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Chapter 1:
Introduction
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Background

Antimicrobial resistance (AMR) is a threat to global health. In 2016, it was 
projected that in 2050 approximately 10  million annual deaths would be 
attributed to AMR1. More recently, a systematic analysis of data from 1990 to 
2021 corroborated that projection of approximately 10 million annual deaths 
attributable to or associated with AMR by 2050, equating to a 70 % increase 
between 2022 and 2050. However, it is also projected that with improved 
care and access to antibiotics, and especially the development of new treat-
ments for gram-negative infections, a total of over 100 million deaths could be 
prevented between 2025 and 20502. 

The collection of bacteria that cause the highest burden through infection 
and development of resistance are commonly referred to as the ESKAPE 
pathogens: Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, 
Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterobacter spp.3. Esch-
erichia coli was not part of the original ESKAPE pathogens, but multidrug resis-
tant E. coli infections have emerged as a significant concern4. E. coli, K. pneu-
moniae, A.   baumannii, P. aeruginosa and Enterobacter spp. are gram-negative 
bacteria, possessing an outer membrane which forms an additional barrier 
preventing antibiotics from entering the cell and contributing to inherent 
resistance to many antibiotics. In addition, efflux pumps actively expel many 
antibiotics from the cell5. 

The World Health Organization (WHO) reported a widespread increase in 
antimicrobial resistance between 2016 and 20206. Carbapenem- and third-gen-
eration cephalosporin-resistant Enterobacteriaceae together with carbap-
enem-resistant Acinetobacter are classified as ‘critical priority pathogens’7. 
Optimizing therapeutic strategies against these bacteria, including existing, 
novel, and combination antibiotic regimens, is a key priority identified by the 
WHO for mitigating the burden of AMR on human health8. The develop-
ment and effects of AMR are not exclusive to humans; they are interconnected 
with (animal-) agriculture and the environment. Therefore, addressing AMR 
requires a ‘One Health’ approach, considering all aspects of human, animals, 
environmental health 9,10.
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Combating AMR requires a multi-faceted strategy including the develop-
ment of adjuvants that can (re)sensitize resistant bacteria to antibiotics, the 
optimization and broadening of the spectrum of existing antibiotics, and the 
discovery and development of antibiotics with novel bacterial targets. This 
chapter introduces antibiotic targets in the gram-negative cell envelope, along 
with the sources and discovery methods of novel antibiotics. 

Envelope targets for antibiotic development

Novel antibiotic targets, especially in gram-negative bacteria, are essential for 
combating antimicrobial resistance and have been extensively reviewed11–15. 
Most of the recently approved antibiotics and those in late-stage clinical trials 
are β-lactam/β-lactamase inhibitor (BL/BLI) combinations13. Although effec-
tive, these combinations alone are insufficient for combating multidrug-resis-
tant (MDR) infections, highlighting the need for antibiotics with novel targets. 
An ideal antibiotic target is essential for bacterial survival, highly conserved, 
easily accessible, with low potential for resistance development, and without 
human orthologs. Targeting the bacterial cell envelope is advantageous, as the 
outer membrane and periplasm are more accessible than the cytoplasm. Addi-
tionally, molecules directly targeting components of the outer membrane are 
typically not subject to efflux pump activity, as they do not need to traverse 
the inner membrane16. 

Many potential antibiotics in early or preclinical development stages target 
components of the cell envelope of gram-negative bacteria. These targets can 
be broadly categorized into two groups: those targeting the lipopolysaccha-
ride (LPS) biosynthesis and transport, and those targeting the transport and 
assembly of membrane-associated proteins12. Figure  1 illustrates the most 
important established and novel targets for antibiotics in the outer leaflet of 
gram-negative bacteria. 
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Figure 1: Targets for antibiotics in gram-negative bacteria (Adapted from 11,17). Inner-membrane 
protein translocase SEC (light green), lipoprotein processing enzymes Lgt and Lsp, localization of 
lipoprotein (Lol) pathway (yellow), signal protease LepB (turquoise), β-barrel assembly complex 
(Bam) (blue/green), Lipopolysaccharide (LPS) transport machinery (Lpt), LPS-flippase MsbA, 
Penicillin binding proteins and general membrane integrity.

Lipopolysaccharide biosynthesis and transport

Within LPS biosynthesis, two known targets involved in lipid A synthesis are 
LpxH and LpxC; inhibitors of these enzymes exhibit antimicrobial activity18,19. 
After synthesis, MsbA flips lipid  A and LPS across the inner membrane20 
and this protein is the target of multiple antimicrobial molecules21–24. Several 
proteins of the lipopolysaccharide transport machinery (Lpt) can be targeted 
as well. LptA bridges the periplasmic space between the inner and outer 
membrane by interacting with LptC25. Molecules inhibiting the interaction 
between the two proteins show antibacterial activity26,27. Inhibitors of LptB, 
which is part of the transporter complex LptBFGC in the inner membrane, 
can enhance polymyxin activity28, or exhibit direct antibacterial activity29. 
Murepavidin, an inhibitor of the outer membrane protein LptD, shows prom-
ising antibacterial activity30,31, however, Phase  III clinical trials were termi-
nated due to toxicity issues32. 
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Envelope protein transport and assembly

Unfolded periplasmic and outer membrane proteins, as well as virulence 
factors and toxins, are transported across the inner membrane via the Sec 
translocase system consisting of the channel subunit SecYEG and the ATPase 
SecA33,34. While SecYEG is needed for efficient transport, SecA alone can 
facilitate the transport of proteins without a signal peptide35. There are several 
inhibitors of the SecA channel with activity against gram-negative bacteria 
(reviewed in36). 

After translocation across the inner membrane lipoproteins undergo further 
processing before being transported to the outer membrane. Specifically, 
lipoprotein diacylglyceryl transferase (Lgt) lipidates the protein, while signal 
peptidase II (LspA) cleaves the signal peptide, before the proteins are further 
processed and transported to the outer membrane by the localization of lipo-
proteins (Lol) system37. LspA is essential in gram-negative bacteria and is 
highly conserved. It is the target of two known natural products with anti-
bacterial activity: globomycin and myxovirescin38,39. While Lgt is not essen-
tial, one inhibitor has been shown to inhibit growth40. LolCDE is a protein 
complex that releases lipoproteins from the inner membrane prior to trans-
port to the outer membrane41. The complex is highly conserved in pathogenic 
bacteria, while LolCDE in commensal gram-negative bacteria differs, making 
the known inhibitors selective for pathogens42,43. Lipoprotein processing and 
LspA inhibitors are further discussed in Chapter 4.

Signal peptides of non-lipoprotein outer membrane proteins are cleaved by 
signal peptidase I (LepB). LepB inhibitors exhibit antibacterial activity44, and 
compound RG6436 (Genentech) is currently undergoing Phase  I clinical 
trials45. Outer membrane proteins (OMPs) are folded into the outer membrane 
by the βbarrel assembly machinery (Bam) complex which consists of the OMP 
BamA and the lipoproteins BamB, BamC, BamD, BamE. BamA acts as a chap-
erone facilitating the folding of other OMPs46. The BamA inhibitor darobactin 
was discovered in 201947. Its discovery led to the subsequent identification of 
multiple derivatives called bamabactins48–50. Recent screening efforts by Merck 
and Genentech have also identified BamA-binding cyclic peptides. However, 
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these compounds exhibit relatively high minimum inhibitory concentrations 
(MICs) or only exhibit activity at low BamA expression levels51,52. The Bam 
mechanism and its inhibitors are further discussed in Chapter 2.

Other targets

Other envelope-associated targets include proteins in the bacterial fatty acid 
biosynthesis machinery53, among which FabI, a reductase, is considered to 
be a particularly promising target. The FabI inhibitor afabicin currently is in 
Phase  II clinical trials for the treatment of staphylococcal infections54,55; its 
analogue, fabimycin, is active against gram-negative bacteria56. 

The target of the first discovered class of antibiotics, β-lactams, is penicil-
lin-binding-proteins (PBPs), which crosslink the peptidoglycan layer. Bacteria 
become resistant to β-lactams by the expression of βlactamases57. One class 
of β-lactamases, the extended-spectrum β-lactamases (ESBLs), is further 
discussed in Chapter 5.

The outer membrane itself is the target of polymyxins, which permeabilize the 
cell, leading to cell death58. Polymyxin B nonapeptide (PMBN), consisting of 
the cyclic heptapeptide and two linear amino acids of polymyxin B, as well as 
numerous PMBN analogues, effectively disrupt the outer membrane without 
causing cell death. They can act as synergists with antibiotics targeting cyto-
plasmic processes to overcome intrinsic resistance of gram-negative bacteria 
and have been extensively reviewed59,60. Polymyxins and PMBN are further 
discussed in Chapter 3.

Another way of overcoming intrinsic resistance facilitated by the outer 
membrane is by exploiting active transport mechanisms into the cell. Sidero-
phores are molecules that sequester iron from the environment and are actively 
imported. Conjugating antibiotics to siderophores can greatly increase their 
activity61,62. The cephalosporin-siderophore conjugate cefiderocol has been 
approved by the FDA and EMA in 2019 and 202063.

The inhibition of efflux pumps could help overcome multi drug resistance 
(MDR) caused by their overexpression64,65. Lastly, inhibiting the transport 
of capsule components has been shown to facilitate killing of bacteria by the 
complement system66.
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1Strategies for Discovery and Characterization

Following the ‘golden-age’ of antibiotic discovery from the 1940s-60s, a 
‘discovery void’ emerged, characterized by a decades-long absence of new 
antibiotic classes67. While advancements in discovery and screening methods 
have recently led to the discovery of a few new classes of antibiotics, the rapidly 
evolving nature of antimicrobial resistance maintains an urgent need for new 
antimicrobial agents68.

Sources of novel antimicrobials

Novel antimicrobial molecules originate from various sources, predominantly 
through the screening of libraries containing natural extracts or synthetic 
molecules in antibiotic discovery programs. Natural products are the basis of 
the majority of the recently discovered anti-gram-negative compounds that 
have progressed to late-stage preclinical development and have been recently 
reviewed69. While easily accessible antibacterial natural products are thought 
to be largely exhausted, the vast majority of all bacteria are “uncultured”, 
representing a potentially untapped source of novel antibiotics69. 

Another valuable method of discovery of novel antibiotics is the analysis, 
cloning, and heterologous expression of biosynthetic gene clusters (BGCs). 
Through genome mining, where genomes of organisms are analyzed based 
on homology to known BGCs, products of ‘silent’ BGCs or those from diffi-
cult-to-culture organisms can be characterized. Another approach is the 
direct cloning of environmental DNA into heterologous hosts70. In addition, 
with advancements in machine learning and artificial intelligence, in  silico 
methods such as virtual screenings and computer-based drug design are likely 
to become increasingly relevant in drug development, including in antibiotic 
discovery71.

De  novo peptide selection approaches, using techniques such as phage- or 
mRNA display, allow for the screening of vast libraries of linear or cyclic 
peptides. Hits from these screens are usually generally based on a peptide’s 
high binding affinity for a chosen molecular target, which does not guar-
antee inhibitory or antimicrobial activity72. Phage display has been used to 
screen libraries of peptides and antibodies against various bacterial targets as 
well as whole cells (reviewed in73). Several known and established antibiotics 
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are macrocyclic peptides, thus using peptide display techniques represents 
a promising approach74. The recently published BamA-binding macrocyclic 
peptides with antibacterial activity51,52 illustrate the potential of the display 
techniques. While the activity of the BamA-binding peptides was limited, it 
can be anticipated that with different targets and further optimization, highly 
effective antimicrobial peptides may be identified. 

Screening methods in antibiotic development

High-Throughput Screening (HTS) methods for the discovery of antimicro-
bial molecules have been reviewed recently75. The traditional strategy for the 
discovery of antimicrobials is whole-cell screening (WCS), where bacteria are 
cultured with libraries of natural extracts or synthetic molecules. Such pheno-
typic screens led to the discovery of multiple classes of antibiotics in the 1940s, 
50s and 60s76. More advanced cellular target-based WCS employ engineered 
bacteria that either possess an altered expression level of a given target or 
express a reporter substrate under the control of pathway-specific promoters. 
This approach has also led to the discovery of several antimicrobial molecules 
(reviewed in77). 

Peptides targeting the outer membrane can be displayed on the surface of 
bacteria using Surface Localized Antimicrobial display (SLAY), where active 
peptides cause cell death and can be identified by DNA sequencing78. This 
approach has been used to identify macrocyclic, βhairpin peptides with anti-
microbial activity79,80.

Phenotypic screening of whole cells is agnostic to the mechanism of action 
of the molecules and is therefore highly valuable in the discovery of novel 
antibiotic targets. However, whole-cell approaches are limited by the require-
ments that active compounds must not be significantly affected by efflux and 
must be able to easily reach their target, either through sufficient cell perme-
ability or by targeting exposed cell surface components. Biochemical assays 
employing purified molecular targets overcome such limitations and enable 
the discovery of specific inhibitors, whose antibiotic-like properties can be 
subsequently optimized81,82. 
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Challenges in the discovery of antimicrobials targeting the 
gram-negative envelope

While targeting the gram-negative cell envelope has advantages, it also 
presents several challenges. Many targets are embedded or associated with 
hydrophobic environments, favoring hydrophobic compounds in HTS. This, 
however, can lead to challenges with solubility, stability, bioavailability, and 
pharmacokinetics14. Generally, target-based screenings focus on a single 
target, which often result in a hit with a single mode of action. However, more 
complex mechanisms of action are advantageous, as they reduce the likeli-
hood of resistance development through a simple target modification76. 

Using natural products in drug discovery presents several challenges. These 
challenges include the initial collection and cultivation of organisms and the 
subsequent preparation of extracts. The active molecule must be present at 
sufficient concentrations in the extract to register as a hit in the initial screen. 
Additionally, other molecules in the extract might interfere with the assay by 
causing false negatives/positives through signal interference or acting syner-
gistically. Especially with phenotypic WCS, the risk of finding compounds 
with general toxicity or rediscovering known antibiotics is substantial75.

In addition to overcoming scientific obstacles, antibiotic development is 
also fraught with economic challenges. Most major pharmaceutical compa-
nies have discontinued their antibiotic research and development programs 
over the years83. This is primarily attributed to the substantial effort required 
for developing new antibiotics coupled with their relatively low profitability, 
primarily due to typically short-term use and the rapid emergence of resis-
tance84,85. Push incentives like the Global Antibiotics Research and Develop-
ment Partnership (GARDP) and Combating Antibiotic-Resistant Bacteria 
Biopharmaceutical Accelerator (CARB-X) have been established to stimulate 
and support antibiotic development efforts83.
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Thesis Outline

This thesis explores both mechanisms of antibiotic resistance and novel strate-
gies for antimicrobial discovery, with a focus on membrane-associated bacte-
rial targets and resistance mechanisms. 

Chapter 1 provides a general introduction to this thesis. It reviews the 
current literature on antibiotic targets in the gram-negative cell envelope 
and offers insight into strategies for the discovery and development of novel 
antimicrobials. 

Chapter 2 explores the use of mRNA display to discover antimicrobial 
peptides. We identified peptides that bind BamA-enriched outer membrane 
vesicles (OMVs) and characterized their activity, demonstrating the feasi-
bility of this technique for targeting the outer membrane, albeit with room for 
optimization.

Chapter 3 focuses on the design and evaluation of nanobody-drug conju-
gates. In doing so, we conjugated a BamA-targeting nanobody (nanoE6) to 
the membrane disrupting polymyxin  B nonapeptide (PMBN) and assessed 
their antimicrobial activity against wild-type and lipopolysaccharide-defi-
cient E. coli..

Chapter 4 evaluates the use of globomycin-containing natural product 
extracts in an in vitro FRET assay measuring LspA activity. We show that such 
extracts can be effectively screened in this system, paving the way for future 
high-throughput screening efforts.

Chapter 5 involves the characterization of various β-lactamases from 
gram-negative bacteria found in Dutch dairy cattle. We evaluate the ability of 
these β-lactamases to hydrolyze various β-lactams focusing on cloxacillin, a 
narrow-spectrum antibiotic widely used in dairy cattle, and demonstrate that 
this can contribute to the selection of ESBL-producing E coli. 

Chapter 6 summarizes and contextualizes the findings of the previous 
chapters, highlighting the importance of researching and developing novel 
antibiotics to combat emerging resistance.
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