered saline (PBS), cells were washed three times (centrifugation at 4,500 RPM, 15 minutes, 4 °C;
resuspension in PBS) to remove residual antibiotic, and 8 uL microdrops of each dilution (undiluted to
57%) were plated onto OmniTray plates containing 45 mL of 70% MHB agar. Plates were incubated for
18 hours at 37 °C. Post-incubation, plates were imaged for YFP fluorescence (excitation 500 + 10 nm,
emission 606 = 94 nm), mCherry fluorescence (excitation 556 + 24 nm, emission 690 + 100 nm), and
brightfield using a custom macroscope equipped with a Basler a2A840-45ucPRO camera. Colonies
were manually counted to determine CFU/mL based on dilution factors. For single-dose clearance
assays, viable cell counts were obtained by staining with the QUANTOM™ Viable Cell Staining Kit
and using the QUANTOM Tx™ Microbial Cell Counter (Logos Biosystems) according to the

manufacturer’s instructions.
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3.16. Statistics and reproducibility

All experiments were conducted with a minimum of two independent replicates to ensure data
reliability. No sample size was predetermined using statistical methods. Experiments were neither
random nor performed under blind conditions. Data processing and statistical analyses were undertaken
in R (version 4.3.2). The tidyverse packages (e.g., dplyr, ggplot2, readr) were used for data manipulation
and visualization, while statistical tests were conducted using base R’s stats package and rstatix. KEGG
pathway annotations of gene lists were generated via the clusterProfiler package. Dose—response curves
were plotted in MATLAB. Unless otherwise stated, all statistical tests were two-tailed, with a

significance threshold set at p < 0.05.
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4. Results

4.1. Antibiotic classification

First, we classified 16 antibiotics used in this study based on (i) their number of targets in bacterial
physiology and (ii) whether they permeabilize the bacterial membrane (Table 2). We assigned
antibiotics as single or dual target based on the literature. Next, we tested membrane permeabilization
using the N-phenyl-1-naphthylamine (NPN) uptake assay. Drugs that disrupted the membrane caused a
rapid increase in fluorescence compared with other antibiotics (Fig. 7). Accordingly, we further
classified antibiotics as permeabilizers or non-permeabilizers. Together, this yielded four categories
defined by target number and membrane activity (Fig. 8).

Table 2. This table lists all antibiotics tested, organized by their mode of action. We distinguish four groups:
single-target non-permeabilizers, dual-target non-permeabilizers, single-target permeabilizers, and dual-target

permeabilizers. Compounds marked with an asterisk (tridecaptin M152-P3, POL7306, and SCH79797) are in
pre-clinical development and belong to the dual-target permeabilizer category.

Antibiotic Abbreviation Antibiotic Class Mode of action Date of
group approval/clinical phase

Omadacycline Tetracyclines Single target 2018
IS —————— non-permeabilizers
Eravacycline 2018
Doxycycline 1967
Apramycin Aminoglycosides Phase 1
Gentamicin 1964
Sulopenem Carbapenems Phase 3
Meropenem 1996
Delafloxacin Topoisomerase inhibitors | Dual target 2017
Gepotidacin non-permeabilizers Phase 3
Zoliflodacin Phase 3
Moxifloxacin 1999
Tridecaptin Targeting membrane Dual target pre-clinical
M152-P3 integrity and an permeabilizers
additional cellular
POL7306 pathway pre-clinical
SCH79797 pre-clinical
SPR206 SPR Polymyxins Single target Phase 2
Polymyxin B PMB permeabilizers 1964
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Figure 7. Antibiotic induced membrane permeabilization. Barplots show four replicates per antibiotic with
NPN fluorescence (normalized to control) after 4x MIC exposure in E. coli ATCC 25922. The fluorescence
intensity of NPN increased due to the permeabilization of the bacterial outer membrane by SCH79797 (SCH),
tridecaptin M152-P3 (TRD), POL7306 (POL), SPR206 (SPR) and polymyxin B (PMB). The dashed line marks
mean control fluorescence.

In the first category, we grouped three preclinical antibiotics: tridecaptin M152-P3, POL7306, and SCH-
79797, all of which permeabilize the outer membrane and are proposed to act through dual mechanisms.
We refer to these as dual-target (DT) permeabilizers, which serve as our primary study group based on
the hypothesis that the most effective antibiotic development strategies will combine multiple
mechanisms of action with a particular emphasis on membrane disruption. The remaining three
categories function as control groups. The second category consists of peptide-based antibiotics such
as polymyxin B and SPR206, which act primarily through membrane lysis, and are designated single-
target (ST) permeabilizers. Conventional antibiotics with a single intracellular target that do not disrupt
the membrane were classified as ST non-permeabilizers. Finally, antibiotics with dual-target
mechanisms that lack membrane-permeabilizing activity and largely represented by topoisomerase
inhibitors were classified as DT non-permeabilizers. This classification provides a systematic
framework to compare how different target specificity and amount together with membrane disruption
influence the likelihood of resistance evolution across four Gram-negative species (Maharramov et al.,

2025).
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Figure 8. Overview of the four primary mode-of-action categories. This schematic illustrates representative
mechanisms for each antibiotic group. Reproduced from Maharramov et al., 2025.

4.2.  Short-term resistance development measured by frequency of resistance

To assess how readily bacteria develop resistance to various antibiotics, we evaluated one
multidrug-resistant strain and one antibiotic-sensitive strain each of Escherichia coli, Klebsiella
pneumoniae, Acinetobacter baumannii, and Pseudomonas aeruginosa. Building on previously
established protocols for measuring spontaneous resistance frequencies (FoR assays) at multiple
antibiotic concentrations, we first excluded any antibiotic—strain combination that exhibited reduced
baseline susceptibility (MIC >4 ug/mL) (Bell & MacLean, 2018; Daruka et al., 2025; Ling et al., 2015;
Luria & Delbriick, 1943; Nyerges et al., 2020). For the remaining combinations, approximately
10 cells of each strain were plated on agar containing a concentration of the antibiotic to which the
strain was initially susceptible and incubated for two days. To quantify resistance, we compared the
minimum inhibitory concentration (MIC) of any emerging mutants to that of the corresponding
wild-type strain, expressing this as a relative MIC. Across all four species, resistance emerged rapidly

when strains were exposed to ST permeabilizers, DT non-permeabilizers, or ST non-permeabilizers.

In sharp contrast, DT permeabilizers exhibited a markedly low likelihood of resistance development.
Specifically, populations challenged with POL7306, tridecaptin M152-P3, or SCH79797 showed, on

average, less than a fourfold increase in resistance levels (Fig. 9).
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Figure 9. Resistance levels after the frequency-of-resistance assay. Each point corresponds to one lineage
derived from the FoR assay, with different shapes denoting distinct bacterial species. Resistance is expressed as
the relative MIC. A Kruskal-Wallis test (3> =28.312, df=3, p <0.0001) indicates significant differences among
the four antibiotic categories. Pairwise comparisons (Dunn’s post hoc with Benjamini—Hochberg correction)
revealed that DT permeabilizers exhibit significantly lower resistance increases compared to the other groups (**,
p<0.01; **** »<0.0001). Non-significant comparisons are omitted for clarity. Adapted from Maharramov et
al., 2025.

By comparison, resistance to polymyxin B increased by more than 128-fold in the 4. baumannii
multidrug-resistant strain and in the E. coli and K. pneumoniae sensitive strains exposed to SPR206
(Fig. 10). It is noteworthy that no resistant mutants arose for polymyxin B in the A. baumannii and K.
pneumoniae sensitive strains, nor in the multidrug-resistant £. coli strain. However, because FoR assays
cannot detect exceedingly rare mutations or combinations thereof, they may underestimate the bacterial
potential for resistance (Bell & MacLean, 2018). Consequently, it was essential to determine how

prolonged antibiotic exposure influences resistance evolution.
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Figure 10. Resistance levels after FoR assay, by strain. Comparison of DT and ST permeabilizer resistance
level is shown for each strain. Level of resistance indicates fold-change in relative MIC from FoR assays. Each
point represents a single evolved line. Dunn’s post hoc test (Benjamini—Hochberg correction) indicates significant
differences: **, p <0.01; *, p <0.05. Abbreviations: A. baumannii (AB), E. coli (EC), K. pneumoniae (KP), and
P. aeruginosa (PA), while MDR and SEN are multidrug resistant and sensitive strains, respectively.
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4.3. Adaptive laboratory evolution to measure resistance emergence under prolonged
antibiotic exposure

Next, we subjected the same collection of strains to adaptive laboratory evolution (ALE), aiming to
maximize resistance over a longer, but fixed, timeframe (Daruka et al., 2025). As expected, ALE

produced substantially higher resistance levels than those observed in FoR assays.

Remarkably, however, the resistance achieved against DT permeabilizers remained significantly lower
than that seen for all other antibiotic classes (Fig. 11). For instance, after 60 days of continuous
evolution, the maximal increase in resistance was only fourfold for A. baumannii and the E. coli
sensitive strain exposed to SCH79797, whereas lineages evolved against polymyxin B exhibited more

than a 1,024-fold increase in resistance.
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Figure 11. Level of resistance after adaptive laboratory evolution. Resistance levels were assessed by using
relative MIC values calculated by dividing the MIC of the evolved line by that of the corresponding ancestor.
Each data point represents a distinct adaptive laboratory evolved line, with species differentiation denoted by
shape. Significant variation in resistance levels was observed across different modes of action groups (Kruskal-
Wallis test, chi-squared = 205.014, df = 3, p <0.0001). All pairwise comparisons between groups showed
significant differences (Dunn's post-hoc test with Benjamini-Hochberg correction, **** indicates p <0.0001). To
reduce redundancy, p-values from comparisons involving other than the DT permeabilizers were excluded.
Adapted from Maharramov et al., 2025.

When we analyzed antibiotic—strain pairs individually, DT permeabilizers displayed significantly lower
median resistance levels than ST permeabilizers in 69% of comparisons (Fig. 12), and there were no

cases in which an ST permeabilizer yielded lower relative MICs than any DT permeabilizer.
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Figure 12. Resistance levels after ALE for DT and ST permeabilizers, by strain. This panel presents the level
of resistance as relative MIC after ~60 days of ALE for each strain (AB, EC, KP, PA; MDR and SEN). Each point
is one evolved line. Dunn’s post hoc tests (Benjamini—Hochberg correction) indicate significance levels: ****,
p<0.0001; *** p<0.001; **, p<0.01; *, p<0.05.

Notably, the capacity to evolve resistance to POL7306 and to SCH79797 varied substantially among
species (Fig. 13). For example, 4. baumannii evolved elevated resistance only to POL7306, whereas K.

prneumoniae increased resistance to both POL7306 and SCH79797.
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Figure 13. Species-specific resistance patterns after adaptive evolution. Here, each point represents one
evolved lineage; shapes denote species. Relative MIC is plotted for each strain—antibiotic combination that had
initial susceptibility (MIC <4 pg/mL). Species-level variation was significant for POL7306 (Kruskal-Wallis
¥?=25.6, df=3, p<0.0001) and for SCH79797 (y*=11.86, df=2, p<0.01). Specifically, A. baumannii and K.
pneumoniae exhibited higher resistance to POL7306, whereas K. pneumoniae showed increased resistance to
SCH79797. Pairwise comparisons via Dunn’s post hoc tests (Benjamini—-Hochberg correction) indicate
significance levels: **** p <0.0001; *** p<0.001; **, p<0.01; *, p<0.05.
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Because P aeruginosa exhibited reduced initial susceptibility (MIC>4 pg/mL) to other DT
permeabilizers, only POL7306 was evaluated in that species. Overall, resistance levels attained via ALE
remained significantly lower for DT permeabilizers than for ST permeabilizers (Dunn’s post hoc test

with Benjamini—Hochberg correction, p <0.01).
4.4. Fitness cost of resistance evolution

In natural settings, the emergence of antibiotic resistance is often constrained by the associated fitness
cost (Melnyk et al., 2015). To examine this constraint, we measured in vitro growth of 385
antibiotic-adapted lines (all of which exhibited elevated resistance after ALE) and their corresponding
ancestors in antibiotic-free medium. If resistance evolution were limited by deleterious effects on
growth, one would expect a negative correlation between fitness and resistance level (Melnyk et al.,
2015). Indeed, for two DT permeabilizers, such as SCH79797 and tridecaptin M152-P3, we observed
significant negative correlations between resistance and fitness (Pearson’s R=-0.79 and —0.55,
respectively; p<0.05; Fig. 14). Interestingly, two ST non-permeabilizers, apramycin sulfate and
eravacycline, also displayed similarly strong negative correlations (Pearson’s R=-0.74 and —0.55,
respectively; p <0.05; Fig. 14).
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Figure 14. Correlation between evolved resistance and fitness. Each point represents one of the 385
ALE-adapted lines; colors indicate the mode-of-action group to which the line was adapted. The x-axis shows
loguo relative MIC, and the y-axis displays median relative fitness. Relative fitness calculated as area under the
growth curve of the evolved line divided by that of the ancestor, measured in antibiotic-free medium. For
correlation analysis Pearson method (R) was used. Reproduced from Maharramov et al., 2025.
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4.5. Resistance mechanisms to dual-target permeabilizers

We next examined the non-synonymous mutations accumulated during laboratory evolution, focusing
on lines adapted to DT permeabilizers versus those adapted to other antibiotic classes. Notably, the set
of mutated genes in DT permeabilizer—adapted lines was largely distinct from those in lines adapted to
ST permeabilizers (Fig. 15). In fact, 80% of mutated genes were antibiotic-specific, and no single
mutation was shared across all five antibiotics examined (Fig. 16). POL7306, in particular, showed a
higher proportion (8.12%) of overlap with ST permeabilizer—associated mutations than did tridecaptin
M152-P3 (2.5%) or SCH79797 (0.6%), consistent with POL7306’s structural and functional similarity
to polymyxin B (Luther et al., 2019).
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Figure 15. Similarity of mutational profiles across mode-of-action groups. This heatmap illustrates pairwise
Jaccard similarity scores for genes mutated during ALE in response to antibiotics from different mode-of-action
groups. Scores range from 0 (yellow, no overlap) to 1 (black, complete overlap). Antibiotics are clustered
(complete linkage) based on Euclidean distances between mean Jaccard scores, highlighting which groups share
more common mutational targets.

Several genes involved in cell envelope biogenesis and regulation were repeatedly mutated in lines
adapted to SPR206, polymyxin B, POL7306, and tridecaptin M152-P3 (Fig. 17). For example, the
two-component sensor system BasS—BasR and the outer membrane phospholipase PIdA were mutated
in response to polymyxin B, SPR206, and POL7306. Mutations in PhoPQ family members (phoQ and
gseC) and in IpxA, which are critical for lipopolysaccharide (LPS) and lipid A biosynthesis, were found
exclusively in lines adapted to ST permeabilizers (Khunsri et al., 2023; Theuretzbacher et al., 2023). In

tridecaptin M152-P3—adapted lines, we also observed mutations in genes related to LPS
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biosynthesis/regulation (e.g., [ptD) and phospholipid trafficking (e.g., mla4) (Balibar & Grabowicz,
2015; Grabowicz et al., 2013; Gu et al., 2015; Kaur & Mingeot -Leclercq, 2024; Lo Sciuto et al., 2018).
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Figure 16. Overlap of frequently mutated genes among permeabilizer antibiotics. This plot depicts the
number of protein-coding genes that acquired non-synonymous mutations in lines evolved to five
membrane-targeting antibiotics: two ST permeabilizers (polymyxin B, SPR206) and three DT permeabilizers
(SCH79797, tridecaptin M152-P3, POL7306). Horizontal bars at left indicate the total number of mutated genes
per antibiotic. Vertical bars show the number of genes shared by the connected antibiotics (dots). Single dots
correspond to genes mutated exclusively in one antibiotic’s evolved lines. Overall, 80% of mutated genes (128
genes) are unique to a single antibiotic, and no gene was mutated across all five antibiotics. Adapted from
Maharramov et al., 2025.

By contrast, lines adapted to SCH79797 carried mutations in acrR, the repressor of the AcrAB-TolC
multidrug efflux pump (Fig. 17; Baquero & Alenazy, 2022; Blanco et al., 2016). Given that SCH79797
is a small molecule with an intracellular target, it is plausible that it is exported via AcrAB-TolC, thus

yielding moderate resistance.

To test this hypothesis, we constructed isogenic E. coli strains with either overexpressed or inactivated
AcrAB-TolC and measured susceptibility to a broad panel of antibiotics, including DT permeabilizers.
As expected, modulating efflux pump activity affected susceptibility to various antibiotics, that are both
DT non-permeabilizers and SCH79797, but had no impact on sensitivity to POL7306, tridecaptin
M152-P3, or polymyxin B (Fig. 18).

Page | 33



-basR

-basS

o . FacrR
Escherichia coli
rmiaA

FbamA

tlptD

Fpred_TNPA I
adeS

: : [ |-
Klebsiella pneumoniae
FackA
FphoQ
m o~ |
FgseC
Pseudomonas aeruginosa
I |
FmymA I
Acinetobacter baurmannii . FpldA
FlpxA

T QL

5 8 £ 8 &
- oo
Antibiotics

Fraction of adapted lines with mutated genes

0.125
0.100
0.075

0.050

KEGG and COG pathway annotations

ial peptide (CAMP) T system

cell wallimembranefenvelope biogenesis
energy production and conversion
| inorganic fon transport and metabolism
| mobilome: prophagss, transpasans
Not annotated
Quorum sensing; Two-component system
transcription

Cellular localization of the genes
B cyioplasmic

Cytoplasmic Membrane

Not annotated
B outer Membrane

Figure 17. Functional and subcellular localization of commonly mutated genes in permeabilizer-adapted
lines. This multi-panel heatmap focuses on genes mutated in at least three independent lines for each permeabilizer
antibiotic. The main panel (left) shows the fraction of sequenced lines in which each gene was mutated (number
of lines mutated / total lines sequenced for that antibiotic). Genes (rows) are grouped by cellular localization (per
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top clusters antibiotics based on similarity of their mutational profiles. This composite visualization highlights
patterns of gene involvement in cell envelope biogenesis, stress response, and other pathways relevant to
resistance against ST and DT permeabilizers. Adapted from Maharramov et al., 2025.

Figure 18. Effect of AcrAB-TolC efflux pump modulation on antibiotic susceptibility. This bar graph

compares MIC changes as level of resistance (log. scale) for F.
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4.6. Cross-resistance of polymyxin adapted lines

To explore potential cross-resistance among membrane-targeting antibiotics, we selected 12
polymyxin B—resistant ALE lines and measured their susceptibilities to ST permeabilizers (SPR206,
colistin) and to DT permeabilizers (SCH79797, tridecaptin M152-P3, POL7306). While polymyxin B
resistance conferred cross-resistance to SPR206 and colistin, no change in susceptibility was observed

for SCH79797 or tridecaptin M152-P3 (Fig. 19).
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Figure 19. Cross-resistance profile of polymyxin B-resistant lines. This heatmap displays logio(relative
MIC) = MICeyolved/ MICancestor for twelve polymyxin B-resistant ALE lines (three independent lines per species: E.
coli (EC), K. pneumoniae (KP), A. baumannii (AB), P. aeruginosa (PA)) against three ST permeabilizers
(polymyxin B [PMB], colistin [COL], SPR206 [SPR]) and three DT permeabilizers (SCH79797 [SCH],
tridecaptin M152-P3 [TRD], POL7306 [POL]). Gray cells indicate combinations not tested due to intrinsic
resistance. To the right, a secondary heatmap annotates whether each PMB-resistant line harbors mutations in
specific genes, with pathways grouped by KEGG and COG categories. Clustering (complete linkage, Euclidean
distance) organizes antibiotics by similarity in cross-resistance profiles. PMB-resistant lines display
cross-resistance to SPR206 and colistin but retain susceptibility to SCH79797 and tridecaptin M152-P3.
Reproduced from Maharramov et al., 2025.

A subset of polymyxin B-resistant lines (n = 7) exhibited modestly reduced susceptibility to POL7306,
but these changes were far less pronounced than those seen with SPR206 and colistin (Fig. 20) and were
observed only in K. pneumoniae and A. baumannii (Fig. 19). These results indicate that resistance
mechanisms against DT permeabilizers in development have limited overlap both among themselves
and with those of other peptide-based antibiotics that primarily target the outer membrane, such as

polymyxin B and SPR206.
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Figure 20. Cross-resistance of polymyxin B-resistant lines to other permeabilizers. Boxplots summarize
relative MICs as level of resistance for twelve polymyxin B-resistant ALE lines tested against PMB, colistin
(COL), SPR206 (SPR), and DT permeabilizers (SCH, TRD, POL). Each point is one evolved line. Dunn’s post
hoc test (Benjamini—-Hochberg correction) reports significance: **, p <0.01; **** p <0.0001; “NS” indicates not
significant (p >0.05). PMB-resistant lines show similar resistance levels to PMB, COL, and SPR, but no
significant resistance to DT permeabilizers.

4.7. Resistance to dual-target permeabilizers by gene amplification is limited

Gene amplification can rapidly increase resistance by boosting the expression of resistance-conferring
genes (Sandegren & Andersson, 2009). To investigate whether gene dosage effects could confer
resistance to DT permeabilizers, we employed the ASKA library, which contains every E. coli open
reading frame (ORF) cloned individually into an expression vector (Kitagawa et al., 2005). The pooled
library was introduced into E. coli, and populations were challenged with rising antibiotic
concentrations in standard drug-diffusion assays (Bryson & Szybalski, 1952; Spohn et al., 2019).
Overall, the amplification of specific ORFs from the ASKA library yielded up to an eightfold increase
in resistance for several antibiotics, indicating that gene amplification can contribute substantially to
resistance. Sequence analysis of resistant clones identified 67 genes whose elevated expression reduced
susceptibility to multiple drugs; many encode transcriptional regulators, including well-known MDR
regulators such as marA and soxS (Barbosa & Levy, 2000; S. P. Cohen et al., 1993; R. G. Martin et al.,
1996; Reyes-Ferndndez & Schuldiner, 2020), as well as stringent response factors y#K and dksA
(Germain et al., 2019; Wang et al., 2018). Crucially, however, the ASKA library screen did not reveal
any ORFs whose overexpression conferred notable resistance to either DT or ST membrane

permeabilizers (Fig. 21).
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Figure 21. Genes whose overexpression reduces antibiotic susceptibility. This heatmap summarizes findings
from ASKA library overexpression screen. The leftmost column indicates mode-of-action group for each
antibiotic. Horizontal bars at the bottom show how many antibiotics a given gene affects when overexpressed
(i.e., reduces susceptibility). Vertical bars depict how many genes confer reduced susceptibility to each antibiotic
group. Only genes meeting a >1% read-coverage threshold in each screen are included. Adapted from
Maharramov et al., 2025.

This suggests that, although gene amplification can enhance resistance to some antibiotics, it does not
substantially protect against membrane-targeting permeabilizers. It remains possible that
overexpression of certain genes, alone or in combination, could modestly improve growth under

sublethal antibiotic levels, but such effects were not detected in our screens.

4.8. Mobile resistance genes to dual-target permeabilizers are rare in the
environment

Next, we explored the prevalence of mobile resistance genes that confer protection against the
antibiotics studied here, using functional metagenomic libraries derived from soil, gut, and clinical
microbiomes (Apjok et al., 2023). In total, 1,045 unique contigs were found across all antibiotics that
caused decreased susceptibility. These unique contigs contained total of 539 non-redundant open
reading frames (ORFs). For DT permeabilizers, only 4.2% of contigs were retrieved (17 for SCH79797
and 27 for POL7306). When comparing the number of resistance-conferring fragments across drug
classes, we observed significantly fewer hits for DT permeabilizers than for ST permeabilizers or for

DT non-permeabilizers (Fig. 22; Dunn’s post hoc test with Benjamini—Hochberg correction, p <0.05).
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Figure 22. Influence of mobile DNA fragments on antibiotic resistance. This bar graph shows the average
number of distinct resistance-conferring DNA contigs identified per mode-of-action group via functional
metagenomic screens. Each dot represents one antibiotic within a group. Kruskal—Wallis test (3> = 8.4475, df =3,
p=0.038) followed by Dunn’s post hoc (Benjamini—Hochberg correction) indicates significantly fewer resistance
contigs for DT permeabilizers compared to other groups (p <0.05). Adapted from Maharramov et al., 2025.

Focusing solely on antibiotics currently in development further reinforced this trend: DT permeabilizers
again yielded significantly fewer resistance fragments than other candidates (Fig. 23; Student’s -test,

p<0.01).
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Figure 23. Resistance-conferring contigs for recently developed antibiotics. Focusing on antibiotics
introduced since 2017 or currently in development, this boxplot shows the number of resistance-conferring contigs
identified for DT permeabilizers versus other “recent” compounds via functional metagenomic screening. Each
point represents one antibiotic. DT permeabilizers have significantly fewer resistance contigs than other recent
antibiotics (Student’s #-test, **, p <0.01).
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Notably, for tridecaptin M152-P3, no resistance-conferring DNA contig was detected following
selection, underscoring its potential robustness against environmental resistance genes (Fig. 15).
SCH79797 displayed the second-lowest number of resistance fragments (rn = 17), further highlighting
the distinct advantage of DT permeabilizers in circumventing LPS modification—based resistance

mechanisms in nature.

Among the 14 non-redundant ORFs identified in screens against DT permeabilizers, only three
exhibited close sequence similarity to known resistance genes catalogued in the Comprehensive
Antibiotic Resistance Database (CARD) (Alcock et al., 2020; McArthur et al., 2013). These known
genes primarily encode antibiotic efflux mechanisms, including ramA, an RND family regulator that
upregulates AcrAB-TolC pump expression and downregulates porin production, thereby conferring an
MDR phenotype (Masi & Pages, 2013; Nishino et al., 2007; Ricci et al., 2014). This finding is consistent
with our observation that overexpressing AcrAB-TolC in E. coli results in a modest but significant
decrease in SCH79797 susceptibility (Fig. 18). In the soil metagenomic library screened against
POL7306, we also detected an ORF with 77% identity to CRP, a global regulator that represses the
MAEF tripartite efflux pump (Nishino et al., 2008).
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Figure 24. Habitat-specific prevalence of putative ARGs in natural E. coli genomes. For each antibiotic group,
barplots depict the mean percentages of E. coli genomes from different habitats (agricultural, human, wild animal)
that harbor at least one putative ARG identified in our screens. Individual points indicate mean percentages per
antibiotic across habitats. A Kruskal-Wallis test (%> = 8.8992, df =3, p = 0.031) shows significant variation in ARG
prevalence among groups across habitats.
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To determine whether these putative ARGs circulate among natural E. coli populations, we analyzed
more than 16,000 genomes from diverse habitats, including agricultural, human, and wild animal hosts
and spanning 11 phylogenetic groups (Luo et al., 2011; Pursey et al., 2023). Of the 539 non-redundant
ORFs identified in our functional screens, only 48 had close homologs in the surveyed E. coli genomes,
and these were generally rare (present in a small fraction of genomes). Strikingly, all 14 putative ARGs
associated with DT permeabilizers (4 for SCH79797 and 10 for POL7306) were completely absent from
the natural E. coli isolates across all habitats (Fig. 24). In contrast, when considering ST permeabilizers,
DT non-permeabilizers, or other antibiotic classes, up to 8.4% of genomes carried at least one
corresponding resistance gene (Fig.25). These data underscore the rarity of mobile resistance

determinants against DT permeabilizers in environmental reservoirs.
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Figure 25. Prevalence of putative ARGs in natural E. coli genomes. This bar graph illustrates, for each
mode-of-action group, the mean proportion of E. coli genomes (across three habitat categories) that carry at least
one putative resistance gene identified in our functional metagenomic screens. Individual data points represent
mean percentages for each antibiotic-habitat combination. A Kruskal-Wallis test (y*=9.4917, df=3, p=0.023)
and Dunn’s post hoc comparisons (Benjamini-Hochberg correction) reveal that significantly fewer genomes
harbor ARGs against DT permeabilizers compared to other groups (p <0.05). Adapted from Maharramov et al.,
2025.

4.9. Killing kinetics of dual-target permeabilizers
Finally, we quantified bacterial survival kinetics under fixed antibiotic exposure (10x MIC for 4 hours)
in E. coli, A. baumannii, K. pneumoniae, and P. aeruginosa using automated image analysis. Strains

were selected based on initial sensitivity (MIC <4 pug/mL), and survival was defined as the ratio of

viable cells after treatment to the initial CFU count. Among all antibiotics tested, DT permeabilizers
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ranked among the most efficacious killers. In particular, SCH79797 eradicated the entire population in
all four species within 4 hours (Fig. 26). By comparison, colistin only achieved complete killing in P.

aeruginosa.
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Figure 26. Bacterial survival following 4-hour exposure to 10x MIC. Bars represent mean survival rate
(CFUéfter / CFUinitia1 in logio) for five biological replicates of each species (E. coli, A. baumannii, K. pneumoniae,
P. aeruginosa) treated with antibiotics to which they were initially sensitive (MIC <4 pug/mL). Colors distinguish
mode-of-action groups. DT permeabilizers, especially SCH79797 (SCH), yield the lowest survival rates across
all species, indicating potent killing. Error bars indicate + standard error. Adapted from Maharramov et al., 2025.

When we correlated the median relative MIC reached during ALE with the survival rate under each

antibiotic, we observed a significant positive relationship (Fig. 27; Spearman’s p=10.37, p=0.0019),

indicating that drugs eliciting lower evolved resistance also tended to kill more effectively under these

conditions.
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Figure 27. Correlation between survival rate and resistance level after ALE.
Scatter plot of antibiotic—strain pairs showing the relationship between immediate survival and the extent of
resistance after evolution. The x-axis is the survival rate (logio scale) after acute drug exposure. The y-axis is the
median relative MIC as level of resistance reached during adaptive laboratory evolution (ALE). Points are colored
by mode-of-action group and shaped by species. The blue line shows a LOESS fit. We observed a significant
positive correlation between survival and evolved resistance (Spearman’s p = 0.37, p = 0.0019), indicating that
antibiotics that achieve lower evolved resistance are also those that kill more effectively under these conditions.

To explore how dose influences the emergence of resistance, we performed detailed microplating assays

coupled with automated image analysis to measure population survival across a range of antibiotic
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concentrations (Lazar et al., 2022). For E. coli, we generated dose-response curves and calculated the

Hill coefficient for each strain—antibiotic pair as a metric of dose-kill steepness (Fig. 28).
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Figure 28. DT permeabilizers show favourable Kkilling kinetics in dose-response experiments. The effect of
different levels of antibiotic exposure (dose-response curves) was measured on a sensitive E. coli clinical isolate
(ATCC25922). The y-axis indicates the magnitude of the Hill coefficient that was calculated to sigmoidal dose-
response curves to quantify the killing kinetics of each antibiotic. Mode of action group differentiation is denoted
by colour. P-values were calculated using an independent two-sample #-test. We found that DT permeabilizers
show superior killing kinetics compared to non-permeabilizers and similarly to ST permeabilizer antibiotics.

The resulting curves revealed that both DT and ST permeabilizers exhibit remarkably steep dose—
response profiles, with substantial bacterial elimination occurring over a narrow concentration window
(Fig. 29). Together, these findings demonstrate that dual-target permeabilizers combine potent killing
kinetics with limited potential for resistance development, highlighting their promise as next-generation

antibiotics.
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Figure 29. Dose-response curves for E. coli ATCC 25922. Dose—response relationships were measured by

counting CFU/mL after 4 hours of exposure to various concentrations of each of the 16 antibiotics. Points
represent means of two biological replicates; error bars show Poisson-based standard errors. Each curve is a Hill
fit to the data. A vertical dashed line marks the concentration that kills 99.9% of the population. Hill coefficients
quantify how steeply survival falls with concentration: lower Hill values indicate steeper killing. Statistical
comparisons show that DT permeabilizers have significantly lower Hill coefficients than DT non-permeabilizers
and ST non-permeabilizers (two-sample Student’s f-test, p <0.01), but do not differ significantly from ST
permeabilizers (p=0.218). X-axis labels are color-coded by mode-of-action group. Reproduced from
(Maharramov et al., 2025)
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5. Discussion

Given the urgent need for new antimicrobial strategies to combat rising resistance (Bertagnolio et al.,
2024), this study explores guiding principles for developing antibiotics that remain effective in the long
term. We propose that, to restrict resistance evolution, candidate drugs should combine two features:
disruption of membrane integrity and a second physiological target. In contrast, compounds that inhibit

two intracellular pathways without affecting the membrane remain prone to rapid resistance.

Among the agents we examined, three preclinical candidates, such as SCH79797, tridecaptin M152-P3,
and POL7306, best illustrate this concept. Each of these dual-target permeabilizers not only
permeabilizes the bacterial envelope but also binds a distinct intracellular target, although their precise
mechanisms differ (Table 2; Figs. 7-8). Several factors appear to impede resistance development against
these compounds. First, spontaneous and long-term laboratory evolution yielded only modest increases
in MIC for SCH79797, tridecaptin M152-P3, or POL7306 (Figs. 9-11). Because bacteria would need to
alter both their membrane composition and a second pathway, the mutational landscape for achieving
high-level resistance is greatly constrained. Cross-resistance between these dual-target permeabilizers
and other antibiotic classes was extremely rare (Figs. 15-17). Notably, lineages evolved to resist
polymyxin B, a typical membrane disruptor, remained completely susceptible to SCH79797, POL7306,
and tridecaptin M152-P3 (Fig. 19), underscoring that modifications of LPS alone cannot confer
protection against agents that also binds another cellular target. Moreover, the few mutations that did
arise in dual-target permeabilizer—adapted lines often carried significant fitness costs, as evidenced by
negative correlations between resistance level and growth in antibiotic-free medium (Fig. 14). Thus,
even when rare resistance mutations emerge, they tend to impair bacterial fitness, further restricting
their spread. This result reflects the organism’s relative growth rate under defined laboratory conditions
and serves as a proxy for the cost of resistance in the absence of selective pressure. However, fitness
effects are context dependent and may differ across environments, microbial communities, or in vivo
settings, where resistance-associated costs can be mitigated or amplified. Thus, further research is

needed to validate these results across different conditions, especially in vivo.

Second, gene amplification, which may serve as a stepping-stone resistance mechanism by which
bacteria overexpress latent resistance determinant (Sandegren & Andersson, 2009), proved ineffective
against membrane-permeabilizing agents. In our ASKA library screens, overexpressing any single gene
failed to elevate resistance to SCH79797, tridecaptin M152-P3, or POL7306 (Fig. 21). This suggests
that, when the membrane is compromised, boosting individual gene products cannot overcome the

simultaneous disruption of both envelope integrity and a secondary target.

Third, mobile resistance determinants against dual-target permeabilizers are scarce both in
human-associated microbiomes and in clinical pathogens. Functional metagenomic screens yielded no

resistance fragments for tridecaptin M152-P3 and only a handful for SCH79797 and POL7306 (Fig. 22).
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Furthermore, among over 16,000 natural E. coli genomes surveyed, none carried homologs of resistance
genes against POL7306, SCH79797 or tridecaptin M152-P3; in contrast, up to 8.4% of genomes
contained ARGs against other antibiotic classes (Fig. 25). This scarcity of mobile resistance elements
significantly reduces the likelihood of horizontal gene transfer conferring dual-target permeabilizer

resistance.

Fourth, dual-target permeabilizers exhibit potent bactericidal activity with steep dose—response curves.
In four-hour kill assays at 10x MIC, SCH79797 eradicated nearly all cells across E. coli, A. baumannii,
K. pneumoniae, and P. aeruginosa (Fig.26). Although polymyxin B and colistin also demonstrate
strong killing, they remain vulnerable to resistance via LPS modification (Fig. 27). By fitting Hill
functions to dose—response data in E. coli, we found that dual-target permeabilizers cause bacterial
death over a narrow concentration window (high Hill coefficients; Figs. 28, 29), further limiting the

opportunity for resistant mutants to persist at sublethal drug levels.

Taken together, these findings indicate that conventional resistance pathways, such as target-site
mutation, efflux pump upregulation, or enzymatic inactivation, offer little protection against dual-target
permeabilizers. For example, SCH79797 binds the mechanosensitive channel MscL (Wray et al., 2022)
and inhibits folate biosynthesis (J. K. Martin et al., 2020), yet no mutations appeared in mscL or folate
pathway genes in SCH79797-adapted lines. Similarly, POL7306’s target, the outer membrane protein
BamA (Luther et al., 2019), remained unaltered, and tridecaptin M152-P3’s primary target, lipid II
(Jangra et al., 2019), likewise showed no mutational changes in biosynthesis genes (Kumar et al., 2022).
Although SCH79797-adapted bacteria did exhibit a modest reduction in susceptibility due to increased
AcrAB-TolC efflux (Fig. 18), these shifts were minor compared to the dramatic resistance seen with
other compounds. Importantly, we found no evidence of enzymatic inactivation for any dual-target

permeabilizer, neither in evolved genomes nor in metagenomic libraries.

A major advantage of embedding membrane permeabilization and intracellular inhibition within a
single scaffold is the avoidance of pharmacokinetic (PK) and pharmacodynamic (PD) mismatches that
frequently undermine combination therapies. Indeed, SCH79797 outperformed a matched combination
of its functional counterparts, trimethoprim and a membrane-disrupting agent, where antagonism was
observed for the drug mixture but not for the single compound (J. K. Martin et al., 2020). This aligns
with broader evidence that interactions between membrane-targeting moieties and intracellular
antibiotics can be either synergistic or antagonistic (Brochado et al., 2018). By physically linking both
activities, multitarget compounds reduce the risk of antagonism and eliminate spatial or temporal
monotherapy caused by differential tissue penetration. While combination therapies are often proposed
to enhance efficacy (Tyers & Wright, 2019), these findings argue that single-molecule multitarget

designs may represent a more robust and evolutionary stable strategy.
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This principle is reinforced by recent independent studies. Y. Li et al., (2025) developed bifunctional
antibacterial peptides by covalently linking modified PbgA-derived peptides to a colistin analogue via
a small-molecule linker. These compounds exhibited potent activity against polymyxin-resistant Gram-
negative pathogens and acted through dual mechanisms: outer membrane disruption via LPS binding
and inhibition of BamA. Notably, serial passaging of polymyxin-resistant A. baumannii and polymyxin-
and carbapenem-resistant P. aeruginosa resulted in no more than an eight-fold increase in MIC over 25
passages, whereas the individual peptide components evolved resistance exceeding 256-fold within 15
passages. These results support our findings and reinforce the advantage of combining membrane

disruption with a second target in a single molecule.

Dual mechanisms of action are well documented in the Gram-positive literature, where targeting
multiple components of the cell envelope often results in high antibacterial efficacy and reduced
resistance potential. Teixobactin, for example, binds two essential precursors in cell-wall biosynthesis,
lipid II (peptidoglycan) and lipid III (teichoic acids), and early screens failed to identify resistant
mutants (Ling et al., 2015). Although Martins et al., (2025) recently reported modest MIC increases in
Staphylococcus aureus, resistance levels remained low, and, notably, SCH79797 tested in the same
study yielded no detectable resistance. Additional support comes from the discovery of paenimicin, an
11-mer depsi-lipopeptide that binds lipid A in Gram-negative bacteria while simultaneously
sequestering teichoic acids in Gram-positive species, with no resistance detected (W. He et al., 2025).
Together, these findings suggest that the dual-target permeabilizer strategy may extend beyond Gram-
negative pathogens and could enable the development of genuinely broad-spectrum antibiotics,

although further research is needed to evaluate these claims.

In contrast, dual-target antibiotics that lack membrane-permeabilizing activity remain highly vulnerable
to resistance evolution. Dual target topoisomerase inhibitors, which are drugs that inhibit both DNA
gyrase and topoisomerase [V, readily select for high level resistance in our screens. Adaptive laboratory
evolution in this class of antibiotics yielded a median 128-fold MIC increase (Fig. 11), with frequent
mutations in gyr4, parC, and efflux regulators. Moreover, functional metagenomics screens uncovered
target protection proteins (e.g., Qnr family) that confer dual target topoisomerase resistance (Jacoby et
al., 2015; Jacoby & Hooper, 2013). These findings are further supported by literature in recently
developed dual topoisomerase inhibitors. In K. pneumoniae, a single initial mutation to gepotidacin acts
as a steppingstone, enabling acquisition of a second mutation that produces an approximately 2,000-
fold MIC increase (Szili et al., 2019). Similarly, delafloxacin resistance can arise through efflux pump
gene amplification, effectively bypassing the need for multiple target-site mutations (Silva et al., 2023).
These examples demonstrate that dual intracellular targeting alone is insufficient to prevent resistance
evolution and underscore the critical role of membrane permeabilization in constraining bacterial

adaptations.
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Our findings further distinguish dual-target permeabilizers from outer-membrane permeabilizers used
as adjuvants. While polymyxin-derived compounds such as SPR741 can transiently sensitize Gram-
negative bacteria to otherwise inactive antibiotics, such approaches often fail to consider long-term
evolutionary outcomes and face translational challenges, including narrow therapeutic windows and
tolerance mechanisms (French et al., 2020). Thus, this compound was discontinued and replaced by the
next-generation analogue SPR206 in 2020 (Prasad et al., 2022). By delivering both activities within a
single scaffold, DT permeabilizers avoid spatial monotherapy and ensure matched PK/PD profiles, a

principle shown to be critical for suppressing resistance evolution (Moreno-Gamez et al., 2015).

Finally, it is informative to compare dual-target permeabilizers with monotherapeutic membrane
disruptors such as polymyxin B and SPR206, which bind lipid A in LPS (Ezadi et al., 2019; Zhang et
al., 2020). Bacteria can readily resist these by modifying LPS, but they cannot evade dual-target
permeabilizers because those drugs also demand a second, essential interaction beyond the membrane.
In particular, SCH79797’s inhibition of MscL presents a promising alternative membrane-targeting
strategy: MscL is broadly conserved among bacteria, essential for survival, and absent in
mammals (Wang & Blount, 2023). It remains active in stationary phase and does not depend on
metabolic activity, suggesting that MscL inhibitors could kill dormant or persister cells. Indeed,
SCH79797 cleared bacterial populations within four hours (Fig. 26), yet no mscL mutations arose under

this selective pressure.

In summary, our comprehensive experimental approach, that span from spontaneous resistance assays,
adaptive laboratory evolution, metagenomic screens, and kill-kinetic analyses, reveals that antibiotics
combining membrane permeabilization with a second intracellular mechanism impose a formidable
barrier to resistance. Although in vivo validation is still needed, these dual-target permeabilizers
represent a promising direction for next-generation therapies against multidrug-resistant Gram-negative
pathogens. Ultimately, my results highlight the strategic advantage of simultaneously targeting the

bacterial envelope and a critical intracellular pathway to outpace the evolution of resistance.
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6. Summary

Antibiotic resistance poses a critical threat to global health, undermining decades of medical progress
and leading to higher morbidity, mortality, and healthcare costs. As resistance emerges even against
novel agents in development and pharmaceutical pipelines diminish, there is an urgent need to identify
the core principles that govern long-term antibiotic efficacy. My PhD research addresses this challenge
by introducing and experimentally validating a rational design framework for “dual-target
permeabilizers,” a new mechanism of antibiotics that combine membrane disruption with a second,

distinct intracellular mechanism to limit resistance evolution.

To test this framework, we employed two complementary laboratory evolution strategies across four
clinically relevant Gram-negative species (Escherichia coli, Klebsiella pneumoniae, Acinetobacter
baumannii, and Pseudomonas aeruginosa). First, short-term experiments selected for single-step
resistance mutations by exposing populations to high antibiotic concentrations. Second, long-term
evolution gradually increased antibiotic doses to drive high-level resistance. In parallel, we conducted
functional metagenomic screens of environmental and clinical microbiomes to identify mobile
resistance genes capable of horizontal transfer. These combined approaches allowed us to compare
resistance trajectories under diverse selective pressures and assess both genetic adaptation and the risk

of resistance gene dissemination.

Through these studies, three preclinical compounds (SCH79797, tridecaptin M152-P3, and POL7306)
emerged as prime examples of our dual-target permeabilizer concept. Each agent disrupts membrane
integrity while engaging a distinct secondary target: SCH79797 activates and binds the
mechanosensitive channel (MscL) and inhibits folate synthesis; tridecaptin M152-P3 binds lipid II; and
POL7306 targets the BamA protein in the outer membrane. Remarkably, bacteria evolved under these
drugs showed only small increases in minimum inhibitory concentrations (MICs) and few or no
mutations in the genes encoding these targets. Cross-resistance to conventional antibiotics was also rare.
For instance, polymyxin B—adapted lines remained fully susceptible to dual-target permeabilizers,

demonstrating the limited pathways available for resistance.

When resistance mutations did arise, they frequently carried significant fitness costs, manifesting as
slower growth rates that likely limit their spread. Unlike many intracellular antibiotics, dual-target
permeabilizers also prevent resistance by gene amplification, since perturbations to membrane
composition are inherently detrimental. Our functional metagenomic analysis reinforced these findings
by revealing a scarcity of mobile resistance genes against SCH79797, tridecaptin M152-P3, and
POL7306 in both clinical and environmental microbiomes. This low prevalence suggests a minimal risk

of horizontal gene transfer propagating resistance.
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Dose-response assays further demonstrated that dual-target permeabilizers achieve steep, bactericidal
killing over a narrow concentration range. While polymyxin B and colistin also show abrupt bactericidal
kinetics, they remain vulnerable to resistance via lipopolysaccharide (LPS) modifications. In contrast,
the additional intracellular activities of dual-target permeabilizers preserve potency even when LPS is
altered. Mechanistically, no target-site mutations were observed in genes encoding SCH79797’s MscL
channel or folate enzymes, tridecaptin’s lipid II pathway, or POL7306’s BamA target. Efflux-pump
mutations were similarly rare, with only SCH79797—adapted lines showing a modest AcrAB-TolC
upregulation. By comparison, dual-target topoisomerase inhibitors, acting on DNA gyrase and
topoisomerase IV, enabled high-level resistance (median 128-fold MIC increase) through target-site

changes, efflux upregulation, and protective proteins.

Taken together, these results define clear principles for designing “resistance-evading” antibiotics:
combining membrane permeabilization with a secondary target constrains genetic adaptation, imposes
fitness costs on resistant mutants, and minimizes horizontal gene transfer. The mechanosensitive MscL
channel exemplifies an especially promising target due to its conservation across bacteria, absence in
mammals, and activity in both growing and dormant cells. These findings not only deliver critical
insights into bacterial resistance but also provide a practical roadmap for next-generation antibiotic

development, offering hope for sustainable therapies against multidrug-resistant pathogens.
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7. Personal contributions

The results presented in this PhD dissertation are based on work I carried out in the Csaba Pal
Laboratory of Microbial Experimental Evolution, Institute of Biochemistry, HUN-REN Biological

Research Centre, Szeged.

I performed the majority of the data analysis and conducted a substantial portion of the experiments
necessary for this study. The initial adaptive laboratory evolution and frequency-of-resistance (FoR)
datasets were obtained from a previously published paper, in which I am also a co-author (Daruka et
al., 2025). Building on these datasets, I carried out the additional analyses that form the core of this

thesis.

My contributions to the experimental work include designing and implementing the genome-wide
overexpression screens, as well as preparing plasmid DNA samples for sequencing. Sequencing and
initial ORF identification from the overexpression library were performed by Marton Enyedi and
colleagues at Delta Bio 2000 Ltd., Szeged. I was responsible for the downstream analysis of these data,

including quality control, ORF quantification, clustering, statistical evaluation, and visualization.

Microplating assays combined with automated image analysis for quantifying population survival
across antibiotic gradients were performed by Bence Bognar and Terézia Kovacs from Viktdria Lazar’s
laboratory (Systems Biology of Antibiotic Action, HUN-REN BRC). In vitro growth measurements

were carried out by my colleague Petra Szili.

Additionally, I investigated the AcrAB efflux system activity and its impact on antibiotic resistance.
Measurements of cross-resistance profiles, survival-rate dynamics and membrane permeabilization
assay were performed jointly with my colleague Marton Czikkely, with whom I share first authorship

on the publication forming the foundation of this dissertation (Maharramov et al., 2025).

I independently carried out all data analyses presented in this thesis, including clustering analyses of
cross-resistance patterns, comparison of mutational profiles between ST- and DT-permeabilizer—
adapted populations, and KEGG pathway annotation and functional categorization of mutated genes,
all of which were performed using R. With the exception of Figure 28, all figures included in this thesis

were generated by me.
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