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Antibiotics revolutionised modern medicine, not only for treating bacterial infections, but
also for ensuring the safety of surgery, organ transplantation, and cancer chemotherapy.
However, rising antimicrobial resistance threatens their efficacy in the clinic. Clostridioides
difficile and Escherichia coli are important pathogens that present distinct challenges for
antibiotic development. Selective activity against C. difficile is needed to avoid disrupting the
beneficial gut microbiome, while poor permeability across the Gram-negative cell envelope
limits drug development against pathogens such as E. coli. The gut bacterium C. difficile
is the most common of all hospital-acquired infections in the USA and places a heavy
burden on the healthcare system. Disruption of the microbiome caused by antibiotic use
is a major risk factor for infection, where the lost diversity contributes to a high rate of
recurrent infection. Selective antibiotics which spare the microbiome are crucial to combating
recurrent infection. In Gram-negative bacteria, the Lol (localization of lipoprotein) system
is essential for outer membrane biogenesis. The ATP-driven transporter complex LolCDE
has emerged as a promising, yet underexplored, antibacterial target. Some LolCDE inhibitors
have been reported, but limited structure–activity information is available, and none have yet
progressed to clinical trials. In Manuscript I, published microbiome datasets were leveraged
to identify fentiazac, a known anti-inflammatory drug, as a selective inhibitor of C. difficile.
Structure-activity optimisation identified a compound with increased potency, which selectively
inhibited C. difficile in a model gut microbiome and was active against clinical isolates.
The compound retained some anti-inflammatory activity and was non-toxic to human cells.
Sequencing of resistant mutants proposed DNA polymerase subunit DnaE as the molecular
target. In Manuscript II, structure–activity relationships of a pyrazole-based E. coli LolCDE
inhibitor were systematically investigated. Structural motifs associated with toxicity and poor
metabolic stability were identified, and further optimisation produced analogues with increased
potency and improved drug-like properties. In Manuscript III, structural motifs shared by
topologically similar LolCDE inhibitors were explored through systematic modification of the
core heterocycle. Insights from Manuscript II were then applied to optimise a novel series of
triazole-based inhibitors with improved potency and drug-like properties. The three works in
this thesis are unified by the overarching societal demand for new starting points to feed into
the antibiotic development pipeline. The described compound series provide a solid base for
further studies towards antibacterials against C. difficile and priority Gram-negative pathogens.
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Introduction 

Antibiotics  
The first antibiotics were considered “wonder drugs” at the time of their dis-
covery, and given they are now one of the most impactful additions to modern 
medicine over the last century, they have truly lived up to this expectation. By 
enabling the management and clearance of bacterial infections, innumerable 
lives have been saved from even simple infections that could otherwise be 
deadly. In the United States, mortality from infectious disease between 1900 
and 1980 dropped by 95%, from 797 to only 36 deaths per 100,000.1 This 
decrease has, in large part, been attributed to the introduction of antibiotics 
into clinical use from the 1940s onwards. Furthermore, antibiotics reduce risk 
during other medical interventions, from childbirth and neonatal care, to sur-
gery, organ transplantation, and cancer chemotherapy. The ability to control 
infection has increased the standards of living and life expectancy not only for 
humans, but also for livestock, thus improving agricultural outputs and 
broadly impacting society on many levels. 

A brief history of antibiotics  
The discovery of the first antibiotic came at the very beginning of the 20th  
century, and set the scene for one of the world’s most important advances in 
medical technology. Paul Erlich’s search for a “magic bullet”, which could 
treat a microbial infection but leave the patient unharmed, culminated in the 
discovery of the arsenic-based salvarsan (1), used to treat syphilis (Figure 1).2 
Building on this success, Gerhard Johannes Paul Domagk explored the in vivo 
antibacterial effects of azo dyes, leading to the discovery of the first sulfona-
mide antibiotic prontosil. Work on this compound class continued, leading to 
the invention of sulfanilamide (2) by Ernest Fourneau. Driven by the ease of 
synthesis and a lack of regulation in the 1930s, a plethora of such “sulfa drugs” 
were adopted for treating infection.3 

Alexander Fleming’s discovery of penicillin (3) in 1928 would become a 
pivotal moment in medical history. Initially the discovery went largely unno-
ticed, and it wasn’t until over a decade later that teams led by Howard Florey 
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and Ernst Chain were able to isolate enough penicillin for early animal exper-
iments. Spurred by the demands of the Second World War, Florey, Chain, and 
many industrial partners were able to increase the global production of peni-
cillin dramatically. It was rapidly adopted by the Allied military forces, which 
ultimately led to its widespread medical use after the war. 
 

 
Figure 1: Representative classes of antibiotics discovered during the “Golden Age”, 
showing the structure, source of discovery (bacterial/fungal species, or synthetic) and 
the cellular target mechanism.4 

 
The success of the penicillins and sulfa drugs led to a multitude of discoveries 
in the field of antibiotics. The pioneering work of Selman Waksman in the 
1930s and 40s adopted a highly systematic method for exploring the ability of 
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soil bacterial cultures, especially actinomycetes, to inhibit the growth of other 
bacteria and microorganisms. The bioactive compounds could then be isolated 
and characterised, and Waksman named these active chemical agents “antibi-
otics”. Waksman described a great degree of variation in the spectrum of ac-
tivity, and quantity, of the antibiotics produced by different species and 
strains.5 Together with H. Boyd Woodruff, Waksman developed a reproduci-
ble method to screen for antibiotic activity. This work led to the discovery of 
streptomycin (4), the first antibiotic active against Mycobacterium tuberculo-
sis, by Waksman and PhD student Albert Schatz. The success of streptomycin 
drew great attention to the potential of bacterial natural-product antibiotics.  

The following decades became known as the Golden Age of antibiotic dis-
covery. The bioprospecting of soil bacteria and fungi led to the discovery of 
16 different classes of antibiotics, with actinomycetes alone being the source 
of over half of these.4 As the field grew, several synthetic classes were also 
discovered, such as fluoroquinolones and nitrofurans, likely inspired by the 
success of the natural-product antibiotics. Over the last century, a wide range 
of drug classes with various targets have been developed. These have included 
aminoglycosides, tetracyclines and macrolides targeting the bacterial ribo-
some, β-lactams and glycopeptides targeting cell wall synthesis, sulfonamides 
targeting the folate pathway, and fluoroquinolones targeting DNA synthesis 
(Figure 1).4 

The impact of antimicrobial resistance (AMR) 
The pharmaceutical industry and academia iterated extensively on the antibi-
otic classes discovered during the Golden Age, and continued the search for 
new classes to meet global demand. However, the development of antimicro-
bial resistance (AMR) followed closely behind their widespread adoption into 
the clinic.6 This is natural selection at work. In an environment with an evolu-
tionary selection pressure like antibiotics, random DNA replication errors that 
result in antibiotic-resistant mutations can be selected for. These resistance 
genes can be passed on to the bacterial offspring, or between unrelated bacte-
ria by horizonal gene transfer. In the case of natural-product antibiotics, bac-
teria in nature were already being exposed to these compounds for millions of 
years, and as a result many resistance mechanisms long predate the use of 
antibiotics by humans.7 The specific mechanisms through which bacteria 
evolve resistance to antibiotics can be as diverse as the antibiotics themselves. 
These mechanisms can be divided into four categories: limiting uptake/per-
meability, increasing efflux, modification of the cellular target, and inactiva-
tion of the antibiotic directly.8  
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The threat of AMR is growing every year. In 2019 there were an estimated 
4.95 million deaths globally associated with AMR, with 1.27 million of these 
being directly attributable to resistant bacterial infections.9 The O’Neill report, 
published in 2016, predicts that by the year 2050, the death toll will have risen 
to 10 million deaths annually, threatening a “return to the dark age of medi-
cine” where modern antibiotics would no longer be effective.10 At that time, 
the ESKAPE pathogens (Enterococcus faecium, Staphylococcus aureus, 
Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa 
and Enterobacter sp.) had been identified as the greatest contributors to hos-
pital-acquired infections, and resistance was becoming more and more com-
mon.11 The World Health Organisation priority pathogens list added resistant 
strains of Enterobacterales, Salmonella Typhi, Shigella spp. and Neisseria 
gonorrhoeae to the growing number of dangerously resistant bacteria. Con-
cerningly, a recent comprehensive study assessing the global burden of AMR 
between 1990 to 2021 revealed that despite the increased attention that AMR 
has received globally in recent years, there has been no practical improvement 
in the situation.12 They predict the burden in 2050 will have risen to 8.2 million 
deaths associated with AMR, of which 1.9 million will be directly attributable 
to resistant infections.  

AMR is a global, “One Health” issue, where overuse and misuse in both 
hospital and agricultural settings contribute to rising resistance at the intersec-
tion of human, animal, and environmental health. The dangers of a “post-an-
tibiotic” world has spurred global calls to action,13 but there is no single solu-
tion to addressing AMR. Simultaneous advances in antibiotic stewardship, in-
fection diagnostics, clinical and agricultural practices, surveillance, sanitation, 
and economic policy are all required in order to ease this global burden. Above 
all, there is an urgent need for new antibiotics, with novel modes of action, to 
effectively combat existing threats and act as a safeguard against future ones.  
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Challenges in antibiotic discovery and development 
There are two simultaneous crises affecting the antibiotic development pipe-
line. The first is that too few drug candidates are entering the pipeline, and the 
second is that innovation is low among the drug candidates that exist. The 
majority of antibiotics discovered in the mid-20th century were microbial nat-
ural products, many of which were isolated from only a few key species of 
soil bacteria. It is likely that after decades of bioprospecting, the most abun-
dant compounds from the most accessible bacteria and fungi have already 
been discovered. The novel natural products which remain may be normally 
produced in such low quantities in the laboratory that they are difficult to iso-
late or detect, or the microorganisms themselves are extremely difficult to cul-
ture in a laboratory environment.  

In comparison to developing drugs against human molecular targets, devel-
oping de novo antibiotics (i.e. those not based on natural products or existing 
chemical classes) is exceptionally difficult. This is reflected by the complete 
lack of novel antibiotic classes against Gram-negative pathogens entering the 
clinic over the last 40 years. Perhaps the most significant hurdle in early de-
velopment is achieving accumulation of an antibacterial within its target or-
ganism at sufficient levels for activity. This is especially true for Gram-nega-
tive bacteria, whose cell wall consists of a dual membrane system that has 
been optimised by evolution as a near-perfect barrier against compound entry 
(see section: Permeability challenges in Gram-negative bacteria, for a more 
in-depth discussion). Furthermore, if a candidate drug can breach these de-
fences, bacteria express a range of efflux pumps which are highly efficient at 
removing unwanted small molecules. Whilst we have a fair understanding of 
the compound traits which enhance permeability into human cells, across the 
blood-brain barrier, and for oral bioavailability, the scientific community does 
not have reliable rules for antibiotics.  

In an effort to address this, the Hergenrother group has described a potential 
strategy to overcome permeability and accumulation challenges in Gram-neg-
ative bacteria. Their strategy, dubbed the “eNTRy” rules, recommends a pos-
itively-ionizable nitrogen, low three-dimensionality, and low numbers of ro-
tatable bonds as important attributes to consider in antibiotic drug design.14 
This strategy has seen some success in converting poorly accumulating com-
pounds into those with good activity against bacteria,15 but it is not yet widely-
adopted as a general strategy for ensuring success. 

Further highlighting the difficulties in antibiotic development, two separate 
reviews published by GlaxoSmithKline and AstraZeneca describe the failures 
of recent antibiotic drug discovery campaigns.16,17 In the 1990-2000s, ad-
vances in combinatorial synthesis, molecular biology, and high-throughput 
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experimentation had motivated and enabled the pharmaceutical industry to 
search for new antibiotics in highly efficient ways. In principle, if large 
enough compound libraries could be screened in enough biochemical assays, 
then new antibiotics would surely be discovered.  

At GSK, 70 different high-throughput screening campaigns were run be-
tween 1995 and 2001, typically focusing on using biochemical assays of es-
sential bacterial targets. A variety of exceptionally potent hits were found in 
these in vitro assays, but only five of these programmes resulted in a lead 
compound, and none could be sufficiently optimised for clinical development. 
At AstraZeneca, 65 campaigns were run from 2001 to 2010 with the same 
ultimate result. Both studies describe poor permeability or low whole-cell ac-
tivity (compared to on-target in vitro activity) as crucial pitfalls in the devel-
opment process.  

Payne et al. (GSK) state that it is “easier to find the target of an antibacterial 
compound than it is to engineer permeability into an enzyme inhibitor”.16 This 
notion speaks to the importance of phenotypic screening in the early stages of 
antibacterial drug discovery, such that poorly permeable compounds are 
avoided entirely. In their review of the AstraZeneca discovery campaigns, 
Tommasi et al. pointed out that they did not observe any significant improve-
ment in hit discovery from phenotypic screens compared to in vitro screens. 
A limitation here is that both teams screened in-house compound libraries 
originally optimised for drug discovery against human targets, whereas suc-
cessful antibacterials typically occupy different areas of chemical space.18 
With the benefit of hindsight, it is not surprising that identifying hit com-
pounds against wild type bacteria was so difficult, as in essence, the wrong 
“types” of compounds were being screened. 

These difficulties in early development are evidenced by the lack of inno-
vation in the current antibiotic clinical pipeline. The majority of compounds 
in the pipeline are so-called “me-too” drugs, which are iterations on existing 
drugs or drug classes, with β-lactam/β-lactamase inhibitor combinations being 
the most common.19 In their 2025 report on the clinical and preclinical pipe-
line, the World Health Organisation identified that in order for the drug pipe-
line to be sustainable, innovation is a critical requirement.19 They define inno-
vation primarily as the absence of cross-resistance to existing antibiotic clas-
ses, with additional considerations for novel targets, mechanisms of action, 
and chemical classes. Between July 2017 and February 2025, 16 small-mole-
cule drugs targeting priority pathogens were approved for market, but none of 
them conclusively met these innovation criteria.19 However, for drugs cur-
rently in development, the outlook is slightly more optimistic. Of the 27 can-
didates, 5 fully meet all four innovation criteria, and an additional 10 fulfil one 
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or more.19 Among the novel classes are the FabI inhibitor Afabicin, which 
targets fatty acid biosynthesis, and the FtsZ inhibitor TXA709, which targets 
cell division.  

A recent example of a successful, innovative antibiotic to be brought to 
market is cefiderocol (Fetroja®), which utilises a “trojan horse” strategy to 
overcome permeability challenges.20 Cefiderocol consists of an antibacterial 
cephalosporin connected to a catechol siderophore. This siderophore is an 
iron-chelating group which is recognised, and actively imported, by many 
Gram-negative bacteria as a means of capturing iron (an essential metal for 
bacterial growth). Cefiderocol is also more stable against common β-lac-
tamases, which are bacterial enzymes that inactivate β-lactam antibiotics such 
as cephalosporins. However, only a few years after approval for clinical use, 
cefiderocol resistance was already emerging, with bacteria expressing im-
proved β-lactamases and modified siderophore receptors alongside mutations 
to penicillin-binding protein 3, the target of cefiderocol.20 This is evidence to 
show that while the “trojan horse” strategy may be effective at gaining entry 
through the Gram-negative outer membrane, it also introduces another poten-
tial mechanism for resistance, and the effectiveness is limited by the use of a 
known antibiotic class with pre-existing resistance. 

In addition to the scientific challenges, the high financial costs involved in 
antibiotic drug development are a significant problem, especially when pro-
gressing from the lead to pre-clinical and clinical stages. This is exacerbated 
by a “broken market” for antibiotics, where the market profitability is very 
low compared to the upfront costs of research and development, leading to 
very poor return on investment. With such a low success rate and high cost of 
failure, it is difficult for businesses to economically justify large-scale invest-
ment, no matter the global need. Resultingly, the failures of screening efforts 
in recent decades have prompted a shift for the pharmaceutical industry away 
from antibiotic research entirely, and only small companies and academic in-
stitutions typically remain. In 2024, of the 118 companies undertaking pre-
clinical antibiotic research, nearly two-thirds had less than 10 employees.19 
Such companies are at the highest risk of economic failure, and even compa-
nies with successful products can quickly go bankrupt if they are not able to 
absorb the costs of clinical trials, marketing, or large-scale production. As a 
result, the situation is fragile for much of the current pipeline. 

Overall, there remains a large unmet need for novel antibiotic chemical 
classes and new bacterial targets, especially those which target critical-priority 
Gram-negative pathogens such as Klebsiella pneumoniae, Escherichia coli, 
and Acinetobacter baumannii. 
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Permeability challenges in Gram-negative bacteria 
 
The Gram-negative cell wall 
The highest risk, most urgent resistant bacterial pathogens are almost exclu-
sively Gram-negative bacteria.21 Compared to Gram-positive bacteria with 
their single-membrane cell wall, Gram-negatives have a double-membrane 
cell wall, each with different characteristics, which presents significant barri-
ers (figuratively and literally) to the development of effective antibiotics. 

The Gram-negative cell wall (Figure 2) consists of an inner membrane 
(IM), which is a phospholipid (PL) bilayer, and an asymmetric outer mem-
brane (OM) with an inner leaflet of PL and an outer leaflet of lipopolysaccha-
ride (LPS). Between the membranes is a periplasmic space filled with a mo-
saic of peptidoglycan (PG) chains.22 

  

 

Figure 2: Structural components of the Gram-negative bacterial cell wall. Created 
with https://BioRender.com. 

The different properties of the IM and OM present different challenges for 
antibiotics. With the exception of drugs that target the outer membrane di-
rectly such as the polymyxins,23 antibiotics must be able to penetrate one or 
both membranes to reach their targets. The dense network of amphiphilic 
LPS on the OM acts as a physical barrier for entry towards large and hydro-
phobic molecules, whereas the IM restricts the entry of hydrophilic 
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compounds. Smaller, hydrophilic molecules typically rely on passive 
transport through porins or active-transport proteins to enter, but these are 
also size-exclusionary and substrate-specific.24 Furthermore, Gram-negative 
bacteria express a broad variety of efflux pumps which actively transport 
small molecules out of the cell,25 and as a result, even good initial permea-
bility does not necessarily translate to effective accumulation within the cell. 
In combination with the double-membrane, this creates a near-perfect sys-
tem for protection against xenobiotics. 

Embedded within the OM are numerous other transmembrane pore-form-
ing β-barrel proteins, also called outer membrane proteins or OMPs, which 
form porins and other channels for active and passive uptake and efflux.26 Lip-
oproteins are another important OM component, playing roles in stress re-
sponses, virulence and infection, as well as maintaining OM mechanical in-
tegrity and regulating PG synthesis.27–29 These proteins, lipoproteins, PLs and 
LPS are all highly hydrophobic, but are synthesised in the cytoplasm or on the 
IM.22 Furthermore, they must be transported across the aqueous periplasm and 
then be inserted correctly into the OM, with specialised pathways responsible 
for the localisation of different components. These include the LPS transport 
(Lpt) pathway for LPS, the β-barrel assembly machine (BAM) for OMPs, and 
the localisation of lipoprotein (Lol) pathway for lipoproteins. Currently, the 
mechanism of PL transport to the OM remains poorly understood.22 

The importance of lipoproteins and lipoprotein transport 
Lipoproteins and the Lol system are central to OM biogenesis. The Lol, Lpt, 
and BAM pathways all depend on essential OM-bound lipoproteins (LolB, 
LptE, and BamB, C, D and E) which are localised to the OM.30 Lpp (major 
outer membrane lipoprotein, also known as Braun’s lipoprotein) is the most 
abundant protein in E. coli.31 On the inner leaflet of the OM, Lpp crosslinks 
to peptidoglycan, where it forms a major structural component of the outer 
membrane. Through this cross-linking, Lpp controls the size of the periplas-
mic space, and by extension, the size and rigidity of the cell envelope.29,32 A 
variable fraction of Lpp is unbound and has been shown to be surface-ex-
posed, but the function of this free Lpp has not been uncovered, nor has the 
mechanism by which it is localised to the OM surface.33,34 

After protein synthesis in the cytoplasm and translocation across the IM, 
nascent lipoproteins are acylated, and then sorted by the multi-component Lol 
transport machinery based on a signal peptide sequence (Figure 3).35 Lipopro-
teins destined for the OM are recognised and extracted by the ATP-dependent 
transporter complex LolCDE, shuttled to the outer membrane via the LolA 
chaperone, and inserted by LolB into the outer membrane.35,36 LolC and LolE 
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are structurally similar, and form a heterodimer in the periplasmic-side IM. 
Two ATP-binding LolD subunits form a homodimer on the cytoplasmic side 
of the IM, driving LolCE function through ATP hydrolysis. 

 

 
Figure 3: The Gram-negative lipoprotein transport system, showing the journey of a 
lipoprotein from synthesis to OM insertion. Created with https://BioRender.com. 

With the exception of LolB, which is unique to beta- and gamma-proteobac-
teria, the core components of the Lol system are highly conserved across 
Gram-negative bacteria.37 The E. coli Lol system is the most well-studied, 
and closely-related LolC and LolE genes are also found in many notable 
pathogen genera within the Enterobacterales order, including Klebsiella, 
Salmonella, Enterobacter, Shigella, and also in Haemophilus. Other Gram-
negatives such as A. baumannii and F. tularensis instead express a homo-
logue named LolF, which forms a homodimer in place of LolCE.38 P. aeru-
ginosa was previously described to express a similar LolCE heterodimer to 
E. coli, but genetic conservation analysis shows a much closer evolutionary 
similarity to Acinetobacter LolF.37 

Inhibition of the Lol complex disrupts both OM biogenesis and integrity, 
increasing membrane permeability, activating OM stress responses, and caus-
ing lipoproteins to be mislocalised.39 For Lpp, this causes toxic accumulation 
on the IM. When mislocalised to the IM, Lpp crosslinks PG to the IM (instead 
of to the OM), destabilising the periplasm and cell wall.40 In E. coli this has 
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been shown to be the primary cause of cell death.40 Mutations in the lpp gene 
are common in resistant mutants, and Δlpp E. coli, which do not express Lpp, 
have been shown to be resistant to Lol pathway inhibitors, as the bacteria are 
able to survive by avoiding the toxic accumulation of Lpp at the IM. Of note, 
screening against Δlpp bacteria strains provides a method for validating the 
mode of action of LolCDE inhibitors. 

The Lol system has emerged as a promising new target for antibacterial dis-
covery efforts.41–43 It performs an essential function (directly or indirectly) in 
multiple pathways, lacks human homologues, and is conserved across key pri-
ority pathogens. Additionally, its more accessible location in the periplasm may 
contribute to minimizing permeability challenges. Furthermore, the selectivity 
for a Gram-negative-specific target could avoid collateral damage to the gut mi-
crobiome (discussed further in “The role of the human microbiome”).44  
 
  



 

 24 

Reported inhibitors of the Lol pathway and LolCDE 
Over the last two decades, a handful of compounds have been reported that tar-
get the Lol pathway, which are the subject of reviews by Vercruysse and 
Dylus,37 Song and Shim,45 and more recently Gartrell et al.43 Most of these in-
hibitors target the LolCE/LolF components of the lipoprotein trafficking mech-
anisms, and are briefly summarised below in order of their reported discovery. 

 

 
Figure 4: Structures of reported inhibitors of lipoprotein transport in Gram-negative 
bacteria 

CCT-0431/2 (8 and 9): The first inhibitors of the Lol system were reported in 
2007, as the result of a novel screening method developed by Ito et al.46 Both 
inhibitors were shown to cause the mislocalisation of Lpp, and inhibit its 
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release in spheroplast assays, but the specific target within the E. coli Lol sys-
tem was not identified. 

MAC13243 (10): Another inhibitor of the Lol system was published two 
years later, which was initially reported to target LolA.47 However, a recent 
study has shown that LolA is not the true target, and the OM disruption caused 
by MAC13243 is due to inhibition of a completely different pathway.48 

AstraZeneca hits (11, 12 and 13): The first validated inhibitors of the 
LolCDE complex were reported by researchers at AstraZeneca in 2015.49,50 
The three initial hits were similar in structure, and included a pyridine-pyra-
zole substituted with an aryl benzyl ether (11), and two pyridine-imidazoles 
each substituted with a 1,4-benzodioxane (12 and 13). These discoveries came 
from phenotypic high-throughput screens of a 1.2 million compound library 
against E. coli, using an AmpC reporter system for the detection of disrupted 
cell wall biosynthesis, or a membrane-permeabilized E. coli strain. Hit valida-
tion showed good activity against efflux-deficient ΔtolC E. coli ATCC 25922, 
but only low-to-moderate activity against wild-type (WT) strains. They were 
also weakly active against H. influenzae, but inactive against P. aeruginosa 
and showed no potency towards C. albicans in an anti-fungal screen. Due to 
poor drug-like properties, these hits did not continue into further development 
at AstraZeneca. However, these hits have inspired several other series of Lol 
inhibitors that have been published during the progress of our research. 

G0793 (14): Another compound series was reported by Genentech in 2018, 
following a high-throughput screen against efflux-deficient (ΔtolC) and per-
meabilised (imp mutant) E. coli. G0793 (14) was the most promising hit from 
a small structure-activity study, and their only compound with WT activity 
(MIC: 16 µg/mL). Consistent with previously reported Lol inhibitors, Lpp was 
shown to accumulate on the IM, and lpp mutation/deletion was noted among 
resistant mutants, where mutations in LolC, D and E were also observed. 

SMT-738 (15): The furthest-advanced LolCDE inhibitor to date is SMT-
738, originally reported in 2021 as a preclinical candidate targeting car-
bapenem-resistant Enterobacterales (most notably E. coli and K. pneu-
moniae).51 SMT-738 received CARB-X funding for preclinical develop-
ment,52 and recent studies have shown it to have good efficacy in in vivo 
bloodstream, lung and urinary tract mouse infection models, alongside being 
well-tolerated by a number of commensal gut bacterial species.53 

Abaucin (16): In 2023 Liu et al. reported the discovery of abaucin, a nar-
row-spectrum antibiotic against A. baumannii.54 Using a machine-learning 
model trained on A. baumannii inhibition data, they screened a drug repurpos-
ing library and found RS102895, a CCR2-selective chemokine inhibitor,55 to 
be the most promising hit. Resistant mutant sequencing revealed LolE 
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(recently renamed to LolF37) as the target, and the drug was renamed abaucin 
for its selective A. baumannii activity. 

Lolamicin (17): Building upon the two AstraZeneca hits, Muñoz et al. set 
out to build a “hybrid” scaffold that combined structural elements of both the 
pyrazole and imidazole inhibitors.44 Furthermore, they proposed that the re-
duced activity of the AstraZeneca hits in ΔtolC E. coli compared to wild-type 
highlighted a need for better permeability and accumulation to overcome ef-
flux. Applying the so-called “eNTRy” rules (see above),56 whole-cell accu-
mulation was improved by the addition of a primary amine substituent to their 
scaffold. However, they also found that this led to compromised antibacterial 
activity. LolCDE is located in the periplasm, so it is perhaps unsurprising that 
high accumulation in the cytosol is counterproductive. The re-evaluation of 
nitrile-containing synthetic intermediates, which were initially rejected for 
poor accumulation, led to the discovery of lolamicin (17). Compound 17 was 
active against the Gram-negative pathogens E. coli, K. pneumoniae, and E. 
cloacae, but not against any species of Gram-positive or Gram-negative com-
mensal bacteria, nor against other Gram-negative pathogens such as P. aeru-
ginosa and A. baumannii. This was in agreement with known structural dif-
ferences of the LolCDE complex between these bacteria. 

Fendiline (18): Another A. baumannii LolF inhibitor was reported in 2025 
by Colquhourn et al.57 Here, they screened a drug repurposing library for ac-
tivity against carbapenem-resistant A. baumannii. They selected for drugs 
with improved activity against bacteria which over-expressed OXA-23, which 
is one of the most common β-lactamases in A. baumannii. The most promising 
candidate was fendiline, a reported calcium channel blocker. WT activity was 
low, but could be improved significantly in the presence of an efflux inhibitor 
or membrane permeabilizer, highlighting that poor permeability was the major 
limiting factor.  

Enterololin (19): In 2025 Catacutan et al., from the same research group 
that reported abaucin (16), discovered another repurposed drug that inhibits 
the Lol system, with activity against E. coli.58 Originally a Bub1 kinase inhib-
itor, BAY-524 (renamed enterololin) was found to only have modest Entero-
bacterales-specific activity due to poor compound permeability and accumu-
lation. On co-treatment with a polymyxin derivative (for membrane disrup-
tion) good wild-type activity was obtained. The target was hypothesised to be 
LolCDE based on structural similarity to other reported inhibitors, and se-
quencing of resistant mutants showed mutations in LolC, LolE, or upstream 
of the lpp gene. 

The majority of Lol inhibitors were discovered using combinations of high-
throughput phenotypic screens, machine-learning models trained on screening 
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data, or from drug-repurposing strategies. Currently, efficient screening 
against LolCDE is challenging as there is no validated in vitro assay, largely 
due to the challenges of working with multicomponent, membrane-bound pro-
teins.48 Recent progress in this area has been made by Lehman et al., who have 
described a biological signature for confirming Lol pathway inhibition. The 
signature includes weakened OM integrity, increased permeability to a range 
of other antibiotics, activation of specific cell-wall stress signals, and im-
proved viability for lpp mutants or Δlpp gene knockdown strains.48 

A significant advancement to LolCDE antibacterial discovery came in 
early 2026, with Li et al. reporting the first cryo-EM structure of inhibitor-
bound LolCDE.59 They were able to show that SMT-738 (15) binds to the 
periplasmic end of LolCE, acting as an allosteric inhibitor. This induced con-
formational changes in both subunits, but especially in LolC, causing one 
LolD subunit to dissociate completely and locking the LolCDE complex in a 
conformation unable to bind lipoproteins. With this new structural resource, 
they compared resistance mutations against SMT-738 (15) and lolamicin (17). 
Overall, many mutations conferred resistance to both inhibitors, but to varying 
degrees. Most mutations were localised to the same residues of LolC and 
LolE, supporting a shared binding site between the two inhibitors. However, 
several mutants with the highest resistance to SMT-738 (15) were only mildly 
more resistant to lolamicin (17), and in other cases the opposite was true.  

The authors conclude that it is likely that lolamicin (17) has a different 
binding mode, as all mutations conferring significant resistance to either in-
hibitor can be mapped to interactions with groups unique to one structure or 
the other. For example, mutations to LolE aspartate D264 conferred the high-
est resistance to SMT-738 (15) (MIC: 64 µg/mL vs 0.25 µg/mL against wild-
type), and the cryo-EM data shows that this residue interacts strongly with two 
of the nitrogen atoms in the aminoimidazole core. Lolamicin (17) lacks both 
of these nitrogen atoms, so it is unsurprising that mutations to this residue 
were not particularly disruptive (MIC = 8 µg/mL vs 2 - 4 µg/mL against wild-
type). However, without direct cryo-EM data for lolamicin (17), this is diffi-
cult to validate.  

To date, no Lol inhibitors have progressed to clinical development, but 
the first to reach market would represent a first-in-class antibiotic against a 
new target, at a time where there is a dire need for antibacterials with novel 
mechanisms. 
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The role of the human microbiome in infection 
An important facet for consideration in antibiotic drug development, espe-
cially for those taken via the oral route, is the effect on the human microbiome. 
Advances in a range of “omics” technologies in recent decades have revealed 
that that our commensal bacterial residents are far from silent passengers, and 
are more akin to co-pilots, when it comes to our physiology and health. As a 
result, there is increasing focus on the impacts of pharmaceuticals, and of an-
tibiotics in particular, on our microbiome. 

Colonisation, colonisation resistance, and dysbiosis 
Microorganisms have evolved to inhabit almost every environment on earth, 
and the human body is no exception. The skin, nose, mouth and saliva, gas-
trointestinal tract, and all other mucosal membranes are home to multitudes 
of bacteria, fungi, protozoa, archaea, and viruses, collectively referred to as 
the human microbiome. Bacteria make up the overwhelming majority of the 
human microbiome, both in number and diversity.60 According to revised 
estimates, commensal bacteria number around 3 x 1013 cells, approximately 
equal to the number of human cells in the body, with a large majority of 
these bacteria residing in the gastrointestinal tract.61 These bacteria form 
complex communities which are adapted to different niches within the gut, 
and every person’s microbiome is unique. Microbial colonisation begins at 
birth, and the microbiome develops in the first year as infants shift from milk 
to solid foods. The composition of the microbiome is predominantly shaped 
by diet, and is generally stable over time. While changes in our lifestyle or 
daily habits can alter the microbiome, it returns to homeostasis within a rel-
atively short time frame.62,63 

Just as our microbiome depends on us for habitat and nutrition, we have 
evolved to depend on them equally as much. The microbiome aids our diges-
tion and metabolism, producing essential amino acids, short chain fatty acids, 
multiple B vitamins, and vitamin K.64,65 The gut microbiome also plays a key 
role in early immune system development, where multiple different immune 
cell pathways interact with commensal bacteria or bacterial metabolites.60 In 
general, this “crosstalk” tempers the immune response, ensuring that immune 
cells are stimulated and active, while establishing a tolerance to non-patho-
genic bacteria and limiting any excessive inflammatory response.60 Similarly, 
the gut microbiome is fundamental to the correct functioning of the intestinal 
barrier defences. The intestinal mucus barrier, which contains antimicrobial 
peptides and antibodies, is produced by intestinal epithelial cells as the body’s 
first line of defence against pathogens.66 Exposure to the microbiota stimulates 
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the epithelial cells, increasing production of the thick outer mucosal layer, 
which protects against the invasion of pathogens like Salmonella while also 
providing an energy source for the commensal bacteria.67,68 

In addition to supporting host defences, the gut microbiome exerts a direct 
protective effect through resistance to pathogen colonisation. Colonisation re-
sistance in general describes the capacity for the microbiota to prevent the 
invasion of any new, potentially pathogenic microorganisms, as well as limit-
ing the growth of any which are already present.69 In the gut, this ecological 
“inertia” is the result of a combination of host-derived processes such as reg-
ulation of intestinal pH, production of mucus, and intestinal peristalsis, as well 
as the competition between gut bacteria for space and resources. A healthy, 
diverse gut microbiome is more effectively able to utilize a wider range of 
nutrient sources and compete for growth-limiting metals such as iron, manga-
nese and zinc, thus restricting access for pathogens with a more selective re-
quirement for certain nutrients.60 

Along with this passive competition-by-exclusion, many species of com-
mensal bacteria are also able to directly inhibit the growth of other bacteria. 
Some produce bacteriocins, a diverse class of antimicrobial peptides and pro-
teins which are generally targeted against specific bacterial competitors, 
though broad-spectrum bacteriocins also exist.70 Bacterial secondary metabo-
lites such as short-chain fatty acids and modified bile acids can also inhibit the 
growth of competing bacteria. In particular, the secondary bile acids produced 
by C. scindens have been shown to inhibit spore germination of the pathogenic 
C. difficile.71,72 

Just as a healthy gut microbiome is important for health, a damaged or dis-
rupted microbiome, known as dysbiosis, is implicated in disease. Certain drug 
classes such as proton pump inhibitors and antipsychotics can alter the gut mi-
crobiome composition,73,74 but by far the most well-studied cause of gut dysbio-
sis is the use of broad-spectrum antibiotics. Loss of microbiome diversity as the 
result of antibiotic exposure has been implicated in a wide variety of diseases, 
such as inflammatory bowel disease and Crohn’s disease, where low microbial 
diversity has been linked to the establishment of adherent-invasive E. coli.75 
Additionally, an altered microbiome from β-lactam use has been shown to affect 
sugar metabolism in the gut, which may be linked to obesity and type 2 diabe-
tes.76 Research has also linked antibiotic exposure to increased risk for autoim-
mune diseases such as coeliac disease and type 1 diabetes.77 

Perhaps the most acute threat resulting from microbiome diversity loss is a 
directly increased susceptibility to pathogens in the gut. These may be oppor-
tunistic pathogens which were already present but held in check by the gut’s 
(now-disrupted) colonisation resistance, or they may be later introduced to an 
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already vulnerable gut ecosystem. Additionally, repeated exposure to antibiotics 
can result in the enrichment of AMR genes within the microbiome.78 Such genes 
can be naturally present within non-pathogenic bacteria, even without prior an-
tibiotic exposure,79,80 and these genes can then be acquired by pathogens through 
horizontal gene transfer if the pathogens do not evolve it themselves.81 In hos-
pital settings, patients already treated with antibiotics are often at risk of addi-
tional infection, as the lost microbial diversity places them at highest risk of one 
of the most common hospital-acquired infections: C. difficile. 

C. difficile and C. difficile infection 
Clostridioides difficile is a pathogenic and infectious Gram-positive bacterium 
that lives in the human gut. As an anaerobe, vegetative (metabolically active) 
C. difficile cells cannot survive outside of the gut, but their spore-forming re-
productive cycle allows for transmission and infection.82 C. difficile spores are 
essentially dehydrated bacterial cells, with a core containing cytosolic pro-
teins, ribosomes, and DNA which is surrounded by two different outer mem-
branes.83 These spores are metabolically inactive, so they are unaffected by 
antibiotics, and are also resistant to heat, UV light, dehydration, acidic pH, 
and many conventional hospital disinfectants, which allows them to spread 
unimpeded through hospital environments to vulnerable patients.82 Transmis-
sion occurs via the faecal-oral route and, after ingestion, a spore cell will pass 
through the stomach to germinate in the small intestine, before subsequently 
travelling to the large intestine. The spores express germination receptors on 
their exterior, which recognise certain bile acids (cholate and taurocholate) in 
the gut.83 This ensures that the spores will only germinate once reaching a 
suitable environment.  

C. difficile infection (CDI) causes widespread inflammation and damage to 
intestinal epithelial cells, due to the production of two endotoxins: TcdA and 
TcdB.84 Symptoms vary from mild to severe diarrhoea, with a risk of compli-
cations leading to shock, hypotension, ileus (reduced bowel motility), pseu-
domembranous colitis (severe inflammation of the large intestine) and toxic 
megacolon, which is the dilation of the colon accompanied by symptoms of 
toxicity and infection such as fever or tachycardia.83 In these cases of “fulmi-
nant” CDI, the mortality rate is 30 – 40%.85 CDI is one of the most common 
causes of nosocomial (hospital-acquired) diarrhoea,86 and is the most common 
of all nosocomial infections in the USA.84 It is listed as an urgent threat by the 
United States Centres for Disease Control and Prevention, and in 2017 it 
caused an estimated 12,800 deaths in the US and placed a $1 billion burden 
on the healthcare system.87  
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In the 2000s, CDI incidence increased significantly, due largely to the 
emergence of the PCR ribotype 027 epidemic strain. This strain was associ-
ated with increased infection rates and mortality in North America and Eu-
rope, and exhibits high virulence, endotoxin production, and resistance to 
fluoroquinolone antibiotics.88 Since 2011, data show a downward trend in hos-
pital-acquired CDI, likely due to improved surveillance and reporting in re-
sponse to earlier ribotype 027 epidemics, and reduced use of fluoroquin-
olones.89  Ribotype 027 is less prevalent, though many other hypervirulent 
epidemic strains continue to emerge.89  

Compared to the decrease overall, rates of community infection are steady, 
and represent a growing proportion of the total CDI incidence.89 Increasing 
research and surveillance in hospital-acquired CDI has led to improved under-
standing of C. difficile in outpatient care and the wider community, but data 
remains limited despite increasing numbers of patients with infections prior to 
hospital admission, or without recent antibiotic use.90 Research is emerging 
on potential infection reservoirs including food contamination, pets and live-
stock, healthcare workers, and asymptomatic carriers in the community.91 Up 
to 15 % of healthy adults and 90 % of infants in the community are colonised 
with C. difficile but remain asymptomatic, 92,93 and hospital patients without a 
CDI diagnosis can also become asymptomatic carriers.94 

Paradoxically, antibiotic use is the most significant risk factor for CDI, with 
meta-analysis identifying fluoroquinolones, lincosamides, and carbapenems 
as the highest risk antibiotic classes.95 Gut dysbiosis caused by the collateral 
damage of broad-spectrum antibiotics creates an opportunity for C. difficile 
outgrowth, and continued antibiotic treatment only worsens the situation (Fig-
ure 5).96  Surviving C. difficile bacteria or spores can easily re-colonise the 
gut, where the depleted microbial diversity opens new niches for occupation, 
and the dead commensal bacteria release nutrients into the environment that 
can be scavenged by surviving C. difficile cells.97 The loss of microbial diver-
sity reduces colonisation resistance and contributes to a high rate of recur-
rence, where 15 – 30 % of patients develop a recurrent infection, and of those 
up to 65 % can be multiply-recurrent.98  
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Figure 5: Dysbiosis caused by broad-spectrum antibiotics creates an opportunity for 
C. difficile infection. Continued broad-spectrum antibiotic treatment can lead to re-
current infection. Narrow-spectrum antibiotics allow the microbiome to recover. Cre-
ated with https://BioRender.com. 

This highlights the key consideration for C. difficile treatment and drug de-
velopment, where effective antibiotics must be narrow-spectrum and selec-
tive, so that the microbiome may be spared and recurrent CDI can be pre-
vented. Current clinical guidelines for treatment of CDI in the United States 
are provided by the Infectious Diseases Society of America (IDSA) and the 
Society for Healthcare Epidemiology of America (SHEA). IDSA and SHEA 
recommend oral fidaxomicin or vancomycin for CDI, as well as intravenous 
metronidazole or a vancomycin enema in cases of severe infections.99 Fidax-
omicin was FDA approved in 2011, and shows narrow-spectrum activity 
with improved treatment of recurrent infections compared to vancomycin.100 
It is now generally recommended as the preferred treatment, although van-
comycin is still an alternative in cases where the high initial cost of fidax-
omicin is prohibitive.99  

Ridinilazole is a novel selective antibiotic against C. difficile currently un-
dergoing clinical trials. It was shown to effectively kill bacterial cells, reduce 
toxin production, and lessen the inflammation response in vitro, and is well 
tolerated by commensal gut bacteria.101–103 It has been hypothesised to affect 
cell division, although the exact mechanism of action is unknown.104 In 
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clinical trials, it performed similarly to vancomycin at clearing infection but 
showed more favourable reduction in recurrent infection and preserved micro-
biome diversity.105 Drug repurposing screens have also found success in iden-
tifying inhibitors of C. difficile growth. A number of existing non-antibacterial 
drugs are in preclinical or clinical trials for treating CDI, including ursodeox-
ycholic acid (a secondary bile acid used for treatment of cirrhosis), niclosa-
mide (an anthelmintic), and amoxapine (an antidepressant).106  

Alternate therapies such as monoclonal antibodies and faecal microbiota 
transplantation (FMT) are also being explored. Bezlotoxumab, an FDA-ap-
proved monoclonal antibody against C. difficile Toxin B, can be used to pre-
vent recurrent CDI in combination with antibiotic treatment.107 Though anal-
yses show that the improved efficacy of fidaxomicin and bezlotoxumab lead 
to better cost-effectiveness over time, the high initial treatment costs could 
remain a barrier in many cases.108,109  

FMT is a procedure where lost gut microbial diversity, and by extension 
colonisation resistance, can be restored by an enema of faecal matter from a 
healthy donor. In addition, some species of gut bacteria, including C. scindens, 
B. fragilis, and L. acidophilus, are known to exhibit a direct protective effect 
against C. difficile.110–112 FMT has been shown to be highly effective, but is 
not yet widely adopted. There is overall a lack of general agreement on pro-
cedures, and heavy donor screening is needed to minimise the risk for transfer 
of enteropathogenic bacteria. Notably, meta-analysis has shown that FMT is 
more effective only in cases of recurrent infection.113 FMT is currently only 
recommended for recurrent CDI cases where antibiotic treatment alone was 
unsuccessful, but it remains an effective option if available.99  
 
Overall, the need for new antibiotics against global priority pathogens is un-
deniable. The current clinical pipeline is in dire need of new chemical classes 
of antibiotics, with novel targets and mechanisms of action, but this is far from 
an easy undertaking. Whilst antibiotic drug discovery is a broad topic, this 
thesis focuses on two facets: identifying and developing narrow-spectrum an-
tibacterials against C. difficile, and developing inhibitors targeting the under-
explored Gram-negative lipoprotein transport system.  
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Aims of the studies 

Overall, the aims of this thesis are to design and synthesize series of small-
molecule inhibitors against medically relevant bacterial pathogens, to collate 
and interpret data from a diverse set of microbiological and biochemical as-
says to inform iterative drug design, and to develop antibacterial hits with im-
proved activity and drug-like properties. The specific aims of each project are 
outlined below: 

 
I. To explore the structure-activity relationships of fentiazac, a non-

steroidal anti-inflammatory drug discovered to selectively inhibit 
the growth of C. difficile, and apply the knowledge gained to the 
synthesis of improved compounds which spare the gut microbiome. 
 

II. To progress a scaffold of pyrazole inhibitors found to target the 
Gram-negative Lol pathway and elucidate trends in activity and 
toxicity for different groups attached to the core scaffold. 
 

III. To further explore the central core moiety of the LolCDE inhibitor 
scaffold, probing structure-activity relationships while searching 
for improvements in potency and other drug-like properties. 
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Part I: Fentiazac 

From anti-inflammatory to antibiotic? A new approach 
for targeting C. difficile (Manuscript I) 

Background and discovery of fentiazac  
C. difficile infection (CDI) places a heavy burden on the healthcare system, 
and the most significant risk factor is prior antibiotic use. The collateral dam-
age to the gut microbiome caused by broad-spectrum antibiotics results in 
dysbiosis and lost colonisation resistance, creating an opportunity for C. dif-
ficile outgrowth. Effective treatment of CDI requires selective antibiotics, so 
that the microbiome may be spared, and recurrent infection can be avoided. 
Whilst some clinical options currently exist for treating C. difficile infection, 
there is still significant motivation for discovering new antibiotics where the 
impact on the gut microbiome is minimized. Such antibiotics could be used 
not only to treat established CDI in a patient, but as a precautionary measure 
for high-risk patients taking oral antibiotics to clear other infections.  

As microbiome research accelerates and our knowledge deepens, more 
studies are emerging that uncover the impact of small molecule drugs on the 
gut microbiome,69,114–116 providing strong motivation for antibiotics to be de-
veloped with this in consideration. Furthermore, to maximise efficacy, antibi-
otics targeting C. difficile would ideally also need low systemic uptake and to 
achieve high accumulation in the colon. Finding molecular starting points for 
drug development is already challenging, made even more so by these aims 
for selectivity and gut accumulation. Some strategies already employed to this 
end include structure-based medicinal chemistry against C. difficile-specific 
targets,117 drug repurposing,106 optimising existing antibacterials to improve 
selectivity,106 or utilising formulation strategies to limit oral bioavailability.118 

The inception of Manuscript I came from a different place altogether. Re-
search was published in 2018 by Maier et al. which examined the impact of 
non-antibiotic drugs on human gut bacteria.114 They screened over 1100 FDA-
approved drugs against a panel of 40 different species of gut bacteria aiming to 
map unintended side-effects on the gut microbiota. Here, they were most inter-
ested in drugs with broad-spectrum activity, as these would pose the greatest 
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risk to a healthy gut microbiome, and potentially worsen pre-existing inflam-
matory gut issues. Exposure to these “accidental” antibiotics may also contrib-
ute to development of antimicrobial resistance in pathogenic gut bacteria.114 

In contrast, we were most interested in compounds with narrow-spectrum 
activity. C. difficile was included among the screened gut bacteria, thus pre-
senting a unique opportunity for hit identification where the crucial selectivity 
for C. difficile over commensal gut bacteria could be identified from the very 
start. Beginning with a hit discovered through a phenotypic screen comes with 
an additional advantage, as the permeability issues common to target-based 
approaches have already been (at least partially) overcome. 

By analysing the screening data from Maier et al., we identified six initial 
hits with statistically significant C. difficile growth inhibition, and little or no 
activity against other species. These hits (and drug classes) were amlodipine 
(20) and cilnidipine (21) (calcium channel blockers), fentiazac (22) (anti-in-
flammatory), carbenoxolone (23) (anti-ulcerative), tribenoside (24) (vasopro-
tective), and gliquidone (25) (antidiabetic). These hits were obtained and re-
tested against C. difficile, with the resulting growth inhibition percentages at 
40 µM shown in Figure 6. The methodology is described in detail under 
“Structure-activity relationships of fentiazac”. Only one compound, fentiazac 
(22), showed promising activity, with 70 – 75% growth inhibition.  
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Figure 6: Structures of the six initial hit compounds from the Maier et al. high-
throughput screen, with percentage growth inhibition against C. difficile at 40 µM. 

Fentiazac (22) was developed as a non-steroidal anti-inflammatory drug 
(NSAID), originally synthesised and described in 1974.119 Although the mode 
of action of fentiazac (22) is not published, based on its similarity to arylacetic 
acid NSAIDS, it is likely to inhibit the cyclooxygenase enzymes COX-1 and 
COX-2, leading to inhibition of prostaglandin synthesis. Fentiazac (22) per-
formed well in clinical trials and compared positively to indomethacin, phe-
nylbutazone and aspirin, which were the leading NSAIDs at the time.120 How-
ever, there is little published literature relating to fentiazac (22) in the last 40 
years, and its current market status is assumed to be discontinued.  

Of the six initial drugs we identified from the Maier et al. screen, fentiazac 
(22) was chosen for further antibacterial development, as it inhibited C. dif-
ficile growth to a much greater extent than the other hits. However, significant 
improvements in potency were needed before any potential as a selective an-
tibiotic could be fully realised. With the target in C. difficile unknown, typical 
“top-down” structure-based drug design was not possible. Instead, a small li-
brary of analogues was synthesised to systematically probe for improved 
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growth inhibition by modifying different parts of the molecule. In this way, 
we painted a picture of the structure-activity relationship (SAR) and optimised 
the fentiazac (22) scaffold in a target agnostic manner. Our work involved 
cycles of iterative design, synthesis and testing, where obtained antibacterial 
activities informed the next round of compounds for preparation. However, 
the work is presented below grouped by chemical synthesis, followed by dis-
cussion of biological results. 

Analogue design and synthesis 
Conceptually, the SAR exploration was divided according to fentiazac’s (22) 
four major structural motifs: the central thiazole core, the C5 acetic acid, and 
the C2 and C4 aryl groups (Figure 7). We first developed analogues which 
explored these groups separately, before analogues were prepared which com-
bined the most optimal changes at each position. 
 

 
Figure 7: The structure of fentiazac (22) highlighting the major structural motifs con-
sidered in analogue design. 

At the outset of the project, we wanted to design a synthetic strategy which 
would allow sufficient diversification to generate a range of fentiazac (22) 
analogues. A popular approach in modern medicinal chemistry for forming 
carbon-carbon bonds between aromatic groups is to use palladium-catalysed 
cross-couplings. We were inspired by the work of Tani et al., where they re-
ported a strategy of utilising sequential palladium-catalysed C-H arylation re-
actions to install aryl groups onto an un-functionalised thiazole core, in a pro-
grammable, regioselective fashion.121 They demonstrate that with careful 
choice of reagents and reaction conditions, any pattern of mono-, di-, or tri-
arylated thiazole could be synthesised. Although our core contained the acetic 
acid motif, which was not a substrate in their original work, we felt that this 
modular approach would suit the construction of a library of C2 (30) and C4 
(34) analogues (Scheme 1). The key derivatisation steps would be efficiently 
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introduced as late as possible in the synthesis, allowing common intermediates 
(28 and 32) to be prepared on a large scale. 

 

 
Scheme 1: Proposed general synthetic strategy to access C2 and C4 analogues of fen-
tiazac, based on the work of Tani et al.121 Reagents and conditions: a-i) n-BuLi, ben-
zophenone, Et2O; a-ii) 27, Pd(OAc)2, 1,10-phenanthroline, TEMPO, LiBF4, DMAc, 
100 °C, 48 h; a-iii) Cs2CO3, m-xylene, 150 °C; b) 29, Pd(OAc)2, CuI, DMF, 140 °C, 
40 h; c) 31, Pd(OAc)2, CuI, DMF, 140 °C, 40 h; d) 33, Pd(OAc)2, 1,10-phenanthroline, 
TEMPO, LiBF4, DMAc, 100 °C, 48 h.  

While this strategy initially seemed attractive, in our hands the CH arylation 
reactions were generally very low yielding, with the second addition of the C4 
aryl group 33 often not proceeding at all. Suspecting interference in the Pd 
catalytic cycle from the carboxylic acid moiety, we explored nitrile and ester 
precursors as “masked" carboxylic acids (26b – c), but after repeated efforts 
yielded no improvements, we ultimately abandoned this strategy. 

Based on these difficulties, we instead adopted the original synthesis of 
fentiazac (22) reported by Brown et al.,119 where the thiazole motif is accessed 
via the Hantzsch thiazole synthesis (Scheme 2). To exemplify this route, we 
prepared fentiazac (22) beginning from chlorobenzene (35a), utilising a 
Friedel-Crafts acylation with succinic anhydride to form the aryl ketone 36a. 
Next, an α-bromination using elemental bromine in acetic acid afforded α-
bromoketone 37a, with acidic conditions avoiding over-bromination. In the 
final step, the bromoketone could be cyclised and condensed with thioben-
zamide 38a, using the Hantzsch thiazole synthesis, to obtain fentiazac (22) in 
good overall yields across all three steps. This general synthetic strategy al-
lowed efficient and versatile access to analogues at the C2 position by varying 
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the thioamide in the final step, and to analogues at the C4 position by varying 
the starting benzene in the Friedel-Crafts acylation. 
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Scheme 2: Synthesis of fentiazac (22), modified from the route reported by Brown et 
al.119 Reagents and conditions: a) succinic anhydride, AlCl3, DCM, 0 °C then r.t., 
overnight; b) Br2, AcOH, r.t., overnight; c) DMF, 70 °C, overnight. 

C4 analogues 
First, we investigated the preparation of the C4 analogues through Brown et 
al.’s Hantzsch thiazole synthesis route. This readily afforded the para-substi-
tuted C4 analogues 39 – 41, though yields in the final step were lower than for 
fentiazac (22). To access the ortho- and meta-substitution patterns for ana-
logues 42 and 43, we instead obtained the necessary ketones using a Grignard 
addition to aryl bromides 35e and 35f. The resulting ketones 36e and 36f were 
brominated to afford α-bromoketones 37e and 37f, and then condensed with 
thiobenzamide 38a to yield the final thiazoles 42 and 43. It is important to 
note that reactions were performed on crude mixtures for this route, so while 
low, the yields for thiazoles 42 and 43 are reported over 3 steps. The phenyl 
analogue 44 (not shown) was purchased commercially. 
 

 
Scheme 3: Synthesis of fentiazac C4 analogues 39 – 43. Reagents and conditions: a) 
succinic anhydride, AlCl3, DCM, 0 °C then r.t., overnight; b) Mg turnings, THF, 40 
°C, 1 h, then succinic anhydride, -78 °C to r.t., 4 h; c) Br2, AcOH, r.t., overnight; d) 
DMF, 70 °C, overnight. 
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For the C4 “cutaway” analogue 49, which lacks aryl functionality at the C4 
position, we employed an alternative route, as the Friedel-Crafts step wasn’t 
needed and the equivalent bromo-aldehyde for the Hantzsch reaction would 
be difficult to access. Instead, alcohol 45 was chlorinated using thionyl chlo-
ride to form chloride 46, before substitution using sodium cyanide afforded 
nitrile 47. Next, a Pd-catalysed C-H arylation installed the C2 aryl group (48), 
and the nitrile was hydrolysed under basic conditions to afford the final thia-
zole carboxylic acid 49 (Scheme 4). 

 

 
Scheme 4. Synthesis of thiazole 49. Reagents and conditions: a) SOCl2, r.t., 1 h; b) 
NaCN, DMF, 100 °C, 4 h; c) PhI, Pd(OAc)2, CuI, DMF, 140 °C, 40 h; d) 2 M HCl, 
100 °C, 4 h. 

C2 analogues 
Subsequently, Brown et al.’s Hantzsch methodology was used to generate an-
alogues at the C2 position (Scheme 5). The bromoketone 37a was a common 
intermediate to the synthesis of all C2 analogues (50 – 72) and was prepared 
on a larger scale. Not all desired thioamides were readily available, so for an-
alogues 51, 55, 63, 64, 66, 67, 69, 70, and 72, the appropriate thioamides were 
prepared from the corresponding amides (79) using Lawesson’s reagent in 
moderate-to-good yields (Scheme 6). In some cases, the required amide (76 – 
78) was also unavailable but could be prepared from either the corresponding 
acid chloride (73 or 74) or carboxylic acid (75). 
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Scheme 5: Synthesis of fentiazac C2 analogues 50 – 72. Reagents and conditions: a) 
succinic anhydride, AlCl3, DCM, 0 °C then r.t., overnight; b) Br2, AcOH, r.t., over-
night; c) DMF, 70 °C, overnight. 
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Scheme 6: Synthesis of thioamide starting materials. Reagents and conditions: a) 
NH4OH, THF, r.t., overnight; b) 1,1'-carbonyldiimidazole, 60 °C, 3 h, then NH4OH, 
r.t., overnight; c) 80, THF, r.t., overnight. 

C5 analogues 
We also targeted modifications of the C5 carboxylic acid, and the central thi-
azole core, but to prepare these analogues alternative routes were required. 
Carboxylic acid analogues 81 and 82 were prepared directly via modification 
of fentiazac (22), where alcohol 81 was prepared via reduction using LiAlH4, 
and amide 82 through a typical peptide coupling using 1,1'-carbonyldiimidaz-
ole and aqueous ammonia, with both reactions proceeding in low yields 
(Scheme 7). 
 

 
Scheme 7: Synthesis of alcohol 81 and amide 82 from fentiazac (22). Reagents and 
conditions: a) LiAlH4, THF, r.t., 6 h; b) 1,1'-carbonyldiimidazole, 60 °C, 2 h, then 
NH4OH, r.t., overnight. 

We also targeted analogues with modified C5 carbon chain lengths, and the 
removal of the C5 group entirely. The des-C5 thiazole 84 was prepared in 
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excellent yield using the Hantzsch thiazole synthesis, beginning from aceto-
phenone 83 (Scheme 8). Additionally, the chain-truncated analogue 85 was 
prepared by deprotonating 84 with n-butyllithium, and the resulting anion was 
then quenched with CO2. 
 

 
Scheme 8: Synthesis of C5 analogues 84 and 85. Reagents and conditions: a) DMF, 
70 °C, overnight; b) nBuLi, THF, 0 °C, 0.5 h, then CO2, r.t., 2 h. 

To access the chain-extended analogues 94 – 97, ketone 86 was prepared via 
the same route as ketones 36a – d, via a Friedel-Crafts acylation between chlo-
robenzene 35a and glutaric anhydride. Initial attempts at the bromination im-
mediately formed the 5-membered lactone 87. Instead, ketone 86 was first 
protected as the methyl ester 88, before bromination using elemental bromine 
in acetic acid successfully formed 89 in moderate yield. Cyclization with the 
corresponding thioamides (38a, q, u, v) formed esters 90 – 93 in low-to-mod-
erate yields, which were then hydrolysed under basic conditions to afford the 
thiazoles 94 – 97 in good yields (Scheme 9).  
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Scheme 9: Synthesis of C5 analogues 94 – 97. Reagents and conditions: a) glutaric an-
hydride, AlCl3, DCM, 0 °C to r.t., overnight; b) H2SO4, MeOH, 60 °C, overnight; c) Br2, 
AcOH, r.t., overnight; d) DMF, 70 °C, overnight; e) 2 M NaOH, MeOH, 50 °C, 2 h. 

Thiazole core analogues 
Following this, we explored the modification of the core 5-membered hetero-
cycle. Adapting the work of Romero-Estudillo et al.,122 the methyl ester pro-
tected glutamic acid 98 was reacted with benzoyl chloride to form benzamide 
99 (Scheme 10). Treatment of amide 99 with phenyliodine(III) diacetate 
(PIDA) and benzoic acid, followed by the addition of iodine under heat, led 
to a decarboxylative cyclization and elimination to form oxazole 100. The sec-
ond aryl group was added using the Pd-catalysed C-H activation method re-
ported by Liégault et al.,123 forming oxazole 101 which was deprotected in the 
final step to afford oxazole 102.  
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Scheme 10. Synthesis of core analogue oxazole 102. Reagents and conditions: a) 
BzCl, NaHCO3, THF, r.t., overnight; b) PIDA, BzOH, I2, DCE, reflux, 18 h; c) 1-Br-
4-Cl-benzene, Pd(OAc)2, K2CO3, PCy3.HBF4, PivOH, DMAc, 100 °C, 14 h; d) 1 M 
NaOH, MeOH, 50 °C, 1 h. 

To explore the role of the specific thiazole ring geometry, “rotated” thiazole 
106 was prepared, where the aryl and carboxylic acid groups each occupy dif-
ferent positions. Thiazole 103 was subjected to a Pd-catalysed carbonylation 
in methanol, which transformed the benzylic chloride directly to the methyl 
ester 104 (Scheme 11). The second aryl group was then installed using the C-
H arylation method of Liégault and coworkers.123 The resulting methyl ester 
105 was finally hydrolysed to afford thiazole 106. 
 

 
Scheme 11. Synthesis of “rotated” thiazole 106. Reagents and conditions: a) Pd(OAc)2, 
Mo(CO)6, TBAI, Cs2CO3, MeOH, THF, r.t., 24 h; b) PhBr, Pd(OAc)2, K2CO3, 
PCy3.HBF4, PivOH, DMAc, 100 °C, 14 h; c) 2 M NaOH, MeOH, 50 °C, overnight. 
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Structure-activity relationships of fentiazac 
In our exploration of the SAR of fentiazac (22), the synthesised analogues 
were screened against the common reference strain C. difficile 630, at two-
fold dilutions from 40 µM to 0.08 µM. Bacterial growth in mGAM broth un-
der anaerobic conditions was measured using optical density (OD) measure-
ments at 578 nm. Readings were taken hourly for 20 hours, using an auto-
mated setup with a spectrophotometer and a microplate stacker inside an in-
cubator. The growth curves were cut off at the time point where the exponen-
tial growth of the control stops (entry into stationary phase), and the area under 
the curve (AUC) was calculated and normalised to controls (Figure 8). The 
reported growth inhibition in the SAR study is the percentage reduction in 
AUC compared to controls, for 6 biological replicates. Note that due to the 
data treatment, 100% reduction is not possible, and 99% reduction is consid-
ered complete inhibition. Compared to standard readouts for antibiotic activity 
such as minimum inhibitor concentration (MIC), this AUC-based readout 
gives more detailed information about how growth is affected. Specifically, 
delayed or unusual growth, or a reduction in maximum growth, can give use-
ful information in cases where compounds do not reach complete inhibition.  

 

 
Figure 8: Illustrative example of the adjusted growth curves of C. difficile with fen-
tiazac (22), highlighting the AUC-based methodology used during the SAR study. 
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C4 analogues 
First, we focused on C4 analogues of fentiazac, investigating the role of the 
para-chloro group. A series of seven analogues were prepared and tested for 
C. difficile growth inhibition (Figure 9). 

    

    
Figure 9: Structure activity relationships of C4 analogues 39 – 44 and 49. 

Here, we were surprised to see that the other para-substituted analogues 39 – 
41 (H, OMe, F, respectively) displayed a drastic loss in activity relative to 
fentiazac (22). An exception was methyl analogue 41, which retained a low 
level of inhibition. Shifting the chlorine to the meta (42) or ortho (43) position 
resulted in a similar loss of activity, as did removing the aryl group entirely 
(49). This activity cliff was simultaneously disappointing and encouraging. 
On one hand, the loss of activity from even small changes made further opti-
misation difficult. On the other hand, this same sensitivity suggested a link to 
a specific molecular interaction rather than a broad or non-specific antibacte-
rial mechanism, but this remained undetermined at this stage. Going forward, 
we kept the para-Cl-phenyl motif consistent in all further analogues. 

C2 analogues 
Next, we prepared and tested fentiazac analogues with variation at the C2 group, 
which contained only an unsubstituted phenyl group in the parent molecule. 
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Figure 10: Structure activity relationships of C2 analogues 50 – 63. 

We found that replacing the phenyl group with a benzyl, cyclohexyl or tert-
butyl group (50, 51, and 52) led to a complete loss of activity (Figure 10). 
Maintaining the phenyl ring, we prepared a range of mono-substituted aryl 
analogues (53 – 63) which revealed para-substitution to be the most beneficial 
overall, with the ortho-F analogue 63 as an exception. Several analogues 
showed improved activity over fentiazac (22), with 59 being the most prom-
ising. The para-Cl 59 showed increased inhibition relative to the meta-, and 
ortho-Cl analogues 61 and 62 respectively, reinforcing the preference for 
para-halogens. 
 
Intrigued by the results from mono-substituted C2 aryl analogues, we de-
signed and synthesised a library of di-halogenated compounds to determine if 
any additive effects could be used to increase compound potency (Figure 11).  
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Figure 11: Structure activity relationships of C2 analogues 64 – 72. 

Upon screening, we found that di-halo-substituted analogues 64 – 72 showed 
greatly improved inhibition when compared to the mono-halo analogues (with 
the exception of compound 68). Several compounds could completely inhibit 
C. difficile growth at 40 µM and also showed good inhibitory activity at 20 
µM and 10 µM. Inspired by the most potent mono-halo analogue 59 (96 % 
inhibition at 40 µM), we explored combinations of di-Cl substitution. Combi-
nations of meta- and para-substitution were synergistic, where the meta-meta 
(64) and meta-para (65) analogues were more potent than the respective meta- 
or para-analogues 61 and 59. Despite the poor performance of the ortho-Cl 
62, the ortho-para 66 and ortho-meta 67 analogues were also improved over 
59 and 61, however the ortho-ortho analogue 68 had very low activity. Over-
all, a pattern emerged which again favoured para-substitution as the major 
contributor to activity, with meta-para-analogue 65 being the most potent of 
the di-Cl analogues. 

An additional pattern was observed with variation in the para-halogen, 
where the size of the halogen was correlated with improved activity. Using 65 
as a baseline, the para-fluoro 71 was less potent, and the para-bromo 69 and 
para-iodo 70 were both more potent. Such a trend might arise from a specific 
interaction of the biological target with the para-halogen group, such as halo-
gen bonding, or the increased steric bulk and hydrophobicity associated with 
the larger halogens, but this was only speculative without more information 
of the target or binding mode. 

40 µM 20 µM 10 µM
64 99% 87% 39%
65 99% 96% 48%
66 97% 70% 29%
67 95% 52% 23%
68 13% 4% 2%
69 99% 98% 67%
70 99% 99% 72%
71 96% 55% 22%
72 86% 43% 18%
22 73% 25% 10%

AUC reduction Scale
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41 - 60%
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0 - 20%



 

 51

C5 and thiazole core analogues 
Next, we examined the role of the carboxylic acid group. Here we modified 
the acid functionality and looked at the impact of linker length between this 
group and thiazole core (Figure 12). 

                    

 
Figure 12: Structure activity relationships of C5 and core analogues. 

We found that both reducing the carboxylic acid to an alcohol (81) or con-
verting it to an amide (82) led to a total loss of activity. Removing the C5 
group entirely (84) was also detrimental. At physiological pH, the carbox-
ylic acid would likely be deprotonated, where the amide and alcohol would 
not, suggesting a requirement for the carboxylate anion. However, truncat-
ing the carbon chain in 85 decreased activity significantly, despite retention 
of the carboxylic acid. Conversely, extending the chain improved activity 
for analogue 94 markedly. This extended-acid analogue 94 also inhibited 
growth effectively at 20 µM, which was comparable in potency to the best-
performing di-halo analogues 59, 69 and 70. 

We also explored modification of the core thiazole heterocycle. For oxa-
zole 102, the sulfur atom was exchanged for an oxygen. The “rotated” thiazole 
106 maintained all substituents on the core but exchanged their positions such 
that the central ring heteroatoms occupied a different geometry. Both 

40 µM 20 µM 10 µM
81 0%
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84 0%
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94 96% 92% 44%
102 0%
106 4%
22 73% 25% 10%
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analogues were inactive, suggesting that the presence and orientation of the 
thiazole was required for activity. 

Combo analogues 
In the final stage of the SAR study, we combined aspects from the most potent 
analogues discovered from optimisation at each position. Here, we prepared 
compounds containing the extended carboxylic acid of 94, and the di-halo aryl 
groups of 59, 69, and 70 (Figure 13).  
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Figure 13: Structure activity relationships of “combo” analogues 95 – 97. 

Disappointingly, we did not observe any synergy between the improved C2 
and C5 moieties. “Combo” analogues 95, 96 and 97 were only slightly more 
potent than 94, and equally or marginally less potent in comparison to 59, 69 
and 70. The trend in para-halo substitution was also less pronounced, where 
the para-Br 96 and para-I 97 were equally potent. 

Moving forward from the SAR study, three compounds were selected for fur-
ther testing based on their improved potency over fentiazac and representation 
of the key advances to the scaffold; di-halo analogue 70, extended carboxylic 
acid 94, and combined analogue 97 (Figure 14). Fentiazac (22) was also in-
cluded in all further assays as a baseline.  
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96 99% 98% 58%
97 98% 98% 57%
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Figure 14: Fentiazac (22) and three promising analogues 70, 94 and 97. 

Model microbial community 
With the improved fentiazac analogues we returned to answer a key question 
from our initial aims: would fentiazac’s initial selectivity for C. difficile over 
commensal gut bacteria be maintained? Thus, we screened for selective C. dif-
ficile inhibition amongst a synthetic community of 21 prevalent and abundant 
human gut bacteria which represented 18 different genera. This co-culture, re-
ferred to as Com21, has been utilised in prior research both in vitro and in vivo 
to examine the effects of small-molecule drugs on the microbiome.115,124  

Com21 was inoculated with a modified strain of C. difficile carrying a plas-
mid-based luminescence reporter (C. difficile LM0061). This allowed for 
measurement of a specific luminescence signal which could be used to quan-
tify C. difficile within the context of a complex microbial community.125 The 
reduction in C. difficile colony-forming units (CFU) was also determined as a 
orthogonal measurement for inhibition of C. difficile growth. Finally, the total 
biomass of the coculture was measured (OD 578 nm) to investigate any po-
tential toxic effects on the Com21 bacteria.  

Alongside fentiazac and the three analogues, two additional compounds 
were included as controls: clindamycin and fidaxomicin. Clindamycin is a 
broad-spectrum antibiotic belonging to the lincosamide class which has been 
shown to inhibit all but one of the Com21 member bacteria (the exception 
being E. coli).125 Its inhibition of the gut microbiome exacerbates C. difficile 
outgrowth and it is associated with higher risk for CDI.114,125 Fidaxomicin on 
the other hand is a potent, selective antibiotic used clinically against C. dif-
ficile, and was used as a positive control for C. difficile growth inhibition.100,126  
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Figure 15. Model gut microbiome studies of selected fentiazac analogues. 

A: Growth inhibition curves of 22, 94, 70 and 97 from the SAR study, highlighted 
against all other tested analogues. B: Log2-fold changes in luminescence for C. dif-
ficile LM0061 in Com21 after 5 h of growth in the presence of 22, 94, 70, 97 and 
controls. C: Log2-fold changes in CFU for C. difficile LM0061 in Com21 co-culture 
after 5 and 24 h of growth in the presence of 22, 94, 70, 97 and controls. Dotted lines 
indicate the C. difficile inoculum of ~1.5 x 105 CFU/ml as well as the detection limit 
of ~2 x 104 CFU/ml. D: Effect of 22, 94, 70, 97 and controls on OD of Com21 with 
C. difficile at 5 h and 24 h time points. Results from B – D are normalised to DMSO 
controls. Bars show the mean plus standard deviation of three biological replicates. 
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All tested compounds were able to reduce C. difficile luminescence after 5 h 
in a concentration-dependent manner, consistent with their activity in the SAR 
study (Figure 15B). Analogues 70, 94 and 97 were more effective than fen-
tiazac, and the same trends in activity were again observed between analogues, 
where 70 was slightly more potent than 97, and both were more potent than 
94. An increase in luminescence was observed for the clindamycin treatment, 
due to the expected increase in C. difficile growth from broad-spectrum inhi-
bition of the Com21 members. Fidaxomicin reduced C. difficile luminescence 
across all concentrations. 

Consistent with the lower potency in the luminescence assay, fentiazac (22) 
failed to effectively deplete C. difficile from the co-culture (Figure 15C). At 
40 µM all analogues reduced colony-forming units below the detection limit 
after 5 h, with the exception of 94 which was similarly inactive to fentiazac. 
Interestingly, after 24 hours, 94 also suppressed C. difficile growth to a similar 
extent as the other analogues. The clindamycin and fidaxomicin treatments 
again performed according to expectations, where colony-forming units in-
creased in the presence of clindamycin, and fidaxomicin reduced counts below 
the detection limit at all concentrations. 

In line with the initial findings by Maier et al.,114 fentiazac had almost no 
impact on overall community biomass (Figure 15D). After 5 h fentiazac ana-
logues 70 and 97 showed toxicity against the Com21 bacteria at higher con-
centrations. Compound 94 only showed a slight reduction in OD at the highest 
concentration and had otherwise minimal impact. After 24 h, the communities 
showed signs of recovery in OD, likely due to the continued growth of any 
tolerant species. As anticipated, the broad-spectrum control clindamycin sig-
nificantly reduced biomass at all tested concentrations, aligning with the pre-
vious observations of increased C. difficile growth. Despite its reported higher 
selectivity for C. difficile, fidaxomicin also reduced community OD.  As Clos-
tridium perfringens is a highly abundant member of Com21,115 and since fi-
daxomicin has also been reported to inhibit this species,126 this could partially 
explain the drop in biomass. 

Disappointingly, the fentiazac analogues which exhibited the most potent 
activity against C. difficile in the SAR study, and reduced luminescence and 
CDU most effectively in the Com21 assays, also caused significant reduction 
in the overall community biomass. Moving forward, 94 looked to be the most 
promising compound, despite lesser potency than other tested analogues. Se-
lective activity is perhaps the most important quality for a potential antibiotic 
against C. difficile, and 94 was very well tolerated by the Com21 species. 
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C. difficile clinical isolates 
To further investigate the potential of the fentiazac analogues in a clinical con-
text, three compounds (22, 70, and 94) were selected for antimicrobial suscep-
tibility testing against sixteen C. difficile clinical isolates (Table 1). Genet-
ically, C. difficile is divided into five clades, and within each clade strains are 
commonly identified and grouped based on their ribosomal RNA; the PCR 
ribotype. In the current work, clinical isolates were selected on the basis of 
phylogenetic distribution across all five clades.  
 
Table 1. Minimum inhibitory concentration (µg/mL) for 22, 70, and 94 against sixteen 
clinical C. difficile isolates, on BHIY agar.  

 

PCR ribotype  Clade  MIC (µg/mL)  
22 70 94 

001  1  32 - 64  16  4  
002  1  64 - >64  8 - 16  4  
005  1  64 - >64  16  8  
014  1  32 - 64  8 - 16  8  
016  2  32  16  4  
019  2  64  16  8  
027  2  32  16  4  
036  2  32  16  4  
023  3  64  8 - 16  4  
058  3  64  8  4  
063  3  >64  16  4  
017  4  >64  16  8  
060  4  64  16  4  
033  5  64  16  4  
066  5  64  16  4  
078  5  16  16  4  

As expected, fentiazac (22) showed only very weak activity against the C. 
difficile isolates. In comparison, both 70 and 94 showed significant 
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improvement. More surprising was the difference in activity between the two 
analogues. Analogue 94 was able to inhibit growth of all tested isolates at 
concentrations 1 – 2 dilutions lower than 70, despite the latter exhibiting 
greater potency in all previous assays. Initially, the assays were run on Bru-
cella blood agar, but unexpectedly 70 was found to be completely inactive in 
this medium. Repeating testing with Brucella brain heart infusion media with 
yeast extract (BHIY) led to the values reported in Table 1. These results might 
indicate that the presence of blood or blood-derived substances negatively im-
pacts potency, potentially due to high plasma protein binding, though this has 
not yet been verified. 

Counter screens were also conducted against C. difficile reference strain 
ATCC 70057, Gram-negatives B. fragilis and E. coli, and Gram-positive S. 
aureus (Table 2). Consistent results were obtained against the C. difficile ref-
erence strain. Whilst analogue 94 did not show any strong activity against 
other strains, 70 was active against both S. aureus and B. fragilis, tentatively 
suggesting broader-spectrum activity and a connection to its impact on the 
Com21 members. The potent activity against S. aureus was unexpected, and 
may warrant further investigation in the future. 
 
Table 2. Minimum inhibitory concentration (µg/mL) for 22, 70, and 94 against control 
strains C. difficile ATCC70057, B. fragilis, E. coli and S. aureus.  

 

Control  
MIC (µg/mL)  

22 70 94 
C. difficile ATCC 70057  32  8  4  
B. fragilis ATCC 25285 >64  8 - 16 >64  

E. coli ATCC 25922 >64  >64  >64  
S. aureus ATCC 29213 64  0.125 - 2  16 - 32 
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Anti-inflammatory activity 
C. difficile infection is characterized by severe inflammation of the intestinal 
epithelium. Given that fentiazac is an NSAID, we investigated whether the 
analogues optimised for antimicrobial activity would retain any of fentiazac’s 
original anti-inflammatory properties. The mechanism of action of NSAIDs is 
the inhibition of the cyclooxygenase enzyme COX-2, although many NSAIDs 
also exhibit off-target inhibition of COX-1 (Figure 16).127 COX-1 and COX-
2 convert arachidonic acid into prostaglandin H2 (PGH2), which is further 
modified into multiple additional prostaglandins, including PGD2, PGE2, and 
PGF2α, and also related compounds such as the thromboxane TxB2. During 
inflammation, prostaglandins are secreted by immune and somatic cells in the 
inflamed tissue, and the prostaglandins stimulate peripheral nerve cells which 
we experience as pain.128 Thus, inhibition of prostaglandin synthesis reduces 
inflammation, and dulls the perception of pain. 

 

 
Figure 16: Inhibition of COX-1/2 prevents downstream prostaglandin synthesis. 

Fentiazac (22) and analogues 70, 94, and 97 were evaluated in the SW982-
NF-kB cell reporter line, with the selective COX-2 inhibitor NS-398 used as 
a control (Figure 17).129 Of note, the NF-kB reporter was solely used as a con-
trol, so inhibition of the NF-kB pathway was not expected. Accordingly, none 
of the compounds affected NF-kB pathway activity, and cell viability was not 
affected at the tested concentration range (see supporting information, Man-
uscript I). Consistent with its known activity, fentiazac (22) strongly reduced 
all prostaglandin levels (PGD2, PGE2, PGF2α, and TxB2) even at the lowest 
tested concentrations (12.5-25 nM; Figure 17). 
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Figure 17. Prostaglandin levels in SW982-NF-ĸB cell line after treatment with 22, 70, 
94 and 97, and positive control NS-398. Data shown in % ± standard error of the 
mean, from n ≥1 experiments in duplicates normalized to stimulated viable cells. 

22 70 

94 97 



 

 60 

All analogues retained some anti-inflammatory activity, but were considera-
bly less potent than fentiazac (22). Among them, 94 showed the strongest in-
hibitory potential, reducing all prostaglandin levels below 50 % at concentra-
tions between 1.25 and 2.5 µM. Compounds 70 and 97 were more than 5-fold 
less potent than 94, reducing prostaglandin levels below 50 % at concentra-
tions between 10 and 15 µM. All compounds displayed notable prostaglandin 
inhibition (>50%) at the concentrations where they were active against C. dif-
ficile. The tested compounds showed similar reduction across all tested pros-
tanoids, consistent with upstream, non-selective inhibition of COX-1/-2, ra-
ther than specific regulation of any one individual prostaglandin synthase.  

A C. difficile inhibitor with dual-action infection control and symptom relief 
would be an interesting prospect, however it isn’t clear at present whether this 
would truly be an advantage. NSAIDs (most notably COX-1/-2 non-selective) 
are well-documented in inducing damage to the stomach and intestinal epithe-
lium with prolonged use, disrupting the gastric mucosa, gastric acid secretion, 
reducing mucosal blood flow, and contributing to gastric bleeding and ulcer for-
mation.130 An appropriate in vivo gut inflammation/infection animal model 
would be required to properly assess if anti-inflammatory activity is beneficial. 

Cell permeability 
Poor oral bioavailability, or poor permeability across the intestinal epithelium, 
results in increased luminal and mucosal concentrations of a drug compound. 
For antibiotics targeting infections in the intestine, this would be an advantage.  
Vancomycin and fidaxomicin, the current recommended treatments for CDI, 
both exhibit very low oral bioavailability,131,132 allowing the antibiotics to ac-
cumulate in the intestinal lumen and reach effective concentrations more rap-
idly. As an additional benefit, low systemic absorption also reduces the risk 
for off-target toxicity.132 Fentiazac, on the other hand, has been reported to be 
rapidly absorbed, and also rapidly excreted, based on plasma concentration 
data.120,133 When screening for the absorption of novel compounds, in vitro 
apparent permeability (Papp) assays are used, as they often correlate with the 
in vivo fraction absorbed for a given compound.134 To specifically assess the 
Papp of fentiazac (22) and 94, a trans-well assay using Caco-2 intestinal epi-
thelial cells was run (Figure 18). In this assay, the polarized and tightly joined 
layer of Caco-2 cells creates an epithelial barrier, which prevents paracellular 
diffusion of compounds between the donor and acceptor compartments of the 
trans-well.135 To reach the acceptor chamber, compounds must pass through 
the cells, thus by measuring compound concentrations in the acceptor chamber 
after a specific elapsed time, the Papp can be calculated. Papp assays can be per-
formed using the apical (luminal) side of the trans-well as a donor (AB) 
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with the basolateral (serosal) side as an acceptor, or in the opposite fashion 
(BA) (Figure 18A). 

 
Figure 18: A: Schematic representation of Papp experiments in the AB and BA 
direction, arrows show the drug transport from the donor to the acceptor chamber B: 
AB Papp of analogues 22 and 94. Unpaired t-test. *p<0.05. C: BA Papp values of 
analogues 22 and 94. Unpaired t-test. **p<0.001. D: Comparison of AB Papp and 
BA Papp across analogues. Unpaired t-tests. ***p<0.0001. E: Efflux ratios for ana-
logues 22 and 94. Unpaired t-test showed no significance.  

Compounds 22 and 39 both demonstrated high Papp values (33.89 ± 11.16×10-

6 cm/s and 65.81 ± 6.79 ×10-6 cm/s) (Figure 18B), which corresponds to a very 
high intestinal absorption and thus bioavailability.134 The Papp value for 94 was 
significantly higher than for 22, possibly resulting from the expected increase 
in lipophilicity from the extended carboxylic acid chain. However, both com-
pounds demonstrated significantly higher PappBA compared to PappAB (Fig-
ure 18D) demonstrating active efflux. The efflux ratio of compound 22 in par-
ticular (5.34) is sufficiently high to indicate increased luminal accumulation 
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over absorption (Figure 18E). Conversely, 94 has an efflux ratio of 1.7, which 
shows weak active efflux that could still be overcome by passive diffusion. 
Though 22 is rapidly cleared from plasma,133 to our knowledge it is not a known 
substrate for the most clinically relevant intestinal efflux transporters BCRP or 
P-gp, and further studies are needed to assess the transporters of which 22 or 94 
are substrates for active efflux. The high Papp measured for compound 94 indi-
cates that it may not be able to accumulate efficiently in the intestine, and these 
trends would need to be validated in an animal model. Further compound opti-
misation may be required for optimal pharmacokinetics. 

Cell toxicity 
To assess the potential for cytotoxic side effects, fentiazac (22) and analogues 
70 and 94 were screened against HepG2 cell lines across a range of concen-
trations (Figure 19). None of the three tested compounds showed any appre-
ciable toxicity, and IC50 values could not be determined. 

 
Figure 19. Cytotoxicity dose-response curves of fentiazac (22) and selected analogues 
(70 and 94) in HepG2 cells, with doxorubicin as the positive control. 
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Resistant mutant sequencing 
Motivated by the potential shown by 94 in the clinical isolates assays, we set 
out to elucidate the target in C. difficile by raising and sequencing resistant 
mutants. This is a common method of target identification used in drug devel-
opment, where bacteria are grown in the presence of an antibiotic for an ex-
tended period. Any bacterial colonies that succeed in growing must have ac-
quired a mutation (i.e. evolved) to resist the antibiotic, thus the protein or path-
way containing the mutation is a potential target of the antibiotic.  

We attempted to raise resistant mutants of a lab strain of C. difficile 
630Δerm136 against both 70 and 94. The bacteria were plated on agar con-
taining 70 or 94 at a range of 4 – 64 µg/mL concentrations and incubated 
for 96 hours. No resistant colonies could be grown against 70, but 9 inde-
pendent colonies were successfully obtained from 94, from either 8 µg/mL 
or 16 µg/mL concentrations. The mutations were shown to be stable, and 
the mutant colonies capable of growth in the presence of 94 at the highest 
tested concentrations (64 µg/mL). Whole genome sequencing was per-
formed to identify mutations that were present in resistant strains, but not 
in the original parent strain. 

In 7/9 mutants (78%), we identified high-confidence mutations in the dnaE 
gene, which encodes the alpha subunit of the lagging-strand DNA polymerase 
that performs an essential function in DNA replication. The mutations resulted 
in p.Pro285Ser, p.Pro285Leu, p.Thr374Ile, p.Ala629Val (2x), p.Glu710Lys, 
and p.Ala763Thr substitutions.  The remaining two mutants carried mutations 
in the anaerobic ribonucleoside-triphosphate reductase pathway (nrdDp.Arg100Ile 
and nrdRp.Glu41Asp). Together, our results strongly suggest that the DNA poly-
merase subunit DnaE is the cellular target of 94. Further experiments are re-
quired to validate the mode of action, in addition to structural biology inves-
tigations to establish how 94 binds to its target. As our work so far has purely 
relied on phenotypic inhibition readouts, we hope that deeper mechanistic 
studies will allow us to complement this with a more structure-based approach 
for further compound development. 
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Summary of Manuscript I 
In Manuscript I, we aimed to explore the structure-activity relationships of 
fentiazac (22), a non-steroidal anti-inflammatory drug discovered to selec-
tively inhibit growth of C. difficile, and apply the knowledge gained to devel-
oping improved microbial inhibitors which spare the gut microbiome. We syn-
thesised analogues with superior activity to fentiazac and showed that these 
were able to reduce the growth of C. difficile in the context of a synthetic 
microbial community. Only analogue 94 was well-tolerated by the commensal 
gut bacteria, which despite only moderate performance in early assays, proved 
to capably inhibit a panel of clinical C. difficile isolates. This analogue demon-
strated a reduction in anti-inflammatory activity compared to fentiazac, in-
creased intestinal permeability, and no cytotoxicity. Through genome se-
quencing of resistant mutants, we identified DNA polymerase subunit DnaE 
as the likely target of 94 in C. difficile. 
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Part II:  LolCDE 

Pyrazole-based inhibitors of lipoprotein transport in 
Gram-negative bacteria (Manuscript II) 

Background and aims 
The Gram-negative localisation of lipoprotein (Lol) system has emerged as an 
attractive, yet underexplored, target for antibacterial discovery efforts.41–43 
This system is responsible for extracting lipoproteins from the inner mem-
brane and transporting them to their intended outer membrane location. Inhib-
iting the complex responsible for lipoprotein recognition and extraction, 
LolCDE, disrupts outer membrane biogenesis, function and integrity, and 
causes a toxic build-up of the lipoprotein Lpp on the inner membrane. In 2015, 
AstraZeneca reported two hit compounds discovered by high-throughput 
screening, pyrazole 11,50 and imidazole 12 (Figure 20).49 The authors high-
lighted a need for increased potency against wild-type Gram-negative bacte-
ria, and further improvements in drug-like properties. Based on the lack of 
follow up studies in the literature, these LolCDE inhibitors inspired the 
Moodie group to improve the scaffolds further and develop our own inhibitor 
series. In the original publication by McLeod et al., they reported a single 
methylpyridine analogue (13) of the imidazole hit 12 (Figure 20), with im-
proved WT potency. However, at the time this was the only available infor-
mation on the SAR of these two scaffolds in the scientific literature. In 2018, 
a team from Genentech reported G0793 (14) from an alternate LolCDE inhib-
itor scaffold, alongside a small SAR study (8 compounds),137 but it was un-
clear if or how this could be applied to the AstraZeneca scaffolds. During the 
progress of our work two other LolCDE inhibitors were reported: lolamicin 
(17)44 and SMT-738 (15),53 based on the AstraZeneca pyrazole and imidazole 
hits, respectively. In their discovery of 17, Muñoz et al. report a small SAR 
library which is mostly focused on amine- and nitrile-bearing benzyl aryl an-
alogues of the pyrazole hit 11,44 but for 15 no SAR has been published.   
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Figure 20: reported inhibitors of the E. coli LolCDE complex and MICs against wild-
type (WT) and/or ΔtolC E. coli (11, 12, 13, 17 against ATCC 25922; 14, against 
MG1655; 15, against NCTC 13441)   

In Manuscript II, we aimed to generate a library of analogues based on the 
pyrazole-containing hit compound 11, targeting the aryl and pyridine moieties 
for variation (Figure 21). This would allow us to search for structural features 
that influence antibacterial potency and other properties such as solubility, 
toxicity, and metabolic stability. The overall goal was to develop inhibitors of 
the E. coli LolCDE complex with improved activity and drug-like properties. 
 

 
Figure 21: AstraZeneca pyrazole hit compound 11, highlighting pyridine and aryl 
groups for development. 
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Analogue design, synthesis, and structure-activity relationships 
To generate a library of analogues based on the hit pyrazole 11, we aimed for 
a synthetic route that would provide flexibility for preparing analogues that 
could be varied at both the pyridine (Py) and aryl (Ar) positions on the pyra-
zole ring. This led to general synthetic “Route A” which utilised sequential 
palladium-catalysed cross couplings (Suzuki coupling and CH-arylation) to 
generate analogues (Scheme 12).  

 

 
Scheme 12: General synthetic Route A to access analogues of pyrazole 11. Reagents 
and conditions: a) NaH, SEM-Cl, THF, 0 °C to r.t., overnight; b) Pyridine-Br, 
Pd(dppf)Cl2, Cs2CO3, DMF/H2O (99:1), 80 °C, overnight; c) Aryl-Br, Pd(OAc)2, 
P(nBu)Ad2, K2CO3, PivOH, DMAc, 140 °C, overnight; d) 1 M HCl, MeOH,  
80 °C, 4 h. 

 
In terms of analogue design, we first opted to explore the pyridine motif of 11 
and the position of the ether linkage on the aryl group. In their discovery of 
the imidazole-based inhibitor 12, Mcleod et al. had noted that the pyridine C2 
methyl analogue 13 had notably improved WT activity (MICs of 12 and 13: 
32 vs 4 µg/mL against E. coli strain ATCC 25922). Initially, we focused on 
determining if similar modifications to the pyrazole-based inhibitor 11 would 
also provide this increase in antibacterial activity, and if it was additive for a 
2,6-dimethylated pyridine. This led to the design of an initial compound li-
brary (Figure 22). Several facets were to be investigated, including pyridine 
methylation (111 – 113) and the position of the ether linkage (114). 

 

 
Figure 22: Initial compound library of pyrazole analogues. 
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To enact this strategy, the pinacol boronate ester 107 was first N-protected 
with a 2-[trimethylsilyl]ethoxymethyl (SEM) protecting group to form pyra-
zole 108 (Scheme 13).138 The pyridine motif was then introduced via Suzuki 
coupling reactions to form pyrazoles 109a - d. Next, we used the CH arylation 
protocol of Goikhman et al.139 to install the aryl groups onto the pyrazole core 
(110a – d). Lastly, the SEM protecting group was removed under acidic con-
ditions to afford 11, and analogues 111 – 113. Yields for the penultimate CH 
arylation step were overall moderate-to-low, due to poor reaction conversion 
and co-elution of unreacted starting materials during purification. In general, 
we considered this an acceptable compromise for efficiency of the synthetic 
route, as only small amounts of each analogue were required for characterisa-
tion and initial evaluation. 
 

 
Scheme 13: Synthetic Route A to access 11 and 111 – 113. Reagents and conditions: a) 
NaH, SEM-Cl, THF, 0 °C to r.t., overnight; b) Pyridine-Br, Pd(dppf)Cl2, Cs2CO3, 
DMF/H2O (99:1), 80 °C, overnight; c) Aryl-Br, Pd(OAc)2, P(nBu)Ad2, K2CO3, PivOH, 
DMAc, 140 °C, overnight; d) 1 M HCl, MeOH, 80 °C, 4 h. 

Employing the same general route, the aryl analogue 114 which contains a 
para-ether linkage was successfully prepared (Scheme 14). After discovering 
poor drug-like properties associated with these initial compounds (vide infra), 
the hybrid compound 115 (incorporating the aryl group from imidazole 12) 
was also prepared. The route also proved useful upon the publication of 
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lolamicin (17), as we could rapidly synthesise it from pyrazole 109d for 
benchmarking purposes.  
 

 
Scheme 14: Synthetic route A to access initial aryl analogues 114 and 115, and 
lolamicin (17). Reagents and conditions: a) Aryl-Br, Pd(OAc)2, P(nBu)Ad2, K2CO3, 
PivOH, DMAc, 140 °C, overnight; b) 4 M HCl/dioxane, 80 °C, 1 h; c) 1 M HCl, 
MeOH, 80 °C, 4 h. 

To assess the activity of the synthesised compounds, minimum inhibitory con-
centrations (MICs) were determined against both WT (wild-type) and ΔtolC 
(efflux-deficient) E. coli ATCC 25922. TolC is an outer-membrane protein 
which forms a channel that extends far into the periplasm. It acts as the “exit 
tunnel” for multiple efflux pumps in E. coli, and thus ΔtolC E. coli, which lack 
this channel protein, have essentially no efflux capacity.140 

 
 



 

 70 

 

 
Figure 23. MIC and toxicity data of pyrazole analogues 111 – 115 and lolamicin (17) 
in comparison with AstraZeneca pyrazole hit 11. 

Upon synthesising hit compound 11, we found it provided similar results to 
previous literature reports against the same E. coli strains (reported MIC: 8 
µg/mL, this study: 4 µg/mL) (Figure 23).50 In our initial screen of pyrazole 
analogues, the MIC improved with the addition of one methyl group to the 
pyridine ring (111). This reiterated that the finding of McLeod et al. (adding 
a single methyl to the imidazole scaffold to boost WT potency) could also be 
applied to the pyrazole hit. Furthermore, the improvement was additive, with 
the dimethyl compound 113 showing further improvement over 11 and 111. 
Comparison of compounds 111 and 112 showed that the position of the methyl 
group is linked to gains in antibacterial potency, where the 3-methyl variant 
112 was less active. It is interesting to note that SMT-738 (15) also bears this 
methyl pattern (Figure 20) but is very potent in contrast. We modified the po-
sition of benzyl ether attachment in 16, but this similarly reduced activity 
(114). In their reported synthesis of lolamicin (17), Muñoz et al. began with 
the same methyl-scan strategy and reported similar gains in potency from the 

HLM stability
WT MIC 
(μg/mL)

 ΔtolC 
(μg/mL)

HepG2 
CC50 (μM)

HK-2 CC50 

(μM)
hERG    

(%, 30 μM) Kinetic Thermo-
dynamic

T1/2

 (min)
11 4 32 41.3 >100 77.8 0.6 14.5 4.1

111 2 <0.125 43.9 - - - - -
112 16 1 - - - 3.7 - 1.1
113 1 <0.125 34.3 48.1 95.0 31.3 267.8 1.9
114 16 1 - - - - - -
115 1 <0.125 - >100 17.7 109.1 71.6 20.4
17 0.25 <0.125 5.6 >100 93.3 38.5 289.1 1.1

E. coli ATCC 25922 Cytotoxicity Solubility (μM)
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dimethylpyridine. Upon its publication, we also synthesised lolamicin (17) to 
use as a benchmark, which was as potent as expected (MIC: 0.25 μg/mL).  
 
As a key aim of this work was to improve drug-like properties, we investigated 
several additional properties alongside the SAR work. This included kinetic 
and/or thermodynamic solubility, metabolic stability in human liver micro-
somes (HLM), and cell toxicity against the HepG2 liver cancer cell line and/or 
HK-2 human kidney cells (Figure 23). We also screened for inhibition of the 
human ether-à-go-go-related gene (hERG) potassium channel, where high 
percentage inhibition can indicate cardiac safety risks. We found that 11 suf-
fered from poor solubility (kinetic: 0.6 µM, thermodynamic: 14.5 µM), short 
metabolic half-life (4.1 min), and some toxicity in HepG2 cells (CC50: 48.1 
µM). Inhibition of the hERG channel was also unacceptably high (77.8% at 
30 µM). Despite good potency against WT E. coli and improved solubility, 
the higher toxicity for 113 in all three assays is likely too great a compromise 
for a lower MIC value. Notably, lolamicin (17) was also toxic against HepG2 
cells (CC50: 5.6 µM), strongly inhibited hERG (93.3% at 30 µM), and had a 
half-life of ca. 1 min in HLM. Interestingly, 17 was not cytotoxic against HK-
2 cells. Tentatively, if metabolic enzymes are active in the liver-derived 
HepG2 cell lines then toxicity could be linked to a metabolite of 17, but further 
experiments are required to verify this. In the original report of 17, toxicity 
was measured only in HFF-1 (human foreskin fibroblast) and A-549 (lung-
derived carcinoma) cell lines.44  

We suspected that the poor solubility and metabolic stability might be cor-
related with the benzyl ether aryl group, so we substituted it for the 1,4-ben-
zodioxane group from the AstraZeneca imidazole hit compound 12. The re-
sulting compound 115 was not only more soluble than 11 (kinetic: 109.1 µM, 
thermodynamic: 71.6 µM), but also more active against WT E. coli (MIC = 1 
µg/mL), and showed greatly reduced hERG toxicity (17.7% at 30 µM). Met-
abolic stability was also improved over 11, though still low overall. We opted 
to use 115 as the new baseline for further SAR work and continued to explore 
the pyridine motif more thoroughly.  

Pyridine SAR 
Now opting for the 1,4-benzodioxane group in the aryl position, we repeated 
the strategy of adding methyl groups adjacent to the pyridine nitrogen (116 
and 117), and expanded the scope to a methoxy (118) and trifluoromethyl 
(119) group (Figure 24). In addition, we also targeted the pyridine ring itself 
for variation, synthesising phenyl analogue 120, pyridine 121, pyridazine 122 
and pyrimidine 123.  
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Figure 24: Targeted pyridine analogues of compound 115. 

To generate pyridine analogues of pyrazole 115, we continued to follow Route 
A, as the corresponding pyridyl aryl bromides were readily available, and we 
already had access to intermediate pyrazole 108 (Scheme 15). This chemistry 
proceeded smoothly, albeit in low yields, but nevertheless provided sufficient 
material for testing. During synthesis of 118, the SEM deprotection of inter-
mediate 110j under acidic conditions also led to partial hydrolysis, which 
formed the pyridone analogue 124 as a byproduct. It is important to note that 
the pyrimidine analogue 123 was synthesised following a different method, 
which is described later (Route B). 
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Scheme 15: synthesis of pyridine analogues 116 – 122 and 124. Reagents and condi-
tions: a) NaH, SEM-Cl, THF, 0 °C to r.t., overnight; b) Pyridine-bromide, 
Pd(dppf)Cl2, Cs2CO3, DMF/H2O (99:1), 80 °C, overnight; c) 6-Bromo-1,4-benzodi-
oxane, Pd(OAc)2, P(nBu)Ad2, K2CO3, PivOH, DMAc, 140 °C, overnight; d) 1 M HCl, 
MeOH, 80 °C, 4 h. 

Pyridine analogues 116 – 124 were screened against both WT and ΔtolC E. 
coli ATCC 25922, and any analogues with promising activity were also 
screened for toxicity, solubility, and metabolic stability (Figure 25). Data for 
pyrazole 115 is also included for comparison. 
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Figure 25. Structure-activity and structure-toxicity relationships of pyridine ana-
logues 116 – 124. 

Contrary to our previous findings, the methyl analogue 116 (MIC: 4 µg/mL) 
was less potent than the unsubstituted pyridine (MIC: 1 µg/mL). The dimethyl 
analogue 117 was equally potent (MIC: 1 µg/mL), but performed worse in all 
other metrics. This was notable for hERG inhibition, which could be linked to 
the increasing lipophilicity of the methyl series.141 Despite also being inactive 
against WT E. coli, the methoxy (118) and trifluoromethyl (119) group re-
tained moderate-to-good activity against ΔtolC E. coli (MIC: 8 and 2 µg/mL, 
respectively). 

Removal of the pyridine nitrogen (120) and shifting the nitrogen position 
(121) resulted in a complete loss of activity. Pyridazine 122, pyrimidine 123, 
and pyridone 124 were similarly inactive. These results suggested that the pyr-
idine nitrogen lone pair electrons might form a critical interaction with the 
target, especially considering that 120 and 121 were both inactive. The influ-
ence of the mildly electron-donating methyl groups of 116 and 117, and the 
more electron poor rings of inactive pyridazine 122 and pyrimidine 123 are 
consistent with this, although this evidence is far from conclusive and in both 
cases other factors may be involved.  
These results are also backed up by the inactivity of pyridone 124 where the 
ring nitrogen is now a potential H-bond donor (assuming it resides in its pyr-
idone and not hydroxypyridine tautomer). The results obtained from OMe- 
and CF3-substituted 118 and 119, demonstrate that small modifications can 

HLM stability

WT MIC 
(μg/mL)

 ΔtolC 
(μg/mL)

HK-2    
CC50 (μM)

hERG        
(% at 30 μM) Kinetic Thermo-

dynamic
T1/2

 (min)

115 1 <0.125 >100 17.7 109.1 71.6 20.4
116 4 0.5 >100 57.4 67.6 34.1 10.6
117 1 <0.125 >100 80.7 49.4 - 16.4

Cytotoxicity Solubility (μM)E. coli ATCC 25922
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highly influence compound accumulation (inactive against WT, but some po-
tency in ΔtolC mutant strains). In the recently reported cryo-EM structure of 
SMT-738 (15) in complex with LolCDE, its pyridine nitrogen is in close prox-
imity to the carboxylate group of LolC glutamic acid 263.59 However, it is not 
yet clear if the binding mode of this 2-aminoimidazole LolCDE inhibitor ap-
plies to other scaffolds. Overall, our results reveal a fairly rigid SAR for the 
pyridine moiety, where modification either reduces potency, or maintains ac-
tivity but introduces liabilities such as hERG inhibition.  

Aryl SAR 
Exchanging the original benzyl ether motif of 11 for the 1,4-benzodioxane 
aryl group in compound 115 afforded improvements in potency and reduction 
in cytotoxicity. Encouraged by these gains, we moved to explore the benzodi-
oxane motif further, and synthesised a range of analogues varying the “diox-
ane” portion of this substituent. To this end, we targeted 3- and 4-methoxy- 
(125 and 126), 3,4-dimethoxy- (127), and 3,4-dioxole- (128) substituted phe-
nyl analogues, and the phenyl analogue 129 with the dioxane ring removed 
altogether. We also prepared chromanes 130 and 131, where one oxygen is 
removed, and benzomorpholines 132 and 133, where one oxygen is replaced 
with a nitrogen. 
 

 
Figure 26: Targeted aryl analogues 125 – 133  

SEM-pyrazole 109a was readily available through Route A, requiring only the 
CH arylation and SEM deprotection steps to access diversification of the aryl 
moiety (Scheme 16). As for previous applications of Route A, the penultimate 
CH arylation reaction was low-yielding but proved capable for synthesis of 
sufficient quantities of analogues 125 – 128, and 130 – 132. Analogues 129 
and 133 were accessed using a different route, which is described later.  
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Scheme 16: Synthesis of aryl analogues 125 – 128 and 130 – 132 following route A. 
Reagents and conditions: a) NaH, SEM-Cl, THF, 0 °C to r.t., overnight; b) 4-Bro-
mopyridine, Pd(dppf)Cl2, Cs2CO3, DMF/H2O (99:1), 80 °C, overnight; c) Aryl-bro-
mide, Pd(OAc)2, P(nBu)Ad2, K2CO3, PivOH, DMAc, 140 °C, overnight; d) 1 M HCl, 
MeOH, 80 °C, 4 h. 

This CH arylation step became especially problematic when targeting the ben-
zomorpholine analogues 132 and 133, where reaction conversion was ex-
tremely poor. N-Protection of the corresponding benzomorpholine aryl bro-
mides, using a tert-butyloxycarbonyl (Boc) group, improved conversion, how-
ever the Boc group proved unstable to the high reaction temperature and ex-
tended reaction times. Beneficially, this skipped the subsequent deprotection 
reaction, but also reintroduced the free benzomorpholine into the arylation re-
action, which we suspected coordinated to the palladium catalyst and stalled 
the reaction, as well as complicated purification. 

This motivated exploration of an alternative approach (Route B) based on 
the original synthesis of 11 (Scheme 17).50 Beginning with the aryl moiety, 
the appropriate carboxylic acid 134 was converted to its Weinreb amide 135 
using hexafluorophosphate azabenzotriazole tetramethyl uronium (HATU) 
and N,O-dimethyl hydroxylamine hydrochloride. The methylpyridine was 
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deprotonated using lithium diisopropylamide (LDA), and the resulting anion 
added to Weinreb amide 135 to afford the ketone 136. Utilising the Weinreb 
amide was necessary to avoid over-addition to the resulting ketone. In the final 
step, ketone 136 was heated under reflux in N,N-dimethylformamide dimethyl 
acetal (DMF-DMA) to form the enamine 137 in situ, which was immediately 
condensed with hydrazine hydrate to generate the final pyrazole 138. 
  

 
Scheme 17: General synthetic route B to access pyrazole analogues. Reagents and 
conditions: a) HATU, DIPEA, MeNHOMe.HCl, DMF, r.t., overnight; b) 4-
methylpyridine, LDA, THF, -78 °C to r.t., overnight; c) DMF-DMA, 110 °C, 3 h, then 
N2H4.H2O, MeOH, reflux, 2 h. 

To access benzomorpholine 133 via Route B, we first required the synthesis 
of the corresponding Weinreb amide 142 (Scheme 18). Due to limited com-
mercial availability of starting materials, we began with ester 139, which 
could be Boc-protected to afford ester 140. Next, hydrolysis under basic con-
ditions revealed the carboxylic acid 141 while preserving the acid-sensitive 
Boc group. The acid 141 was then activated with HATU and substituted with 
N,O-dimethyl hydroxylamine hydrochloride to obtain the required Weinreb 
amide 142. From here, the DMF-DMA/hydrazine hydrate/Boc deprotection 
sequence provided the target compound 133. 

Using this route, we also synthesised the pyrimidine 123 (described under 
“pyridine SAR”), and phenyl analogue 129. Pyrimidine 123 required the ben-
zodioxane Weinreb amide 146, which could be accessed from carboxylic acid 
145 according to the same Route B methodology. Deprotonation of 4-
methylpyrimidine, and addition of the resulting anion to Weinreb amide 146, 
formed ketone 147, which was cyclised with DMF-DMA followed by hydra-
zine to afford the final pyrimidine 123. Similarly, Weinreb amide 149 could 
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be accessed from benzoic acid 148, before formation of ketone 150 and finally 
phenyl-pyrazole 129 proceeded in a similar fashion to the previous analogues.  

 

 
Scheme 18: Synthesis of analogues 133, 123 and 129 utilising Route B. Reagents and 
conditions: a) Boc2O, DIPEA, THF, 65 °C, 5 days; b) 2 M NaOH, MeOH, 50 °C, 2 
h; c) HATU, DIPEA, MeNHOMe.HCl, DMF, r.t., overnight; d) 4-methylpyridine, 
LDA, THF, -78 °C to r.t., overnight; e) DMF-DMA, 110 °C, 3 h, then N2H4.H2O, 
MeOH, reflux, 2 h; f) TFA, DCM, 0 °C, 2 h; g) 4-methylpyrimidine, LDA, THF, -78 
°C to r.t., overnight. 
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As for previous rounds of the SAR studies, the aryl analogues 125 – 133 were 
screened against WT and ΔtolC E. coli ATCC 25922. The most interesting 
analogues were 126, 131, 132 and 133, which were additionally screened for 
toxicity, solubility, and metabolic stability (Figure 27). The “original” aryl 
analogue 115 was also included as a benchmark. 
 

 

 
Figure 27. Structure-activity and structure-toxicity relationships of aryl analogues 
125 – 133. 

In exploring the 1,4-benzodioxane SAR, we observed a clear trend linking 
activity to the positioning of the oxygen. Pairwise comparison between meth-
oxy analogues 125 and 126 (MIC: >64 vs 8 µg/mL), and between chromane 
analogues 130 and 131 (MIC: >64 vs 8 µg/mL), revealed that the para-oxygen 
is essential for activity, whereas the meta-oxygen could be replaced or re-
moved entirely. The decreased activity for compounds 127 and 128 revealed 
that this para-oxygen is not the sole predictor for activity. While restricting 
rotation at the para position was beneficial for 131, the reduced activity of 128 
indicated that ring geometry was also important. The benzomorpholine ana-
logues 132 (MIC: >64 µg/mL) and 133 (MIC: 2 µg/mL) again reflected the 
para-oxygen trend. The addition of the nitrogen in 133 also offered improved 
thermodynamic solubility, and significantly improved stability in liver micro-
somes, in comparison to the other active analogues 126 and 131. To further 

HLM stability

WT MIC 
(μg/mL)

 ΔtolC 
(μg/mL)

HK-2    
CC50 (μM)

hERG       
(% at 30 μM) Kinetic Thermo-

dynamic
T1/2

 (min)

115 1 <0.125 >100 17.7 109.1 71.6 20.4
126 8 1 >100 - 127.5 79.6 21.8
131 8 <0.125 >100 26.2 - 72.1 18.7
132 >64 >64 - - 149.8 - 61.9
133 2 0.5 >100 15.5 103.3 97.1 41.2

E. coli ATCC 25922 Cytotoxicity Solubility (μM)
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probe the improved drug-like properties from the benzomorpholine moiety, 
132 was also screened for solubility and metabolic stability. Here, metabolic 
stability and solubility were even further improved over 133. 

Combined SAR 
The WT activity of compound 133 (MIC: 2 µg/mL) was close to that of 115 
(MIC: 1 µg/mL), which motivated our group to expand on the benzomorpho-
line analogues (Figure 28). Here we explored the amide 151, and re-examined 
the synthetic intermediate 144 (from the synthesis of 133), which then inspired 
the N-acyl analogue 152. Our earlier results suggested that the improved ac-
tivity from pyridine methylation was dependent on the aryl substituent, so we 
also re-examined this with the benzomorpholine motif (153 and 154).  

 

 
Figure 28: Expanded scope of benzomorpholine analogues 144, and 151 – 154. 

Route B was again utilised for the synthesis of amide analogue 151 (Scheme 
19). Ester 155 was first hydrolysed, and the resulting carboxylic acid 156 was 
activated with benzotriazol-1-yloxytripyrrolidinophosphonium hexafluoro-
phosphate (PyBOP), before the addition of N,O-dimethyl hydroxylamine hy-
drochloride afforded Weinreb amide 157 in a moderate yield over two steps. 
Addition of the methylpyridine anion formed ketone 158, but unexpectedly, 
treatment with DMF-DMA and hydrazine in the subsequent step formed only 
the byproduct methyl amide 159. Although this reactivity was not expected, it 
has been reported that DMF-DMA can also function as a methylating rea-
gent.142 While not the original target, compound 159 was still seen as an inter-
esting analogue for exploring the benzomorpholine moiety. 
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Scheme 19: Synthesis of N-methylamide analogue 159. Reagents and conditions: a) 
LiOH, H2O/THF (4:1), overnight; b) PyBOP, DIPEA, MeNHOMe.HCl, DMF, r.t., 
overnight; c) 4-methylpyridine, LDA, THF, -78 °C to r.t., overnight; d) DMF-DMA, 
110 °C, 3 h, then N2H4.H2O, MeOH, reflux, 2 h.  

N-Acyl analogue 152 was prepared from intermediate 143, by first deprotecting 
the benzomorpholine nitrogen, and the resulting aniline 160 reacted with acetic 
anhydride to form amide 161 (Scheme 20). Heating with DMF-DMA, followed 
by the addition of hydrazine, afforded the final analogue 152. Methylpyridine 
analogues 153 and 154 could be accessed from similar routes to analogue 152, 
beginning from the available intermediate 142. To access the ketones 162 and 
163, deprotonation of the corresponding di- or tri-methylpyridines was required. 
We were initially concerned about competition for the site of deprotonation, but 
we did not observe any “rotated” pyridine side products. 
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Scheme 20: Synthesis of N-acyl analogue 152 and methylpyridine analogues 153 and 
154. Reagents and conditions: a) TFA, DCM, 0 °C, 2 h; b) Ac2O, DCM, r.t., over-
night; c) DMF-DMA, 110 °C, 3 h, then N2H4.H2O, MeOH, reflux, 2 h; d) 2,4-dime-
thylpyridine or 2,4,6-trimethylpyridine, LDA, THF, -78 °C to r.t., overnight. Note: 
intermediate 160 was used immediately in the next step. 

In the final round of SAR for Manuscript II, in addition to MIC testing, select 
compounds (152 – 154, and 159) were also screened against the full microbi-
ology, cytotoxicity, solubility and metabolic stability panel. Our earlier results 
suggested that the improved activity from pyridine methylation was dependent 
on the aryl substituent, so we re-examined this with the benzomorpholine mo-
tif (Figure 29). Data for 133 is included again for comparison. 
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Figure 29. Structure-activity and structure-toxicity relationships of benzomorpholine 
analogues 133, 144, 152 – 154, and 159. 

Disappointingly, while methylated compounds 153 and 154 returned potent 
WT MIC values (both 0.5 µg/mL) and 154 displayed excellent thermody-
namic solubility (718.8 µM), we again observed the trend of sharply increas-
ing hERG inhibition with pyridine methylation. We tested the Boc-protected 
synthetic intermediate 144, and although the increased lipophilicity likely 
contributed to its poor drug-like properties, the MIC against E. coli was 
equally or more potent than 133. This led us to the N-acetyl analogue 152, 
which exhibited good WT inhibitory activity, and matched the excellent ΔtolC 
activity of 153 and 154. In addition, 152 showed low cytotoxicity and hERG 
inhibition, and greatly improved stability towards human microsomes. The 
methylamide analogue 159 was markedly less active than the other N-substi-
tuted analogues 144 and 152, suggesting that the position of the carbonyl plays 
an important role in activity.  

HLM stability

WT MIC 
(μg/mL)

 ΔtolC 
(μg/mL)

HK-2    
CC50 (μM)

hERG       
(% at 30 μM) Kinetic Thermo-

dynamic
T1/2

 (min)

133 2 0.5 >100 15.5 103.3 97.1 41.2
144 0.5 <0.125 >100 62.8 92.3 120.5 23.9
152 0.5 <0.125 >100 71.6 161.3 718.8 33.3
153 2 <0.125 >100 80.5 49.5 9.4 2.2
154 2 <0.125 >100 24.5 94.7 197.9 86.9
159 32 4 - - - - -

E. coli ATCC 25922 Cytotoxicity Solubility (μM)
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Evaluation against multiple bacterial pathogens 
We investigated the broader antibacterial spectrum of three selected com-
pounds, 115, 133 and 152, based on the key improvements we found for the 
scaffold (Figure 30). The compounds were screened against a panel of addi-
tional strains: E. coli (ATCC 9637 and 35320), K. pneumoniae (ATCC 13883 
and 35657), Yersinia enterocolitica, P. aeruginosa, A. baumannii and methi-
cillin-resistant S. aureus (MRSA). 
 

 

  
Figure 30: Minimum inhibitory concentrations (μg/mL) of select compounds against 
a multi-strain panel of bacterial pathogens. 

Despite good activity in our E. coli ATCC 25922 screening strain, compound 
115 was largely inactive against the extended panel. Whilst compounds 133 
and 152 were also less potent against the additional E. coli strains, the ob-
served MICs do highlight the gains in whole-cell activity afforded when shift-
ing to the benzomorpholine aryl moiety. A similar variation between strains 
was observed in K. pneumoniae, where the activity against ATCC 35657 was 
completely lost against ATCC 13883. Interestingly, only 152 was moderately 
active against Y. enterocolitica. Given the highly-conserved LolCDE se-
quence across members of the order Enterobacterales,37,44,53 the strain-depend-
ent MIC shifts are more likely attributable to differences in permeability 
and/or efflux, rather than altered target binding. Activity towards P. 

Bacterial Strain 115 133 152

E. coli  ATCC 9637 16-64 8 16

E. coli  ATCC 35320 >64 16 16

K. pneumoniae  ATCC 13883 >64 32 - >64 >64

K. pneumoniae ATCC 35657 >64 2 - 8 1

Y. enterocolitica Y72 >64 >64 8

P. aeruginosa PaePA01 >64 >64 >64

A. baumannii ATCC 19606 >64 >64 >64

MRSA USA300JE2 >64 >64 >64
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aeruginosa and A. baumannii was not expected, given the significantly lower 
amino acid sequence conservation (LolF instead of LolC/E) compared with 
Enterobacterales.37,38 The compounds were also inactive against MRSA, 
which was a Gram-positive control that does not express a LolCDE system.  

Target validation 
During our optimisation efforts of the hit pyrazole compound 11, analogues 
were assessed via MIC testing but were not complemented with a biochemical 
assay to confirm LolCDE inhibition. Therefore, it was feasible that the mode of 
action for our “actives” could have shifted due to the structural modifications. 

To validate that our compounds inhibit lipoprotein transport, we screened 
them against two additional assays. First, we used E. coli MC4100 Δlpp strains 
(in both WT and ΔtolC backgrounds). By removing the expression of Lpp, Lol 
system inhibition no longer results in the toxic accumulation of this lipoprotein 
at the IM, thereby removing one of the mechanisms leading to bacterial death. 
A loss of activity against Δlpp mutants has been shown in prior research to be a 
signature of LolCDE inhibition.48 Secondly, we tested compounds against E. 
coli strains that carry the N265K mutation in LolC. When McLeod et al. vali-
dated the target of imidazole hit 12 by genome sequencing of resistant mutants, 
they found single amino acid mutations in LolC or LolE for all mutant colo-
nies.49 Of the LolC mutants, most carried the same N265K mutation, which con-
ferred high resistance to 12 and 13, but did not affect the MICs of other tested 
antibiotics. This same mutation was later found to confer resistance to pyrazole 
1150 and lolamicin (17).44 A panel of compounds were chosen for testing that 
reflect both our most advanced inhibitors, and also to examine key structural 
changes of hit compound 11 during the journey (Figure 31). 
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Figure 31. Minimum inhibitory concentrations (MIC, µg/mL) for selected compounds 
against Lpp-knockout (Δlpp) and lolamicin-resistant lolC(N265K) E. coli MC4100. 

All tested compounds were less active against the E. coli MC4100 Δlpp 
strains, with the exception of compound 152 against the WT variant. These 
results are consistent with inhibiting lipoprotein transport as a mechanism of 
toxicity towards E. coli. All tested compounds were inactive against the 
lolC(N265K) mutant strain, suggesting that target engagement with LolC is 
maintained by our inhibitors. It was of interest that the N-acyl benzomorpho-
line analogue 152 did not induce a shift in MIC against the WT Δlpp strain, 
which may suggest that other mechanisms are operating for this compound. 
However, further validation of this is required. Taken together, these results 
support LolCDE as the molecular target for our compounds in E. coli. 

11 17 115 117 133 152 154

WT 16 2 8 8 4 16 16

ΔtolC 0.25 0.016 1 0.25 0.25 0.5 2

Δlpp >32 >32 >32 >32 16 16 >32

ΔtolC Δlpp 4 0.25 >32 4 8 4 16

LolCN265K >32 >32 >32 >32 >32 >32 >32

ΔtolC  LolCN265K 4 >32 >32 >32 >32 >32 >32
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Summary of Manuscript II 
In Manuscript II, we systematically explored the structure-activity relation-
ships of a reported pyrazole-based hit against the E. coli lipoprotein transport 
system. Several structural motifs common to other published inhibitors were 
found to be associated with toxicity and poor metabolic stability. We de-
scribed a small series of analogues with increased potency and improved drug-
like properties, and provide evidence for LolCDE as the cellular target.  
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Exploration of LolCDE inhibitors in Gram-negative 
bacteria; identification of triazole-based antibacterials 
(Manuscript III) 

Background and aims 
During the progress of Manuscript II, we synthesised a range of analogues 
which combined aspects of the pyrazole (11) and imidazole (12) hits reported 
by AstraZeneca. Using 11 as a hit compound for optimisation, we kept the 
pyrazole core constant and focused our efforts on increasing potency and 
avoiding toxicity by modifying the aryl and pyridine motifs. This led to the 
identification of benzodioxane 115 as a LolCDE inhibitor with reduced tox-
icity liabilities, followed by its optimisation to benzomorpholine 152. In Man-
uscript III we shifted our focus to the underexplored heterocycle core of these 
inhibitors (Figure 32). 
 

 
Figure 32: Conceptual summary of Manuscript II and aims of Manuscript III. 

On inspecting the reported LolCDE inhibitors 11, 12, 15, and 17 (Figure 33), 
we noted overlapping positions of the core nitrogen atoms between the pyra-
zole and imidazole scaffolds.  
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Figure 33: Highlighted common features of core heterocycles in published LolCDE 
inhibitors and in Manuscript II. 

In addition, the early inhibitor G0793 (14) reported by Nickerson et al.137 fea-
tures a pyrrolopyrimidinedione core, for which several atoms map onto similar 
positions to the other inhibitors despite deriving from a different scaffold en-
tirely. These similarities suggested that common structural features of the core 
might exist that drive antibacterial potency. However, whilst a range of 
LolCDE cryo-EM structures have been reported, only a single example exists 
with a bound inhibitor, the aminoimidazole-based SMT-738 (15), and the au-
thors suggest that pyrazole inhibitors likely have a different binding orienta-
tion.59 The lack of data here precludes a structure-based approach for under-
standing the influence of atoms in the core motif on bioactivity, and using this 
information to rationally design new LolCDE inhibitors. To further compli-
cate this, for the five-membered diazoles (11, 12, 15, 17 and our compound 
152) the unsubstituted nitrogen atoms could exist in different tautomeric 
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forms, where one may be the preferred bioactive tautomer. In the case of im-
idazoles, charged, protonated species may also play a role in bioactivity. To 
date, no exploration of the core SAR for the pyrazole/imidazole classes of 
LolCDE inhibitors has been reported in the scientific literature; a knowledge 
gap which is the focus of the current work.  

In Manuscript III, our aims were to design and synthesise a library of an-
alogues to probe how the position and nature of heteroatoms associated with 
the five-membered heterocyclic core of the AstraZeneca LolCDE hits influ-
ence bioactivity against E. coli. 

Synthesis and structure activity relationships 
To explore the core SAR, we first needed to select which pyridine and aryl 
groups to keep constant throughout the initial studies. Applying our knowledge 
from Manuscript II, we decided on using compound 115, effectively a hybrid 
of the hit compounds 11 and 12, as the baseline for our exploration (Figure 34). 
This decision was influenced by its favourable potency in our screening strain 
E. coli ATCC 25922, good drug-like properties, and the low hERG inhibition 
in comparison to the benzyl ether motifs found in 11 and 17.  
 

 
Figure 34: SAR exploration baseline pyrazole 115, highlighting pyridine- and aryl-
side geometry referred to in this thesis. 

Part A: The nitrogen scan 
We began the SAR exploration with a “nitrogen scan”, where we moved the 
nitrogen atoms to all other feasible nitrogen positions in the core ring. In se-
lectively moving or removing the nitrogen atoms, we could deduce which po-
sitions were required for activity. To this end, we prepared the alternate pyra-
zole regioisomer 161, the imidazole analogue 162, and pyrroles 163 – 165 
(Figure 35). We also included isoxazole 166 due to its convenient access from 
synthetic intermediates. 
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Figure 35: Pyrazoles 115, 161, imidazole 162, pyrroles 163, 164, 165, and isoxazole 166 

Although we already had synthetic access to pyrazole 115 using “Route A” as 
described in Manuscript II (Scheme 12), here we found it could also be con-
veniently prepared from ketone 167 using “Route B” in Manuscript II 
(Scheme 21). Ketone 167 would also be a suitable intermediate common to 
several other proposed analogues in the present work. The carboxylic acid 145 
was converted to the Weinreb amide 146 using HATU and N,O-dimethyl hy-
droxylamine hydrochloride. 4-Methylpyridine was deprotonated using LDA, 
and the resulting anion added to Weinreb amide 146 to afford ketone 167. 
Finally, ketone 167 was heated in DMF-DMA under reflux, followed by treat-
ment with hydrazine hydrate to generate the final pyrazole 115. 
 

 
Scheme 21: Synthesis of pyrazole 115 following “Route B”. Reagents and conditions: 
a) HATU, DIPEA, MeNHOMe.HCl, DMF, r.t., overnight; b) 4-Methylpyridine, LDA, 
THF, -78 °C to r.t., overnight; c) DMF-DMA, 110 °C, 3 h, then N2H4.H2O, MeOH, 
reflux, 2 h. 

The “flipped” pyrazole 161 was synthesised according to “route A” first em-
ployed in Manuscript II (Scheme 22), where the pyridine and aryl groups are 
added to the pyrazole core sequentially by a Suzuki cross-coupling, followed 
by a CH arylation. Given our reliable access to significant quantities of start-
ing material 108, this seemed like an attractive strategy. Thus, the SEM-pro-
tected pinacol boronic ester 108 underwent a Suzuki coupling to introduce the 
1,4-benzodioxane motif to form pyrazole 168. Subsequently, the pyridine was 
installed with a Pd-catalysed CH arylation to form pyrazole 169, before the 
SEM group was deprotected using HCl to afford the final pyrazole 161.  
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Scheme 22. Synthesis of “flipped” pyrazole analogue 161. Reagents and conditions: 
a) 6-Br-benzodioxane, Pd(dppf)Cl2, Cs2CO3, DMF/H2O (99:1), 80 °C, overnight; b) 
4-Br-pyridine, Pd(OAc)2, P(nBu)Ad2, K2CO3, PivOH, DMAc, 140 °C, overnight; d) 
1 M HCl, MeOH, 80 °C, 4 h. 

To prepare imidazole 162, we began with a Seyferth-Gilbert homologation of 
benzaldehyde 170, using the Bestmann-Ohira reagent to afford alkyne 171 
(Scheme 23). A Sonogashira coupling with iodopyridine afforded alkyne 172, 
which was then oxidised to diketone 173 with potassium permanganate. We 
found 173 to be unstable towards purification on silica gel, or to storage at 
room temperature, so the crude reaction product was used directly in the next 
step without purification. Finally, diketone 173 was condensed with paraform-
aldehyde and ammonium acetate to yield the final imidazole 162 using the 
Debus-Radziszewski reaction.  
  



 

 93

 
Scheme 23. Synthesis of imidazole analogue 162. Reagents and conditions: a) Best-
mann-Ohira reagent, K2CO3, MeOH, r.t., 2.5 h; b) 4-Iodo-pyridine, Pd(PPh3)2Cl2, CuI, 
PPh3, Et3N, THF, r.t., overnight; c) 0.1 M pH 5.0 phosphate buffer, KMnO4, acetone, 
r.t., 3 h; d) paraformaldehyde, NH4OAc, n-butanol, 50 °C, overnight. Note: interme-
diate 173 was used immediately in the next step. 

To directly assess the contribution of each nitrogen individually, we synthe-
sised pyrroles 163 – 165 (Schemes 24, 25). Each required a unique route, alt-
hough 163 and 164 used similar transformations. Pyrrole 163 could be con-
veniently prepared from the common intermediate ketone 167 (Scheme 24). 
First, alkylation of 167 with bromoacetaldehyde diethyl acetal afforded acetal 
174, which could then be condensed with NH4OAc in AcOH under reflux to 
furnish pyrrole 163. Although not strictly part of the “nitrogen scan” strategy, 
we noted that ketone intermediate 167 could, after treatment with DMF-DMA, 
also be reacted with hydroxylamine hydrochloride to give the isoxazole ana-
logue 166. This analogue replaced the “aryl-side” pyrazole nitrogen with an 
oxygen, removing the possibility for tautomerisation, but retaining capacity 
for hydrogen bonding. 
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Scheme 24: Synthesis of pyrrole analogue 163 and isoxazole analogue 166. Reagents 
and conditions: a) bromoacetaldehyde diethyl acetal, KOtBu, DMSO, 50 °C, 60 h; b) 
NH4OAc, AcOH, reflux, 4 h; c) DMF-DMA, 110 °C, 1 h, then NH2OH.HCl, MeOH, 
reflux, 1.5 h. 

We envisioned that preparation of pyrrole 164 would proceed through inter-
mediate 178, where the ketone is adjacent to the pyridine group (Scheme 25). 
However, while Weinreb amide 176 could be prepared from isonicotinic acid 
175, attempts to synthesise ketone 178 via a Grignard reaction were unsuc-
cessful, likely due to difficulties generating the required Grignard reagent 
from precursor 177. Instead, following the procedure reported by Journet et 
al.,143 we activated isonicotinaldehyde 179 with aniline and diphenyl phos-
phonate to form N,P-acetal 180. Condensation with aldehyde 170 formed 
enamine 181, which was immediately hydrolysed to afford the desired ketone 
178. We then followed the same alkylation and condensation route as em-
ployed for 163. Here, acetal 182 was first synthesised, before immediate con-
densation with NH4OAc in AcOH under reflux afforded pyrrole 164. How-
ever, 164, was only recently synthesised and has not yet been tested in micro-
biology assays. 
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Scheme 25: Synthesis of pyrrole analogue and 164. Reagents and conditions: a) bro-
moacetaldehyde diethyl acetal, KOtBu, DMSO, 50 °C, 60 h; b) NH4OAc, AcOH, re-
flux, 4 h; c) DMF-DMA, 110 °C, 1 h, then NH2OH.HCl, MeOH, reflux, 1.5 h; d) 
PyBOP, 50 °C, 1 h, then MeNHOMe.HCl, r.t., overnight; e) 177, I2, Mg, THF, 50 °C, 
1.5 h, then 176, r.t., overnight; f) aniline, diphenyl phosphite, MTBE/iPrOH (4:1), 35 
°C, 1 h; g) Cs2CO3, THF/iPrOH (4:1), r.t., overnight; h) 2 M HCl, THF, 50 °C, 1 h. 

For the final pyrrole 165, we identified that it could be accessed using tol-
uenesulfonylmethyl isocyanide (TosMIC) and the appropriate alkene (Scheme 
26). The addition of 4-methylpyridine to aldehyde 170, under basic condi-
tions, formed stilbene 183, which was then cyclised with TosMIC to afford 
pyrrole 165 in moderate overall yields.  
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Scheme 26: Synthesis of pyrrole analogue 165. Reagents and conditions: a) 4-
methylpyridine, KOtBu, DMF, 80 °C, 2 h; b) TosMIC, KOtBu, DMSO, 50 °C, 4 h. 

Next, these compounds were screened against E. coli ATCC 25922. The ef-
flux-deficient ΔtolC strain was also employed to provide information on ef-
flux susceptibility, and to measure presumed on-target activity for compounds 
with low permeability or accumulation (Figure 36). Our results first suggested 
that maintaining the “aryl-side” nitrogen is beneficial for activity, where its 
replacement with an oxygen atom in isoxazole 166 led to a complete loss of 
activity. Pyrazole 161, which also lacked this nitrogen, was less potent than 
115 against WT E. coli (MIC: 16 µg/mL), although it retained good activity 
against the ΔtolC strain (MIC: 0.5 µg/mL). In contrast, imidazole 162 demon-
strated excellent WT potency (MIC: 0.25 µg/mL), a significant improvement 
over 115 and the same MIC as returned for the reported inhibitor lolamicin 
(17) when tested in our assays. Compared to the AstraZeneca imidazole hit 
compound 12 (MIC: 32 µg/mL) (Figure 33), the activity of 162 shows that the 
tert-butyl group of 12 is detrimental for potency. Comparison of the nitrogen 
positions between 115, 161 and 162 suggests that the “aryl-side” nitrogen con-
tributes most to potency. Pyrrole 163, with only the “aryl-side” nitrogen pre-
sent, was more active against ΔtolC (MIC: 1 µg/mL) compared to pyrrole 165, 
though both were equally potent against WT (MIC: 8 µg/mL). Pyrrole 164 
was synthesised but is currently awaiting MIC data. Taken together with our 
other results, the similar potencies of 163 and 165 shows that the “aryl-side” 
nitrogen is not the sole predictor for good activity, suggesting some flexibility 
for additional core modification. 
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Figure 36: Minimum inhibitory concentrations of “nitrogen scan” analogues against 
wild-type (WT) and efflux-deficient (ΔtolC) E coli ATCC 25922.  

From these results, we proposed a 1,2,3-triazole-core analogue 187 as a hybrid 
of the pyrazole and imidazoles (Scheme 28). Alkyne 171 underwent a thermal 
cycloaddition with azidomethylbenzene to afford benzyl-triazole 184, to 
which the pyridine moiety was installed via a Pd-catalysed CH arylation to 
prepare triazole 185. We found the subsequent reductive benzyl deprotection 
unexpectedly troublesome, and instead opted for an alternative route. Begin-
ning again with alkyne 171, a Sonogashira cross-coupling with iodopyridine 
afforded alkyne 186. Using TMS-azide in another thermal cycloaddition, al-
kyne 186 was transformed into triazole 187. Against ΔtolC E. coli triazole 187 
was as potent as 115 and 162, inhibiting down to the assay limit (MIC: <0.125 
µg/mL), but showing reduced WT activity (MIC: 4 µg/mL). 
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Scheme 28: Synthesis and activity of triazole analogue 187. Reagents and conditions: 
a) CuSO4, sodium ascorbate, tBuOH/H2O (1:1), r.t., overnight; b) 4-Iodopyridine, 
Pd(OAc)2, Cs2CO3, PivOH, DMAc, 120 °C, overnight; c) Pd/C, H2 (10 atm), MeOH, 
50 °C, overnight; d) Bestmann-Ohira reagent, K2CO3, MeOH, r.t., 2.5 h; e) TMS-N3, 
DMF, 100 °C, overnight. 

Part B. Nitrogen substitution 
As the pyrazole and imidazole cores of hit compounds 11 and 12 contain un-
substituted nitrogen atoms, they can potentially exist in different tautomeric 
forms (Figure 33). This complicates trying to assign the influence of a given 
atom on bioactivity in the absence of further structural data (i.e. cryo-EM or 
X-ray studies with the target). Accordingly, we targeted N-substitution on the 
pyrazole (188 – 191), imidazole (192, 193), and triazole (185) to lock each 
nitrogen into either the “pyrrole-like” or “pyridine-like” tautomer, and to ex-
plore tolerance for non-hydrogen substituents at each position (Figure 37).  
 

 
Figure 37: N-substituted core analogues 188 – 193, and 185 

To form N-methyl analogues 188 and 189, pyrazole 115 was deprotonated with 
sodium hydride and then alkylated using iodomethane (Scheme 29). These were 
separated using preparative HPLC, although obtained yields were low due to 
the difficulty of separating these two closely overlapping peaks. A copper-
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catalysed N-arylation with iodobenzene was used to synthesise 190, which also 
formed a small amount of 191 (~5% by LCMS). These were separated by pre-
parative HPLC, however the low yield of 191 required an alternative route to 
afford a useful quantity. For this we reacted ketone 167 with DMF-DMA, before 
condensation with phenylhydrazine afforded 191 selectively. We initially tar-
geted imidazoles 192 and 193 through alkylation using iodomethane, but this 
led to over-methylation and afforded N-methylated pyridines that proved to be 
inseparable. Instead, we repeated the imidazole formation beginning with al-
kyne 172, but with the addition of methylamine to the NH4OAc and paraform-
aldehyde reaction mixture. This formed a mixture of 162, 192, and 193 which 
could be separated by preparative HPLC. Intermediate 185 was prepared earlier 
during the synthesis of triazole 187 (Scheme 28). 
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Scheme 28: Synthesis of N-substituted pyrazoles 188 – 191 and imidazoles 192 - 193. 
Reagents and conditions: a) DMF-DMA, 110 °C, 1 h, then N2H4.H2O, MeOH, reflux, 
1 h; b) NaH, MeI, THF, r.t., 3 h; c) PhI, Cu(OAc)2.H2O, Cs2CO3, DMF, 110 °C, 108 
h; d) DMF-DMA, 110 °C, 1 h, then PhN2H3, MeOH, reflux, 1 h; e) 0.1 M pH 5.0 
phosphate buffer, KMnO4, acetone, r.t., 3 h; f) paraformaldehyde, NH4OAc, MeNH2, 
n-butanol, 50 °C, overnight. 

As for the previous analogues, the N-substituted pyrazoles 188 – 191, imidaz-
oles 192 and 193, and triazole 185 were screened against WT and ΔtolC E. 
coli ATCC 25922. 
 

 
Figure 38: Minimum inhibitory concentrations of N-substituted pyrazole, imidazole, 
and triazole analogues against wild-type (WT) and efflux-deficient (ΔtolC) E coli 
ATCC 25922. 

Activity for 188 and 189 against WT E. coli was poor, although 188 showed 
good activity (MIC: 1 μg/mL) against the corresponding ΔtolC efflux-defi-
cient mutant. This suggested that substitution at the "middle" position is tol-
erated by the LolCDE binding site, but loss of the NH group led to efflux 
susceptibility. This observation is supported by the reported activity of the 
imidazole hits 12 and 13 (which bear a tert-butyl group at this position), where 
ΔtolC activity was excellent, but WT activity was poor (Figure 33). Whilst 
191 was inactive against both strains, 190 was found to be insoluble under 
assay conditions, and as a result, MIC testing could not be completed. Imid-
azoles 192 and 193 were also inactive against WT E. coli, and only 192 was 
weakly active against ΔtolC. Altogether, N-substitution was always detri-
mental to activity, but more so if the “aryl-side” nitrogen was substituted. This 
reflected the observed differences between 115, 161 and 162 (Figure 36). If 
this “aryl-side” nitrogen participates in an important binding site interaction 
(e.g. hydrogen bonding) then it follows that a substitution blocking such an 
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interaction would be disfavoured. This would not fully explain the difference 
in ΔtolC activity between 188 and 192 however, so the “pyridine-side” methyl 
appears to be additionally detrimental. Triazole 185 was inactive, though it is 
difficult to conclude whether this is the result of the loss of the NH, or the 
presence of the bulky benzyl group (or possibly both). However, preparation 
and testing the other possible N-benzyl isomers of 185 and the corresponding 
N-methyl compounds would be needed before drawing full conclusions. 

Part C. Ring substitution 
Where the structures of reported LolCDE inhibitors SMT-738 (15) and 
G0793 (14) contain fully substituted 5-membered heterocyclic cores, pyra-
zole 115 contains an unsubstituted position adjacent to the pyridine group 
(Figure 39). We next targeted analogues that feature heteroatoms external to 
the ring to explore this vector. Subsequently, amino pyrazoles 194 and 195 
and hydroxy pyrazole 196 were prepared to explore ring substitution. In ad-
dition, given that isoxazole 166 was inactive, we were interested in probing 
whether activity could be restored by the addition of an amine group to the 
isoxazole ring (197 and 198). 
 

 
Figure 39: Reported LolCDE inhibitors G0793 (14) and SMT-738 (15) alongside py-
razole 115 and ring-substituted analogues 194 – 198. 

On performing a retrosynthetic analysis of 194 and 195, we noted that a 
similar strategy could be applied for accessing both isomers, where reaction 
of β-keto nitriles 199 or 202 with hydrazine hydrate would afford the de-
sired amino pyrazoles (Figure 40).  To access the corresponding β-keto ni-
trile intermediates, a similar strategy as we employed earlier to access 
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ketones 167 and 178 would be used, with the nitrile groups of 200 and 203 
promoting anion formation. 
 

 
Figure 40: Retrosynthetic strategy to access aminopyrazole analogues 194 and 195. 

To access aminopyrazole 195, aldehyde 170 was first reduced with sodium 
borohydride, before the resulting alcohol 205 was reacted with thionyl chlo-
ride to form benzyl chloride 177 (Scheme 29). Substitution of 177 with NaCN 
then gave nitrile intermediate 204, which was subsequently reacted with ethyl 
isonicotinate 203 and KOtBu to afford β-keto nitrile 202. At first, heating of 
202 with hydrazine hydrate did not react to produce the final product 195. 
Instead, β-keto nitrile 202 was heated in neat POCl3 to form the vinyl chloride 
206 in situ, before condensation with hydrazine hydrate delivered the amino-
pyrazole 195 in a low yield over three steps. Amino isoxazole 196 could also 
be prepared in a similar fashion, where the intermediate vinyl chloride 206 
was heated with hydroxylamine hydrochloride. 
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Scheme 29: Synthesis of amino pyrazole 195 and amino isoxazole 196. Reagents and 
conditions: a) NaBH4, MeOH, r.t., 1 h; b) SOCl2, r.t., 10 min; c) NaCN, DMSO, r.t., 
3 h; d) KOtBu, THF, r.t., 1 h; e) POCl3, reflux, 1 h; f) N2H4.H2O, EtOH, reflux, 5 h; 
g) NH2OH.HCl, EtOH, reflux, 5 h. 

To prepare aminopyrazole 194, we found the corresponding methyl ester of 
the benzodioxane aryl group unreactive towards nucleophile addition with ni-
trile 200. To remedy this, NHS-ester 201 was instead prepared from aldehyde 
170 using phenyliodine(III) diacetate (PIDA) and N-hydroxysuccinimide 
(NHS) (Scheme 30). Nitrile 200 was then added to a mixture of 201 and 
KOtBu, and the resulting β-keto nitrile 199 was heated in POCl3 to form vinyl 
chloride 207, which was immediately treated with hydrazine hydrate to yield 
aminopyrazole 194 in a low yield over three steps. 
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Scheme 30: Synthesis of aminopyrazole 194. Reagents and conditions: a) PIDA, NHS, 
EtOAc, 0 °C, 1 h; b) K2CO3, DMF, r.t., 36 h; c) POCl3, reflux, 1 h; d) N2H4.H2O, 
EtOH, reflux, 3.5 h. 

Next, amino isoxazole 197 was prepared from 170 via an alternate route 
(Scheme 31). First, aldehyde 170 was reacted with hydroxylamine hydrochlo-
ride to form oxime 208, before chlorination with N-chlorosuccinimide (NCS) 
afforded the chloro-oxime 209. Intermediate 209 was then reacted with nitrile 
200 and sodium methoxide to initiate a 1,3-dipolar addition, which formed the 
desired product 197 in a low yield over two steps. Note that 197 could theo-
retically also be prepared from β-keto nitrile 199, but we opted for this route 
as intermediate 209 had been prepared previously for separate studies.  
 

 
Scheme 31: Synthesis of amino isoxazole 197. Reagents and conditions: a) 
NH2OH.HCl, 4 M NaOH, EtOH, r.t., 1 h; b) NCS, DMF, r.t., 1 h; c) 200, NaOMe, 
MeOH, 0 °C, 5 min, then 209, MeOH, r.t., 1 h. 
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We next turned our attention to hydroxy pyrazole 198, which we envisioned 
could be prepared from a β-keto ester, similar to the β-keto nitrile strategy 
employed for the synthesis of amino pyrazoles 194 and 195 (Scheme 32).  
 

 
Scheme 32: Synthesis of hydroxy pyrazole 198. Reagents and conditions: a) oxalyl 
chloride, 60 °C, 3 h; b) H2SO4, MeOH, reflux, 10 min; c) LiHMDS, THF, r.t., over-
night; d) POCl3, reflux, 1 h; e) N2H4.H2O, EtOH, reflux, 2 h; f) LiHMDS, ethyl chlo-
roformate, THF, -78 °C, 1 h. 

Acid chloride 212 was first prepared from isonicotinic acid 175 by treatment 
with oxalyl chloride (Scheme 32). Ester 211 could then be deprotonated, and 
the resulting anion added to acid chloride 212 to afford β-keto ester 213. 
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Subsequent heating in POCl3 formed vinyl chloride 214, which was immedi-
ately cyclised with hydrazine to afford hydroxy pyrazole 198. It should be 
noted that 198 likely also exists in equilibrium with the dihydro-pyrazolone 
tautomer 198a, and it is difficult to predict which tautomer may be favoured 
under assay conditions. The synthesis for the opposite hydroxy pyrazole 216 
was also attempted, beginning with a deprotonation of ketone 167 and reaction 
with ethyl chloroformate to form the keto-ester 215. However, only the O-
acylated byproduct 217 was isolated from this reaction. 

The minimum inhibitory concentrations of ring-substituted analogues 194 
– 195, and 197 – 198,  were assessed following the same methodology as prior 
rounds of testing. Data is not yet available for hydroxy pyrazole 196. 

 

 
Figure 41: Minimum inhibitory concentrations of ring-substituted pyrazole and isox-
azole analogues against wild-type (WT) and efflux-deficient (ΔtolC) E coli ATCC 
25922. 

Comparison between amino pyrazoles 194 and 195 reveals a clear preference 
for the “aryl-side” substitution, with 195 (MIC: 2 µg/mL) inhibiting WT E. 
coli to a similar extent as 115 (MIC: 1 µg/mL), whereas 194 (MIC: 16 µg/mL), 
was only weakly active (Figure 41). This reinforces the pattern observed for 
earlier analogues, where un-substituted nitrogen atoms were preferred on the 
“aryl-side” of the core. In contrast, the opposite pattern was observed for 
amino isoxazole 197, which was weakly active against ΔtolC E. coli, but 198 
was inactive. The loss of WT activity for both 197 and 198 highlights that that 
the loss of the second ring nitrogen is overall detrimental, and the additional 
amine is unable to salvage activity. In all cases, the amino substituents did not 
improve activity compared to pyrazole 115. The activity of compound 195 
does, however, suggest that further optimisation of its aryl and pyridine motifs 
could be interesting to pursue.  
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Part D. Triazole SAR 
As analogue 187 represents the first reported example of a triazole-core con-
taining LolCDE inhibitor, we elected to continue exploring this scaffold and 
incorporate knowledge from our previous work optimising the pyridine and 
aryl groups. In Manuscript II we found that methylation adjacent to the pyr-
idine nitrogen improved activity, but simultaneously increased cytotoxicity. 
Optimisation of the aryl group revealed that benzomorpholine and N-acyl ben-
zomorpholine groups were comparably potent to the 1,4-benzodioxane group, 
but also offered improvements in drug-like properties. Applying this infor-
mation to the triazole core, we synthesised pyridine analogues 218 and 219, 
aryl analogue 220, and analogue 221 as a combination of both modifications 
(Figure 42).  
 

 
Figure 42: initial triazole analogue 187 and “combo” triazoles 218 – 221 

Based on our earlier synthesis of triazole 187 via reaction with di-arylated 
alkyne 186 and TMS-azide, we expected that a similar strategy could be em-
ployed to prepare the target compounds 218 – 221 (Scheme 33). Here, alkyne 
171 would be subjected to Sonogashira cross-couplings with the appropriate 
methyl or dimethyl iodopyridines. The resulting alkynes 222 and 223 could 
then be cyclised with TMS-azide to afford triazoles 218 and 219.  
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Scheme 33: Synthesis of triazoles 218 and 219. Reagents and conditions: a) Best-
mann-Ohira reagent, K2CO3, MeOH, r.t., 2.5 h; b) 4-Bromo-2-methylpyridine or 4-
bromo-2,6-dimethylpyridine, Pd(PPh3)2Cl2, CuI, PPh3, Et3N, DMF, 100 °C, over-
night; c) TMS-N3, DMF, 100 °C, overnight. 

To access the benzomorpholine aryl moiety, we began with Boc-protection of 
the benzomorpholine methyl ester 224 (Scheme 34). The resulting ester 225 
was reduced with LiAlH4 to alcohol 226, and then re-oxidised with MnO2 to 
yield aldehyde 227. We again utilised the Bestmann-Ohira reagent to trans-
form aldehyde 227 into alkyne 228, which could then be subjected to Pd cross-
coupling to access alkynes 229 and 230. Cyclisation with TMS-azide afforded 
triazoles 231 and 232, which could be deprotected with TFA to obtain the final 
triazoles 220 and 221. 
 

 
Scheme 34: Synthesis of triazole analogues 220 and 221. Reagents and conditions; a) 
Boc2O, DIPEA, THF, 65 °C, 5 d; b) LiAlH4, THF, 0 °C, 1 h; c) MnO2, DCM, r.t., 
overnight; d) Bestmann-Ohira reagent, K2CO3, MeOH, r.t., 2.5 h; e) 4-Iodo-pyridine 
or 4-iodo-2,6-dimethylpyridine, Pd(PPh3)2Cl2, CuI, PPh3, Et3N, DMF, 100 °C, over-
night; f) TMS-N3, DMF, 100 °C, overnight; g) TFA, DCM, 0 °C, 2.5 h. 
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In addition to testing MIC against E. coli, for this small triazole series we 
screened for cytotoxicity against HK-2 human kidney cells, hERG channel 
inhibition, solubility, and stability in human liver microsomes (HLM) (Fig-
ure 43). Triazole 187 was also included in these additional assays as a point 
of reference. 
 

 

  
Figure 43: Minimum inhibitory concentrations of triazole analogues against wild-type 
(WT) and efflux-deficient (ΔtolC) E. coli, and additional screening data for cytotoxi-
city, hERG inhibition at 30 μM, solubility, and metabolic stability. 

Based on our findings in Manuscript II, we expected sequential increases in 
potency from adding methyl groups adjacent to the pyridine nitrogen, but for 
the triazole scaffold this pattern was not observed. The mono-methyl 218 was 
more potent than 187 and the di-methyl 219, but hERG inhibition was also 
significantly increased. Solubility and metabolic stability for both 218 and 219 
were also worse than 187. Benzomorpholines 220 and 221, on the other hand, 
showed a significant increase in activity, in line with our findings from Man-
uscript II. Both analogues were less efflux-susceptible than 187 or 115, as 
WT potency was similar to ΔtolC. Analogue 221 showed reduced metabolic 
stability, and increased hERG inhibition when compared with 220, 

HLM stability

WT MIC 
(μg/mL)

 ΔtolC 
(μg/mL)

HK-2    
CC50 (μM)

hERG        
(% at 30 μM) Kinetic Thermo-

dynamic
T1/2

 (min)

187 4 <0.125 >100 19.4 129.8 35.7 31.2
218 1 <0.125 >100 72.3 106.0 - 9.6
219 4 0.5 >100 39.7 28.0 32.4 14.2
220 0.5 0.25 >100 17.6 109.2 631.4 125.0
221 0.5 <0.125 >100 49.4 117.8 919.8 54.1

E. coli ATCC 25922 Cytotoxicity Solubility (μM)
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attributable to the dimethyl pyridine moiety. Improvements in thermodynamic 
solubility were also noted for these two compounds. Overall, 220 was the most 
promising analogue from this series.  

Evaluation against multiple bacterial pathogens 
Subsequently, we screened the two most promising triazole compounds 187 
and 220 against a broader panel of bacterial pathogens (Figure 44). For con-
venient comparison, data for pyrazole 115 (from Manuscript II) is also in-
cluded. The bacteria E. coli, K. pneumoniae, and Y. enterocolitica all belong 
to the order Enterobacterales, and share similar LolCDE protein sequence ho-
mology. As such, we were interested if the activity against E. coli would trans-
late to the other species. The Lol systems of P. aeruginosa and A. baumannii 
are dissimilar to E. coli, so activity was not expected to translate, and the 
Gram-positive S. aureus does not express a Lol system at all. 
 

 

  
Figure 44: Minimum inhibitory concentrations (µg/mL) of analogues 115, 187, and 
220 against additional strains of E coli, K. pneumoniae, Y. enterocolitica, P. aeru-
ginosa, A. baumannii and methicillin-resistant S. aureus (MRSA). 

Here, the superiority of 220 compared to 115 and 187 was evident, with 220 
exhibiting moderate-to-good MICs against most tested Enterobacterales 

Bacterial Strain 115 187 220

E. coli  ATCC 9637 16-64 >64 2

E. coli  ATCC 35320 >64 16 8

K. pneumoniae  ATCC 13883 >64 >64 64

K. pneumoniae ATCC 35657 >64 64 2

Y. enterocolitica Y72 >64 >64 4

P. aeruginosa PaePA01 >64 >64 >64

A. baumannii ATCC 19606 >64 >64 >64

MRSA USA300JE2 >64 >64 >64
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species. For compound 220, we observed significant variation between the 
two tested Klebsiella strains, similar to the results from Manuscript II. We 
hypothesised this to more likely be explained by hindered permeability or in-
creased efflux, rather than a difference in LolCDE binding site homology. As 
expected, all compounds were inactive against P. aeruginosa, A. baumannii, 
and S. aureus.  

Target validation 
During Manuscript III, the primary metric for measuring the activity of the 
core analogues was minimum inhibitory concentrations (MICs) against E. 
coli. While other inhibitors derived from the AstraZeneca hits 11 and 12 have 
been validated as targeting LolCDE,44,48–50 we could not assume the same was 
true here based solely on structural similarity. Thus, we selected a range of 
core analogues for target validation: pyrazole 115, imidazole 162, aminopyra-
zole 195, and triazoles 187, 218, 219, and 220. These compounds were 
screened against Lpp-knockdown (Δlpp) and resistant mutant (lolC N265K) 
strains of E. coli MC4100, in both WT and ΔtolC backgrounds (Figure 45). 
The Lpp-knockdown E. coli are resistant to LolCDE inhibition as they are 
unable to synthesise Lpp and thus circumvent the toxic Lpp accumulation on 
the inner membrane. The lolC N265K mutation has been demonstrated to con-
vey resistance to a variety of LolCDE inhibitors in a number of previous stud-
ies,44,48–50 as well as in our own prior work (Manuscript II).  
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Figure 45: Minimum inhibitory concentrations (MIC, µg/mL) for selected compounds 
against Lpp-knockdown (Δlpp) and resistant mutant lolC(N265K) E. coli MC4100. 

In agreement with our previous findings, we found that both Δlpp and lolC 
N265K strains of WT E. coli were highly resistant to all tested analogues. 
These results are consistent with on target-binding with LolCDE and inhibi-
tion of lipoprotein transport. The additional ΔtolC deletion in combination 
with Δlpp restored (reduced) susceptibility in all cases except for pyrazole 
115, suggesting that sufficiently high LolCDE inhibition can lead to cell death 
through mechanisms other than Lpp accumulation at the inner membrane. As 
a functioning Lol system is also important for outer membrane function and 
biogenesis in E. coli, these results are consistent with the proposed dual mode 
of action of these inhibitors.  Inhibitor activity was not restored for the ΔtolC 
lolC(N265K) mutants, likely because improved accumulation cannot compen-
sate for the lost binding affinity to the target. Together, these results support 
LolCDE as the target in E. coli. 

E. coli MC4100 115 162 195 187 218 219 220

WT 16 4 8 8 8 4 4

ΔtolC 0.5 0.125 0.25 0.125 0.063 0.125 0.125

Δlpp >32 >32 >32 >32 >32 >32 >32

ΔtolC Δlpp >32 0.25 4 8 0.5 1 2

LolCN265K >32 >32 >32 >32 >32 >32 >32

ΔtolC  LolCN265K >32 >32 >32 >32 >32 >32 >32
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Summary of Manuscript III 
In Manuscript III, we synthesised a selection of analogues which explored 
the heterocycle core moiety of the LolCDE inhibitor scaffold. Based on our 
investigation, pyrrole-like nitrogen atoms seem likely to be essential for main-
taining activity, and there exists a considerable degree of flexibility within the 
atom arrangement of the core motif. We demonstrated the potential of a series 
of triazole analogues, and applied the knowledge gained during Manuscript 
II to optimise potency and drug-like properties. These triazole LolCDE inhib-
itors exhibit activity against a wider range of Gram-negative pathogens and 
represent a novel avenue for future antibacterial development. 
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Concluding remarks 

The studies described in this thesis explore the synthesis, structure-activity 
relationships, and microbiological evaluation of novel antibacterial com-
pounds targeting DNA replication in C. difficile, and lipoprotein transport in 
E. coli. The specific conclusions and future perspectives for each manuscript 
are summarized below. 

 
Part I: Exploring a novel scaffold of C. difficile inhibitors 
In Manuscript I, a library of analogues was synthesised based on the NSAID 
fentiazac to explore their ability to selectively inhibit the growth of C. difficile. 
The initial hit compound was discovered by analysing data from a study in-
vestigating the broad-spectrum impact of pharmaceuticals on gut microbes. 
Using such published datasets represents a novel strategy for identifying mo-
lecular starting points for developing narrow-spectrum antibacterials. Three 
promising analogues were identified in the SAR study and were shown to in-
hibit C. difficile growth in a microbiome challenge assay. However, two out 
of three compounds were toxic to commensal gut bacteria. The remaining 
compound 94 was very well-tolerated, and went on to exhibit good activity 
against a panel of clinical C. difficile isolates. Compound 94 showed reduced 
anti-inflammatory activity in comparison to fentiazac, was non-toxic to hu-
man cells, and highly permeable through intestinal epithelial cells. Genetic 
sequencing of resistant mutants suggested DNA polymerase subunit DnaE as 
the target of 94 in C. difficile. 

This identification of a potential target was a very recent, but pivotal, step 
forward in this project. Because the target was initially unknown, the SAR study 
was done “blind”, but this new information opens many possible avenues of 
exploration. Moving forward, the future work in this project will focus on ex-
ploring the target, and mechanism of action further. Research into genetics, 
structural biology, and computational modelling could all add momentum to a 
search for further improved potency in this analogue series. Additionally, ani-
mal models may be required to further investigate intestinal absorption/gut ac-
cumulation, and optimisation may be needed here for possible clinical efficacy. 
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Part II: Developing inhibitors against the Gram-negative LolCDE complex 
In Manuscript II, a library of analogues was synthesized based on a reported 
pyrazole-containing LolCDE inhibitor. The structure-activity and structure-
toxicity relationships were described, and structural motifs common to pub-
lished inhibitors were associated with cytotoxicity and hERG channel inhibi-
tion. The pyridine and aryl motifs of the pyrazole scaffold were explored, and 
several analogues were identified with improved activity, and drug-like prop-
erties, compared to the initial hit. 

In Manuscript III, the heterocyclic core of the combined LolCDE inhibitor 
scaffolds was explored, and key trends in nitrogen positioning and ring substi-
tution were identified. Knowledge gained from Manuscript II was integrated, 
leading to the identification of a series of novel triazole-based inhibitors. 

In both Manuscript II and III, the spectrum of activity of a number of 
analogues was shown to be limited to Gram-negatives in the order Enterobac-
terales, though significant between-strain variation was observed. Screening 
against gene-knockdown and resistant mutant strains supported LolCDE as 
the target in E. coli. 

Work in both projects is ongoing. Studies are underway to explore the ef-
fect of the compounds on the gut microbiome, similar to the research con-
ducted during Manuscript I. LolCDE is unique to Gram-negative bacteria, 
but differences in the spectrum of activity is already evident from the current 
work, and the possibility of off-target toxicity against Gram-positive commen-
sal bacteria cannot be ignored. In vivo mouse infection models are also being 
conducted to demonstrate the efficacy of selected pyrazole and triazole inhib-
itors developed in this work 

 
Both C. difficile and E. coli are dangerous pathogens capable of high levels 
of antibiotic resistance, and they represent key challenges in antibiotic drug 
development. Altogether, this research highlights the value of exploring alter-
native strategies of hit identification, and the advantages of considering mul-
tiple orthogonal data early in the discovery process. 
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Future Outlook 

“The time may come when penicillin can be bought by anyone in the shops. Then 
there is the danger that the ignorant man may easily underdose himself and by expos-
ing his microbes to non-lethal quantities of the drug make them resistant.” 
 – Alexander Fleming, Nobel Lecture, December 11, 1945.144 

 
Despite penicillin being heralded as a “wonder drug” in its time, Fleming was 
already warning of the dangers of resistance. Eighty years later, we find our-
selves in the very future he described, where antibiotic overuse and misuse 
have culminated in a rising tide of highly resistant, and even untreatable, in-
fections. There is no single solution to the multifaceted and multidisciplinary 
problem that AMR represents. Antibiotics with novel targets and mechanisms 
are in dire need, and while there may never be another Golden Age of antibi-
otic discovery, the researchers of the world are nevertheless rallying around 
this common cause. It may take decades of concerted, coordinated effort to 
wrestle AMR under control, but we’ll get there. 
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Abstract 
Clostridioides difficile infection (CDI) remains a major cause of healthcare-associated 
diarrhoea and recurrent gastrointestinal disease worldwide. Antibiotic-induced disrup-
tion of gut microbiota-mediated colonisation resistance is a key driver of CDI, motivat-
ing the development of narrow-spectrum antibacterial agents. However, finding hit 
molecules with the required selectivity remains challenging. Using published data de-
tailing the effects of approved drugs on a panel of representative gut microbes, we iden-
tified the anti-inflammatory drug fentiazac as a promising starting point. Guided by 
structure–activity relationships, we developed an antibacterial with potent activity 
against a panel of C. difficile strains, that clears infection in a model microbiome system 
while preserving overall biomass. We further demonstrate that the DNA polymerase 
subunit DnaE is the likely target in C. difficile. This work demonstrates a microbiome-
informed, literature-guided strategy for the discovery of narrow-spectrum antibacterial 
agents. 

Keywords: Antibiotics, Antimicrobial Resistance, C. difficile, Drug Discovery 
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Introduction 
Clostridioides difficile is Gram-positive, spore-forming, anaerobic bacteria 
that lives in the human gut. It is pathogenic and infectious, producing endo-
toxins which cause widespread inflammation and damage to intestinal epithe-
lial cells. Symptoms of C. difficile infection (CDI) vary from mild to severe 
diarrhoea, with a risk of life-threatening complications leading to pseudo-
membranous colitis and toxic megacolon in untreated or at-risk patients.1 C. 
difficile spores are highly resilient, allowing them to spread easily through 
hospital environments,2 and CDI is the most common of all hospital-acquired 
infections in the USA.3 Listed as an urgent threat by the United States Centres 
for Disease Control and Prevention, in 2017 it caused an estimated 12,800 
deaths in the US and placed a $1 billion burden on the healthcare system.4  
Paradoxically, antibiotic use is a major risk factor for CDI. Dysbiosis, or dis-
ruption of the gut’s innate colonization resistance, creates an opportunity for 
C. difficile spores to germinate, and the loss of microbial diversity contributes 
to a high rate of recurrence; 15 – 30 % of patients develop a recurrent infec-
tion, and of those up to 65 % can be multiply-recurrent.5 Up to 15 % of healthy 
adults and 90 % of infants are colonised with C. difficile but remain asympto-
matic,6 and hospital patients without a CDI diagnosis can also become asymp-
tomatic carriers,7 contributing to the increasing prevalence of community-as-
sociated CDI relative to hospital acquired infections.8 Typical treatment regi-
mens involve vancomycin or fidaxomicin, but these are limited by high rates 
of recurrence, high treatment costs, and a failure to address the underlying 
dysbiosis.9 As a result, alternate therapies such as monoclonal antibodies and 
faecal microbiota transplants are also being explored.10,11  
However, there is still motivation for discovering new antibiotics to clear CDI 
where impact on the gut microbiome is minimized. In addition, such drugs 
could be taken as a precautionary measure for at-risk patients already taking 
oral antibiotics to clear other infections. The challenge here is to discover mo-
lecular starting points that can be developed into a drug with high selectively 
for C. difficile that is also gut-restricted (i.e. high colonic and low systemic 
exposure). Strategies here could include structure-based approaches towards 
targets specific to C. difficile,12 optimization of existing antibacterials to re-
duce their spectrum,13 or restricting uptake in the gastrointestinal tract by com-
pound modification or formulation strategies.14  
In the current work, we took an alternate approach. In 2018, Maier et al. pub-
lished a landmark paper where 1100+ approved drugs were screened for their 
growth inhibition against a 40-member panel of gut microbiome species.15 
Their focus was to highlight the potential negative effects of non-antibiotic 
drugs on our gut flora. As C. difficile was also including in their screens, their 
data set presented an opportunity for identifying existing drugs with narrow 
spectrum activity towards C. difficile.   
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Analysing the Maier dataset, we identified the anti-inflammatory drug fen-
tiazac as a starting point for development. A series of analogues was prepared 
and tested against C. difficile to establish structure activity relationships 
(SARs) and to optimise the scaffold for potency. The most promising com-
pounds were then tested against a wider panel of C. difficile isolates, and in 
model microbiome communities for their ability to clear CDI without harming 
commensal bacteria.  

Results 
Structure-activity relationship studies of fentiazac analogues 
By combing the data generated from the Maier study,16 we identified six po-
tential hit compounds with statistically significant C. difficile growth inhibi-
tion at 20 µM (p < 0.01) and minimal inhibition of commensal bacteria: tribe-
noside, fentiazac (1), (S)-amlopidine, carbenoxalone disodium salt, gliquidone 
and cilnidipine. On retesting, we found fentiazac (1), a thiazole acetic acid-
containing non-steroidal anti-inflammatory drug (NSAID), to be the most 
promising starting point based on GI (growth inhibition) (Figure 1). Originally 
synthesized and described in 1974,17 1 performed well in a number of clinical 
trials and was described as effective and well-tolerated, comparing favourably 
to indomethacin, phenylbutazone and aspirin.18 Despite this, there is little pub-
lished literature in the last 40 years, and its current market status is unknown 
and assumed to be discontinued.  

Whilst 1 did inhibit C. difficile growth (73 % growth inhibition at 40 µM, 
Figure 1), improvements in potency were required. The C. difficile strain 630 
was used for screening, where growth under anaerobic conditions was moni-
tored hourly over 20 hours for a range of tested compound concentrations. 
Based on the controls on each plate, growth curves were cut-off at the entry 
into stationary phase and the area under the curve (AUC) was determined and 
normalized. Reported data for growth inhibition is the percentage reduction in 
AUC compared to controls (6 biological replicates). 
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Figure 1. Growth curves of C. difficile in the presence of fentiazac (1), highlighting 
the AUC-cutoff point and concentration-dependent reduction in growth (left). The 
chemical structure of fentiazac (1) (right). 

To access synthetic analogues for exploring structure activity relationships, 
we adapted the original route to 1 employed by Brown et al. in 1974.17 In 
Scheme 1, the general route is presented and further synthetic information is 
provided in the supporting information. Ketones 2a – f, formed from either 
Grignard addition to or Friedel-Crafts acylation with anhydrides, could be 
readily brominated to yield α-bromoketones 3a – f. The Hantzsch thiazole 
synthesis was then employed, cyclising the bromoketones with thioamides 4a 
– x to form the desired thiazole core. Where necessary, the required thioam-
ides could be conveniently synthesized from the more readily available am-
ides using Lawesson’s reagent. 

 
Scheme 1. The general synthetic route to fentiazac analogues  

For the purpose of generating fentiazac analogues, the route proved relatively 
versatile as structural diversity could be introduced at the C2 and C4 position 
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by varying the thioamide and Grignard/Friedel-Crafts precursor, respectively. 
However, several analogues were synthesized using alternate routes which are 
described in detail in the supporting information.  

First, we explored the C4 position of 1, which bears a para-chlorophenyl 
group (Figure 2). We designed a series of analogues based on changing the 
C4 substituent (5 – 8: H, OMe, F, Me), shifting the position of chlorination 
(9, 10), and removing the aryl group entirely (11). 

 

Figure 2. The effect of thiazole C4 modification on growth inhibition (%)  

In general, changes to the C4 aryl ring were not tolerated (Figure 2). Remov-
ing the chlorine atom (5) or replacing it with a methoxy group or fluorine atom 
resulted in no activity against C. difficile at 40 µM (compared to 73 % growth 
inhibition for 1). Only the para-methyl analogue 8 retained any activity, but 
was still substantially less active than 1. A chlorine scan of the ring revealed 
that meta and ortho chlorine analogues 9 and 10, respectively, were also not 
tolerated. Removing the aryl group 11 was also detrimental to activity. As 
small structural perturbations appeared to abolish activity, this could suggest 
it is linked to a specific molecular interaction rather than a broadly non-spe-
cific antibacterial mechanism. However, this remained undetermined at this 
stage of the project. From this apparent activity cliff, we kept the para-chloro 
motif consistent during further SAR studies. Next, we explored the C2 posi-
tion, where analogues could be produced by varying the thioamide partner in 
the Hantzsch thiazole synthesis reaction (Scheme 1). 
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Figure 3. The effect of thiazole C2 modification on growth inhibition (%) 

Exchanging the phenyl group with a benzyl, cyclohexyl or tert-butyl group 
(12, 13, 14) led to complete or near-complete reduction in activity (Figure 3). 
A range of mono-substituted aryl analogues (15 – 25) were prepared and tested 
where para-substitution appeared to be the most beneficial substitution pat-
tern; analogues 17, 20, 21 and 22 were comparable or showed better activity 
than fentiazac (1). Of these, 21 was most promising, also showing better ac-
tivity than the meta- and ortho-Cl analogues 23 and 24, respectively. The pref-
erence for para-halogens was not ubiquitous however, as ortho-F 25 was more 
active than 20. 

Encouraged by these results, we expanded the scope of halogen-substituted 
analogues further with di-halo-substituted analogues 26 – 34 (Figure 4). Over-
all, this resulted in a further jump in potency compared to the mono-halo ana-
logues: several compounds achieved complete inhibition of C. difficile growth 
at 40 µM (99% is defined as complete inhibition under the assay conditions), 
and further activity at 20 and 10 µM.  
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Figure 4. The growth inhibition (%) of di-halogenated C2 analogues.  

Based on the activity of para-Cl 21 (96 % GI at 40 µM), we first explored 
chlorination patterns. This revealed that meta-para substitution was favoured. 
Both the meta-meta (26) and meta-para (27) were more potent than the re-
spective mono-Cl analogues 23 or 21 and, in both cases, para-substitution ap-
peared to be the stronger contributor. In addition, a general synergy between 
meta- and para-substitution was observed. Pairwise comparison between 27 
and 28 or 29 supported this. Secondly, we saw a pattern of improving activity 
with increasing halogen size at the para-position: fluoro (33) < chloro (27) < 
bromo (31) < iodo (32). Without more information on a target and binding 
interactions, it is unclear whether this trend arises from a specific interaction 
such as halogen bonding, or from increased hydrophobicity and steric bulk 
associated with the larger halogens. In the next stage, we interrogated the role 
of the C5 acetic acid motif, demonstrating that the carboxylic acid motif was 
required for activity (Figure 5).  

 
Figure 5. The growth inhibition (%) of C5 and core analogues.  

Neither alcohol 35, amide 36, nor cutaway 37 were able to inhibit growth of 
C. difficile. The loss of activity for the amide is notable, suggesting the car-
boxylate negative charge at physiological pH may be essential for activity. 
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While truncating the carbon chain (38) led to a large decrease in activity, ex-
tending the carbon chain instead (39) resulted in a marked improvement in 
activity over fentiazac (1). Extended acid 39 also inhibited growth by 92 % at 
20 µM, and by 44 % at 10 µM, comparable in potency to the best-performing 
di-halo analogues. Two additional analogues were synthesized to explore 
modification to the thiazole core, either by replacement with an oxazole 40 or 
the “rotated” thiazole 41. In both cases the inhibitory activity was lost. 
We next sought to combine the improvements of the three most potent di-halo 
analogues 27, 31, and 32 with the extended carboxylic acid of 39 in the hope 
of finding synergy between both variations (Figure 6).  

 
Figure 6. The growth inhibition (%) of C2/C5 combination analogues.   

Analogues 42, 43 and 44 were able to inhibit the growth of C. difficile com-
pletely at 40 µM, with very high or complete inhibition at 20 µM and moderate 
activity at 10 µM, but disappointingly this activity was not improved over that 
of the respective di-halo analogues. In fact, for 43 and 44 activity was slightly 
reduced compared to 31 and 32. A similar trend can be observed between hal-
ogen substituents, where a para-I or -Br are equivalent, and a para-Cl is 
slightly less potent. 

Moving forward from the SAR study, four compounds were selected for 
further microbiological testing. These were chosen based on their improved 
potency compared to fentiazac, and representation of the key advances to the 
scaffold; 32 at C2, 39 at C5, and 44 with both C2 and C5 modification, with 
1 representing the starting hit. With these improved inhibitors in hand, we re-
turned to answer a key question from the outset: how will the selectivity for 
C. difficile be impacted by the new changes? 

Model gut microbiome community assays 
To probe the potential impact of our more potent fentiazac analogues on the 
gut microbiome, we screened for selective inhibition of C. difficile in a syn-
thetic community of 21 prevalent and abundant human gut commensals, re-
ferred to as Com21.19 This synthetic community consists of 5 different bacte-
rial phyla, 11 families and 18 genera, and can be reproducibly grown as a 
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stable community in vitro and in vivo.19,20 The full list of strains used in this 
study can be found in the supporting information. Com21 was grown together 
with a strain of C. difficile carrying a constitutive plasmid-based luminescence 
reporter allowing for specific measurement of C. difficile growth within a 
complex microbial community.21  

Along with 1, three analogues (5 – 40 µM) were tested in the Com21 sys-
tem after inoculation with the luminescent C. difficile reporter strain. Data for 
1, 39, 32 and 44 (5 – 40 µM) is shown in Figure 7. Clindamycin and fidax-
omicin were also included as controls. Clindamycin is a broad-spectrum anti-
biotic associated with higher risk for CDI, which has been shown to inhibit 
20/21 of the Com21 members (E. coli being the exception) thus facilitating C. 
difficile outgrowth.15,21 Fidaxomicin is a potent, selective antibiotic against C. 
difficile and was used as a positive control for C. difficile growth inhibi-
tion.22,23 To investigate the impact of our compounds on C. difficile growth, 
luminescence was measured after 5 h, and C. difficile CFU (colony-forming 
units) at 5 and 24 h timepoints. Community biomass (as measured by optical 
density (OD) at 578 nm), was also measured at 5 and 24 h to examine the 
effects of our compounds on overall microbial community growth. 
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Figure 7. Model gut microbiome studies of selected fentiazac analogues.  
A: Growth inhibition curves of 1, 39, 32 and 44 from the SAR study, highlighted 
against all other tested analogues. B: Log2-fold changes in luminescence for C. dif-
ficile LM0061 in Com21 after 5 h of growth in the presence of 1, 39, 32, 44 and 
controls. C: Log2-fold changes in CFU for C. difficile LM0061 in Com21 co-culture 
after 5 and 24 h of growth in the presence of 1, 39, 32, 44 and controls. Dotted lines 
indicate the C. difficile inoculum of ~1.5 x 105 CFU/ml as well as the detection limit 
of ~2 x 104 CFU/ml. D: Effect of 1, 39, 32, 44 and controls on OD of Com21 with C. 
difficile at 5 h and 24 h time points. Results from B – D are normalised to DMSO 
controls. Bars show the mean plus standard deviation of three biological replicates. 
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First, the abundance of C. difficile in the community was measured using lu-
minescent reporter strain (Figure 7B).21 Consistent with the reduction in AUC 
against C. difficile monoculture, all tested compounds showed a concentra-
tion-dependent reduction in C. difficile luminescence after 5 h. Furthermore, 
all analogues were more effective than fentiazac, and the same trends in ac-
tivity were again observed between analogues, where 32 was slightly more 
potent than 44, and both more potent than 39. Increased luminescence was 
observed for the clindamycin treatment, verifying the expected C. difficile 
growth increase via broad-spectrum inhibition of the Com21 members. Fidax-
omicin reduced C. difficile luminescence across all tested concentrations. 

Next, we examined the viability of C. difficile bacteria after 5 h and 24 h 
growth in the presence of our analogues via CFU counting (Figure 7C). Con-
sistent with the luminescence assay, 1 failed to deplete C. difficile from the 
co-culture after 5 hours (also after 24 hours). At 40 µM inhibitor concentra-
tions, both 32 and 44 reduced CFU below the detection limit after 5 h. After 
24 hours, similar results were noted with the exception that 39 now also sup-
pressed C. difficile growth. At lower concentrations, CFU values were similar 
to DMSO controls although 39 showed some effect at 20 µM. Treatment with 
clindamycin again increased the growth of C. difficile relative to DMSO con-
trols, and treatment with fidaxomicin completely reduced CFU below the de-
tection limit at all concentrations. 

Whilst both methods identified compounds capable of suppressing C. dif-
ficile outgrowth in the Com21 synthetic community, we also needed to inves-
tigate their overall impact on the commensal species themselves. Here, OD 
was measured at 5 and 24 h timepoints to provide a readout of overall com-
munity biomass (Figure 7D). Whilst 1 and 39 had largely no impact on overall 
community biomass after 5 h, the other tested compounds typically reduced 
biomass at concentrations greater than 10 µM. In most cases, the communities 
showed signs of recovery after 24 h, likely due to the continued growth of any 
unaffected or tolerant species. However, 39 showed minimal impact on bio-
mass over the tested concentrations, with only minor OD reduction at the high-
est tested concentration. As anticipated, the broad-spectrum control clindamy-
cin significantly reduced biomass at all tested concentrations. Despite its re-
ported higher selectivity for C. difficile, fidaxomicin also reduced community 
OD. Since Clostridium perfringens is a highly abundant member of Com21,19 
and since fidaxomicin has also been reported to inhibit this species,23 this 
could explain the observed drop in biomass. 
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Antimicrobial susceptibility testing against C. difficile clinical isolates. 
To further investigate C. difficile growth inhibition beyond the initially tested 
strains, three compounds (1, 32, and 39) were selected for antimicrobial sus-
ceptibility testing (AST) against 16 C. difficile clinical isolates, with PCR ri-
botypes represented from clades 1 – 5 (Table 1). Counter-screens were also 
run against C. difficile ATCC70057, B. fragilis, E. coli, and S. aureus.  
Table 1. Minimum inhibitory concentration (mg/L) for 1, 32, and 39 against 16 clini-
cal C. difficile isolates, on Brucella BHIY agar.  

 

As expected, fentiazac (1) was inactive or only very weakly activity against 
the C. difficile isolates, and both analogues 39 and 32 showed significant im-
provement in comparison (Table 1). More surprising was the difference in ac-
tivity between the two analogues; 39 was able to inhibit growth of all tested 
isolates at 4 – 8 mg/L concentrations, 1 - 2 dilutions lower than 32 despite the 
latter performing better in both the luminescence and CFU assays.  

We did not observe any clear inhibition trend between the C. difficile 
clades. Of note, initial AST was run on Brucella blood agar, but unexpectedly 
32 was found to be completely inactive despite being the most potent analogue 
in the SAR study. Repeating testing with BHIY medium led to the values re-
ported in Table 1. Although not yet verified, these results may indicate that 
the presence of blood, or blood-derived substances, negatively impacts po-
tency potentially due to plasma protein binding. Fentiazac has been reported 

PCR ribotype  Clade  MIC (mg/L)  
1 32 39 

001  1  32 - 64  16  4  
002  1  64 - >64  8 - 16  4  
005  1  64 - >64  16  8  
014  1  32 - 64  8 - 16  8  
016  2  32  16  4  
019  2  64  16  8  
027  2  32  16  4  
036  2  32  16  4  
023  3  64  8 - 16  4  
058  3  64  8  4  
063  3  >64  16  4  
017  4  >64  16  8  
060  4  64  16  4  
033  5  64  16  4  
066  5  64  16  4  
078  5  16  16  4  
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in the literature to bind serum albumin between 86 - 97%,18,24 though further 
studies are required to validate if analogues 32 or 39 share similar properties. 
However, as our goal is a gut-restricted antibiotic, this is of less concern than 
when pursuing an antibiotic to treat systemic infection.  

Counter screens (Table 2) revealed that, while consistent results were ob-
tained against the C. difficile reference strain (ATCC 70057), 39 did not show 
any strong activity against B. fragilis, E. coli and S. aureus. 32 showed inhib-
itory activity against S. aureus, tentatively suggesting broader-spectrum 
Gram-positive activity and a connection to its greater impact on the Com21 
members than 39. B. fragilis, which is also a Com21 member, was inhibited 
by 32 to a similar extent as C. difficile. Compounds also showed no apprecia-
ble cytotoxicity towards Hep-G2 human cell lines (Figure S2).  
Table 2. Minimum inhibitory concentration (mg/L) for 1, 32, and 39 against control 
strains C. difficile ATCC70057, B. fragilis ATCC 25285, E. coli ATCC 25922, and 
S. aureus ATCC 29213.  

 

Anti-inflammatory testing 
The disease state in CDI is characterized by severe inflammation of the intes-
tinal epithelium, and in the current research we have described a number of C. 
difficile growth inhibitors derived from a known NSAID. Naturally, we inves-
tigated whether compounds optimized for antimicrobial activity (exemplified 
by 39, 32 and 44) would retain the anti-inflammatory activity of the fentiazac 
scaffold. The compounds were evaluated in the SW982-NF-kB cell reporter 
line,25 where the NF-kB reporter was used solely as a control and pathway 
inhibition was not anticipated. Accordingly, none of the compounds affected 
NF-kB pathway activity (GFP signal >50 %) or cell viability (>75 %) at the 
tested concentration range (Figure S1). Compound 32 showed a slight reduc-
tion in cell viability (≤50 %) at the highest tested concentrations of 20 and 25 
µM.  

Consistent with activity as a COX-1/-2 inhibitor, 1 strongly reduced all 
prostaglandin levels (PGD2, PGE2, PGF2α, and TxB2), resulting in >50 % in-
hibition already at the lowest tested concentrations (12.5 - 25 nM; Figure 8). 
At 2.5 µM, prostaglandin production was almost completely suppressed. At 
similar concentrations, 1 displayed comparable efficacy to that of the selective 
COX-2 inhibitor NS-398, used here as a control.  

Control  MIC (mg/L)  
1 32 39 

C. difficile ATCC 70057  32  8  4  
B. fragilis ATCC 25285 >64  8 - 16 >64  

E. coli ATCC 25922 >64  >64  >64  
S. aureus ATCC 29213 64  0.125 - 2  16 - 32 
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Figure 8. Prostaglandin levels in SW982-NF-ĸB cell line after treatment with 1, 39, 
32 and 44, and positive control NS-398. Data shown in % ± SEM from n≥1 experi-
ments in duplicates normalized to stimulated viable cells. 

All analogues retained some anti-inflammatory activity but were considerably 
less potent than 1. Among them, 39 showed the strongest inhibitory potential, 
reducing all prostaglandin levels below 50 % at concentrations between 1.25 
and 2.5 µM. Compounds 32 and 44 were more than 5-fold less potent than 39, 
reducing prostaglandin levels below 50 % at concentrations between 10 and 
15 µM. Notably, all compounds showed similar reduction levels across all 
tested prostanoids, consistent with upstream inhibition of COX-1/-2, and a 
non-selective suppression of prostaglandin synthesis, rather than differential 
regulation of individual prostaglandin synthases. 

Caco-2 cell permeability assay 
For the current recommended treatments for CDI, vancomycin and fidax-
omicin, oral bioavailability is very low.26,27 This poor permeability across the 
intestinal epithelium allows the antibiotics to efficiently accumulate in the in-
testinal lumen. As an additional benefit, low systemic absorption also reduces 
the risk for off-target toxicity. Fentiazac, on the other hand, has been previ-
ously reported to be rapidly absorbed, and cleared, from plasma.18,28 To spe-
cifically assess the apparent permeability (Papp) of fentiazac (1) and 39, a trans-
well assay using Caco-2 intestinal epithelial cells was run (Figure 9). The as-
say was performed using the apical (luminal) side of the trans-well as a donor 

1 32 

39 44 
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(AB) with the basolateral (serosal) side as an acceptor, and also in the op-
posite fashion (BA) (Figure 9A). 

 
Figure 9. A: Schematic representation of Papp experiments in the AB and BA 
direction, arrows show the drug transport from the donor to the acceptor chamber B: 
AB Papp of analogues 1 and 39. Unpaired t-test. *p<0.05. C: BA Papp values of 
analogues 1 and 39. Unpaired t-test. **p<0.001. D: Comparison of AB Papp and 
BA Papp across analogues. Unpaired t-tests. ***p<0.0001. E: Efflux ratios for ana-
logues 1 and 39. Unpaired t-test showed no significant change between groups. 

Overall, both analogues 1 and 39 demonstrated high Papp values (33.89 ± 
11.16×10-6 cm/s and 65.81 ± 6.79 ×10-6 cm/s) (Figure 9B), denoting a high 
fraction absorbed.29 This result is consistent with the reported in vivo literature 
on fentiazac (1).18,28 The Papp value for 39 was significantly higher than for 1, 
indicating that the extended carboxylic acid is associated with increased intes-
tinal absorption (possibly as a function of increased LogP) and may be detri-
ment towards gut accumulation. However, both analogues demonstrated sig-
nificantly higher PappBA compared to PappAB (Figure 9D), so overall both 
are expected to accumulate in the intestinal lumen. Furthermore, the efflux 
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ratio of fentiazac (1) in particular (5.34) is sufficiently high to indicate that it 
may be a substrate for active efflux (Figure 9E). Though 1 is rapidly cleared 
from plasma,28 to our knowledge it is not a known substrate for the clinically-
relevant intestinal efflux transporters BCRP or P-gp, and further studies are 
needed to assess whether 1 or 39 are substrates for active efflux. 

Resistant mutant sequencing 
Motivated by the potential shown by in the clinical isolates assay, we set out 
to elucidate the target in C. difficile by raising and sequencing resistant mu-
tants. We attempted to generate single step mutants from C. difficile laboratory 
strain 630Δerm 30 by plating on supra-MIC concentrations of both 32 and 39. 
No colonies were obtained from compound 32, but a total of 9 independent 
mutants were obtained from plates containing 8 mg/L and 16 mg/L of 39. The 
resistance phenotype was stable, and all strains were capable of of growth on 
plates containing up to at least 64 mg/L of 39. Whole genome sequencing was 
performed to identify polymorphisms that were present in strains with reduced 
susceptibility to 39, but not in the parental strain. In 7/9 mutants (78%), we 
identified high-confidence mutations in the dnaE gene 
(CD630DERM_RS04495, CD3396), that encodes the alpha subunit of the lag-
ging strand DNA polymerase of C. difficile. The mutations resulted in 
p.Pro285Ser, p.Pro285Leu, p.Thr374Ile, p.Ala629Val (x2), p.Glu710Lys, and 
p.Ala763Thr substitutions.  The remaining two mutants carried mutations in 
the anaerobic ribonucleoside-triphosphate reductase pathway (nrdDp.Arg100Ile 
and nrdRp.Glu41Asp). Together, our results suggest that DnaE is the cellular tar-
get of compound 39 in C. difficile. 

Discussion 
C. difficile is a pathogen of high concern, and while not yet recognised as a 
priority pathogen by the World Health Organization, it has been argued that it 
should be included.31 Despite a recent decrease in hospital-acquired CDI in 
USA, the rate of community-associated CDI has remained consistent,32 and 
progress in understanding zoonotic reservoirs33 and emerging epidemic 
types34 highlight the urgent need for novel inhibitors in the drug pipeline. 

In the current research, we aimed to find molecules that would inhibit C. 
difficile growth whilst minimising collateral damage to the gut microbiome. 
Such dysbiosis, often caused by broad-spectrum antibiotic use, is the most 
significant risk factor for CDI, and narrow spectrum agents are essential for 
treating CDI to minimize the risk of recurrent infection. However, this is not 
a straightforward task for drug discovery and development.  

In our approach for finding molecular starting points for narrow-spectrum 
antibacterials, we leveraged the work of Maier and co-workers,16 who inves-
tigated the effects of over 1100 approved drugs on human gut microbiome 
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species. When potential pathogens are also included in such screens, the data 
sets are rich in information for drug repurposing and, in our case, hit discovery 
for further optimisation. That is, with appropriate data, selectivity is already 
built into the molecule and, it could be argued, maintaining selectivity could 
be easier than engineering it in. This is of particular relevance for programmes 
such as ours that are based on phenotypic readouts rather than structure-based 
design against a target. As the field of microbiome science continues to accel-
erate, more studies interrogating the impact of small molecules are appearing 
in the literature,15,19,35,36 providing excellent opportunities for medicinal chem-
ists to discover microbiome modulators, and to develop novel pharmaceuticals 
with these interactions in mind. This is also evident from repurposing screens 
to find inhibitors of C. difficile growth. A number of existing non-antibacterial 
drugs are in preclinical or clinical trials for treating CDI, including ursodeox-
ycholic acid (a secondary bile acid used for treatment of cirrhosis), niclosa-
mide (an anthelmintic), and amoxapine (an antidepressant).13 

In terms of fentiazac as our hit molecule, only 8 out of the 36 NSAIDs 
screened by Maier and co-workers showed antibacterial activity, and fentiazac 
was the only one to significantly inhibit the growth of C. difficile. This, in 
combination with the quite rigid SAR revealed in the current work, suggests 
that the selective antibacterial action is not linked to the general NSAID class. 

Starting from fentiazac (1), we prepared and tested a range of analogues, 
with an initial focus on C. difficile growth inhibition as our phenotypic 
readout. Whilst we found that modifying the C4 aryl group or the C5 acetic 
acid motif (with the exception of chain extension) was detrimental for po-
tency, the C2 group offered opportunity for tuning activity. From our results, 
it appears that while di-halogen substitution of the C2 aromatic ring offers 
benefits in potency towards C. difficile clearance (32 and 44), it comes with 
the cost of also targeting non-commensal species in the Com21 model system. 
On the other hand, fentiazac and 39, which feature a phenyl ring at the C2 
position have minimal impact on other bacteria. Considering this cost-benefit 
relationship led to the prioritisation of 39 (and 32 as an example of the C2 
scaffold optimisation) for screening against a wider panel of clinical C. dif-
ficile isolates. While 39 displayed decent potency across all tested C. difficile 
strains, further improvements in potency would be welcome. 

To investigate the scope of 39 as a potential therapeutic, to either clear CDI 
or prophylactically prevent its outgrowth after broad-spectrum antibiotic treat-
ment, further studies are required in in vivo infection models. Optimisation 
would also focus on tuning pharmacokinetics to restrict the drug to the gastro-
intestinal tract, in order to maintain a therapeutic concentration to provide suf-
ficient protection.  

Our studies utilised the Com21 gut microbiome model. While this model 
doesn’t fully recapitulate the complexities of an in vivo gut microbiome, it 
does provide a stable, representative platform for early-stage pre-clinical re-
search whilst minimising animal testing. A limit of our work here is that the 
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biomass measurements (OD) don’t report compositional shifts in the commu-
nity, only total community growth. On-going work will focus on sequencing 
samples to gain insight into any potential compositional shifts of the bacterial 
community.  

Whilst the tested analogues showed lower anti-inflammatory activity than 
the parent molecule 1, all displayed notable prostaglandin inhibition (>50%) 
at the concentrations where they are active against C. difficile. Compound 39 
presents an attractive balance between C. difficile growth inhibition and anti-
inflammatory activity, outperforming 32 in both metrics while also being non-
toxic to human HepG2 cells, and very well-tolerated by the Com21 commen-
sals. While we recognise the potential for a dual-action C. difficile inhibitor, 
which might simultaneously suppress infection, and act to relieve infection 
symptoms, it isn’t clear at present whether this is truly an advantage, or if it is 
desirable to remove anti-inflammatory activity. It has already been reported 
that certain NSAIDs can negatively impact the gut microbiome,37 and indo-
methacin in particular has been shown to disrupt the microbiome and increase 
mortality in mouse CDI models.38–40 However, it remains unclear whether this 
observation is unique to indomethacin or can be applied generally to all 
NSAIDs. NSAIDs (most notably COX-1/-2 non-selective) are, however, well-
documented in inducing damage to the stomach and intestinal epithelium with 
prolonged use, disrupting the gastric mucosa, gastric acid secretion, reducing 
mucosal blood flow, and contributing to gastric bleeding and ulcer for-
mation.41 Controlled-release formulation strategies could be a solution for tar-
geting the lower gastrointestinal tract. In vivo studies are required to explore 
the ability of our compounds to clear or prevent CDI. This includes using ap-
propriate gut inflammation mouse models to assess if anti-inflammatory ac-
tivity is beneficial.     

While our evidence supports DnaE as the likely cellular target in C. dif-
ficile, a key knowledge gap from the current work is the possible binding 
mode, and key target interactions. Investigation into the structural biology of 
how compound 39 binds its target would enable further optimisation of this 
inhibitor scaffold. Furthermore, we do not yet know the influence of these 
compounds on C. difficile spore germination or toxin production. These fac-
tors are the subject of further investigation. Additional insight here could also 
allow us to incorporate a structure-based workflow, for further compound op-
timisation towards the clinic.  
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Conclusions 
For developing narrow-spectrum antibiotics, hit discovery is a difficult task. 
Here, we demonstrated that the Maier et al. dataset could be utilised for this 
purpose, leading to the identification of the NSAID fentiazac as a starting 
point for selective antibacterials against C. difficile. Through chemical opti-
misation, we identified one analogue, 39, which showed growth inhibition 
against a panel of C. difficile isolates, and could clear C. difficile from a model 
microbiome community. Resistant mutant sequencing identified DNA poly-
merase subunit DnaE as the likely cellular target of 39. Work is underway to 
further validate the mode of action and improve potency towards C. difficile, 
whilst minimising collateral damage to the beneficial bacteria of our gut mi-
crobiome.  

References 
1.  Kochan, T. J. et al. Intestinal calcium and bile salts facilitate germination of Clos-

tridium difficile spores. PLOS Pathog. 13, e1006443 (2017). 
2.  Paredes-Sabja, D., Shen, A. & Sorg, J. A. Clostridium difficile spore biology: 

sporulation, germination, and spore structural proteins. Trends Microbiol. 22, 
406–416 (2014). 

3.  Leffler, D. A. & Lamont, J. T. Clostridium difficile Infection. N. Engl. J. Med. 
372, 1539–1548 (2015). 

4.  Centers for Disease Control and Prevention (U.S.). Antibiotic Resistance Threats 
in the United States, 2019. https://stacks.cdc.gov/view/cdc/82532 (2019) 
doi:10.15620/cdc:82532. 

5.  Song, J. H. & Kim, Y. S. Recurrent Clostridium difficile Infection: Risk Factors, 
Treatment, and Prevention. Gut Liver 13, 16–24 (2019). 

6.  Furuya-Kanamori, L. et al. Asymptomatic Clostridium difficile colonization: ep-
idemiology and clinical implications. BMC Infect. Dis. 15, 516 (2015). 

7.  Miller, A. C. et al. Risk for Asymptomatic Household Transmission of Clostrid-
ioides difficile Infection Associated with Recently Hospitalized Family Members. 
Emerg. Infect. Dis. 28, 932–939 (2022). 

8.  Alshannaq, A. F. et al. Diverse Sources and Latent Reservoirs of Community-
Associated Clostridioides difficile Infection. Clin. Infect. Dis. 80, 37–42 (2025). 

9.  Li, Q. et al. Clinical and economic outcomes associated with fidaxomicin in com-
parison to vancomycin, metronidazole, and FMT: A systematic literature review. 
Medicine (Baltimore) 103, e39219 (2024). 

10.  Wilcox, M. H. et al. Bezlotoxumab for Prevention of Recurrent Clostridium dif-
ficile Infection. N. Engl. J. Med. 376, 305–317 (2017). 

11.  Sinnathamby, E. S. et al. Clostridioides difficile Infection: A Clinical Review of 
Pathogenesis, Clinical Considerations, and Treatment Strategies. Cureus 
https://doi.org/10.7759/cureus.51167 (2023) doi:10.7759/cureus.51167. 

12.  Jones, J. A. et al. Small-Molecule Inhibition of the C. difficile FAS-II Enzyme, 
FabK, Results in Selective Activity. ACS Chem. Biol. 14, 1528–1535 (2019). 

13.  Chen, J. et al. Targeting Clostridioides difficile: New uses for old drugs. Drug 
Discov. Today 27, 1862–1873 (2022). 

14.  LaMarche, M. J. et al. Discovery of LFF571: An Investigational Agent for Clos-
tridium difficile Infection. J. Med. Chem. 55, 2376–2387 (2012). 



 20 

15.  Maier, L. et al. Extensive impact of non-antibiotic drugs on human gut bacteria. 
Nature 555, 623–628 (2018). 

16.  Maier, L. et al. Extensive impact of non-antibiotic drugs on human gut bacteria. 
Nature 555, 623–628 (2018). 

17.  Brown, K. et al. Nonsteroidal antiinflammatory agents. 1. 2, 4-Diphenylthiazole-
5-acetic acid and related compounds. J. Med. Chem. 17, 1177–1181 (1974). 

18.  Marmo, E. Experimental and clinical pharmacology of fentiazac, a new, non-ste-
roidal anti-inflammatory agent. Curr. Med. Res. Opin. 6, 53–63 (1979). 

19.  Grießhammer, A. et al. Non-antibiotics disrupt colonization resistance against en-
teropathogens. Nature 644, 497–505 (2025). 

20.  Müller, P. et al. High-throughput anaerobic screening for identifying compounds 
acting against gut bacteria in monocultures or communities. Nat. Protoc. 19, 668–
699 (2024). 

21.  Schumacher, J. et al. Proton-pump inhibitors increase C. difficile infection risk by 
altering pH rather than by affecting the gut microbiome based on a bioreactor 
model. Gut Microbes 17, 2519697 (2025). 

22.  Louie, T. J. et al. Fidaxomicin versus Vancomycin for Clostridium difficile Infec-
tion. N. Engl. J. Med. 364, 422–431 (2011). 

23.  Zhanel, G. G., Walkty, A. J. & Karlowsky, J. A. Fidaxomicin: A Novel Agent for 
the Treatment of Clostridium difficile Infection. Can. J. Infect. Dis. Med. Micro-
biol. 26, 305–312 (2015). 

24.  Fumero, S. et al. Binding of fentiazac to serum protein. Pharmacol. Res. Com-
mun. 12, 41–48 (1980). 

25.  Welzel, J. et al. Bioactivity-guided isolation of anti-inflammatory compounds 
from the herbs constituting a traditional Chinese medicine formulation used for 
the treatment of rheumatoid arthritis. Phytomedicine 155, 157626 (2026). 

26.  Shue, Y. K. et al. Safety, Tolerance, and Pharmacokinetic Studies of OPT-80 in 
Healthy Volunteers following Single and Multiple Oral Doses. Antimicrob. 
Agents Chemother. 52, 1391–1395 (2008). 

27.  Rao, S., Kupfer, Y., Pagala, M., Chapnick, E. & Tessler, S. Systemic absorption 
of oral vancomycin in patients with Clostridium difficile infection. Scand. J. In-
fect. Dis. 43, 386–388 (2011). 

28.  Dowell, P. S. et al. The pharmacokinetics of fentiazac and its metabolite, p-hy-
droxyfentiazac, after twice-daily oral administration to male volunteers. Xenobi-
otica 14, 947–953 (1984). 

29.  Artursson, P. & Karlsson, J. Correlation between oral drug absorption in humans 
and apparent drug permeability coefficients in human intestinal epithelial (Caco-
2) cells. Biochem. Biophys. Res. Commun. 175, 880–885 (1991). 

30.  Van Eijk, E. et al. Complete genome sequence of the Clostridium difficile labor-
atory strain 630Δerm reveals differences from strain 630, including translocation 
of the mobile element CTn5. BMC Genomics 16, 31 (2015). 

31.  Smits, W. K., Garey, K. W., Riley, T. V. & Johnson, S. Clostridioides difficile is 
a bacterial priority pathogen. Anaerobe 93, 102965 (2025). 

32.  Guh, A. Y. et al. Trends in U.S. Burden of Clostridioides difficile Infection and 
Outcomes. N. Engl. J. Med. 382, 1320–1330 (2020). 

33.  Lim, S. C., Knight, D. R. & Riley, T. V. Clostridium difficile and One Health. 
Clin. Microbiol. Infect. 26, 857–863 (2020). 

34.  Ofori, E. et al. Community-acquired Clostridium difficile: epidemiology, ribo-
type, risk factors, hospital and intensive care unit outcomes, and current and 
emerging therapies. J. Hosp. Infect. 99, 436–442 (2018). 

35.  Sullivan, Å., Edlund, C. & Nord, C. E. Effect of antimicrobial agents on the eco-
logical balance of human microflora. Lancet Infect. Dis. 1, 101–114 (2001). 



 21

36.  Weersma, R. K., Zhernakova, A. & Fu, J. Interaction between drugs and the gut 
microbiome. Gut 69, 1510–1519 (2020). 

37.  Rogers, M. A. M. & Aronoff, D. M. The influence of non-steroidal anti-inflam-
matory drugs on the gut microbiome. Clin. Microbiol. Infect. 22, 178.e1-178.e9 
(2016). 

38.  Maseda, D. et al. Nonsteroidal Anti-inflammatory Drugs Alter the Microbiota and 
Exacerbate Clostridium difficile Colitis while Dysregulating the Inflammatory 
Response. mBio 10, e02282-18 (2019). 

39.  Muñoz-Miralles, J. et al. Indomethacin Increases Severity of Clostridium Difficile 
Infection in Mouse Model. Future Microbiol. 13, 1271–1281 (2018). 

40.  Liang, X. et al. Bidirectional interactions between indomethacin and the murine 
intestinal microbiota. eLife 4, e08973 (2015). 

41.  Wallace, J. L. Prostaglandins, NSAIDs, and Gastric Mucosal Protection: Why 
Doesn’t the Stomach Digest Itself? Physiol. Rev. 88, 1547–1565 (2008). 

 





Paper II





 1

Pyrazole-based Inhibitors of Lipoprotein 
Transport in Gram-negative Bacteria 

Matthew W. Rosenberg, 1,2† Jacob P. Rukavina,1,2† Angeliki Ntokaki,3 Kerrie May,4 
Kia Skalin,1 Agnes D. Flygare,1 Philip Karlsson,3 Emma Hanna,1 Nina Uslan,1 Freya 

Nelson,1 Joseph Olsson,1 Alexander J. Craig,1 Madlen Hubert,5 Marcin Grabow-
icz,4,6 He Yang,7 Shen Jingshan,7 Helen Wang,3 and Lindon W. K. Moodie*1,2 

 
1. Drug Design and Discovery, Department of Medicinal Chemistry, Uppsala University  

751 23, Uppsala, Sweden;  
2. Uppsala Antibiotic Centre, Uppsala University, Uppsala, Sweden;  

3. Department of Medical Biochemistry and Microbiology, Uppsala University, 751 23, Upp-
sala, Sweden;  

4. Department of Microbiology and Immunology, Emory University School of Medicine, At-
lanta, GA 30322;  

5. Department of Pharmacy, Uppsala University, Uppsala, Sweden,  
6. Division of Infectious Diseases, Department of Medicine, Emory University School of 

Medicine, Atlanta, GA 30322.  
7. State Key Laboratory of Drug Research, Shanghai Institute of Materia Medica, Chinese 

Academy of Sciences, Shanghai, 201203, China. 
†These authors contributed equally and share first authorship 

 

Abstract 
Increasing antimicrobial resistance to frontline antibiotics motivates the exploration of 
under-explored bacterial drug targets. However, particularly in Gram-negative patho-
gens, the bacterial cell envelope presents significant permeability challenges for antibi-
otic development efforts. Investigating essential targets located within the cell envelope 
therefore offers an attractive medicinal chemistry strategy. Accordingly, our efforts fo-
cused on the periplasmic LolCDE complex, which is responsible for transporting lipo-
proteins to the Gram-negative outer membrane. Starting from a reported but under-in-
vestigated pyrazole-based hit compound, we established structure–activity relation-
ships not only for antibacterial potency against relevant Gram-negative strains, but also 
for improving favourable drug-like properties such as solubility and stability whilst 
minimising hERG liabilities inherent to the hit compound. These findings provide a 
foundation for the continued optimisation of LolCDE inhibitors with potential utility 
against priority Gram-negative pathogens. 

Keywords: Antimicrobial resistance, Gram-negative, E. coli, LolCDE, Drug discovery 
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Introduction 
Antimicrobial resistance (AMR) presents a persistent and increasing threat to-
wards the utility of frontline antibiotics in the clinic. Recent analysis showed 
that 1.1 million people died in 2021 as a direct consequence of AMR. Further 
projections indicate that, if significant progress in the area is not made, both 
health and economic burdens will continue to increase.1 This is of particular 
concern for drug-resistant Gram-negative bacteria, which dominate priority 
pathogen lists.2 Furthermore, few novel classes of antibiotics targeting these 
microbes have emerged from the development pipeline in decades. Much of 
the difficulties associated with Gram-negatives can be linked to their dual 
membrane cell wall system. By combining inner (IM) and outer membranes 
(OM), each with orthogonal properties, a formidable barrier is created that 
hinders many potential antibiotics from reaching their cytosolic targets. The 
cell wall does present opportunities though, where there is increasing interest 
towards targeting proteins linked with cell wall biogenesis and function.3–5 In 
addition, as these targets are also often located in the periplasmic space be-
tween the IM and OM, the requirements for permeability are reduced. While 
these factors are exemplified by the clinical dominance of β-lactam antibiot-
ics, there is significant room for further pre-clinical development in this area.  
 
In Gram-negative bacteria, lipoproteins are key constituents of the OM, play-
ing crucial roles in maintaining envelope integrity and coordinating key pro-
cesses including outer membrane biogenesis, protein complex assembly, 
transport and efflux, stress responses, and host interaction and virulence.6 Af-
ter synthesis in the cytosol and then translocation to the IM, nascent lipopro-
teins are lipidated by a series of enzymes on the IM. The Lol (localization of 
lipoprotein) system is then responsible for selecting and trafficking lipopro-
teins from the IM to the OM.7 LolCDE, an ATP-binding cassette transporter, 
extracts the mature lipoproteins from the IM and passes them to the LolA 
chaperone, which ferries them across the periplasmic space to the LolB recep-
tor for insertion into the OM. Inhibition of LolCDE leads to collapse of enve-
lope assembly pathways and consequent defects in outer membrane biogene-
sis, and ultimately bactericidal effects in Gram-negative bacteria. Further-
more, mislocalisation and accumulation of lipoproteins in the IM also leads to 
toxicity.8 The essentiality of LolCDE, its periplasmic location and the lack of 
homologues in humans all contribute towards its growing interest as a drug 
target.6,9,10    
In 2015, researchers at AstraZeneca reported the first inhibitors of the LolCDE 
complex, identified from high-throughput phenotypic screens designed to de-
tect hit compounds that disrupt cell wall biosynthesis or show promising ac-
tivity against a permeabilised E. coli strain.11,12 They describe two hit series, 
both following a common structural trend: a pyrazole or imidazole core 
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substituted with a pyridine, and either an aryl benzyl ether (1) or 1,4-benzodi-
oxane (2). Activity was excellent against efflux-deficient ΔtolC E. coli but 
notably lower against wild-type (WT) strains. Of note, McLeod et al. also re-
ported that the methylated compound 3 resulted in improved WT activity.  

 
Figure 1. Structures of key reported LolCDE inhibitors, and reported minimum inhib-
itory concentrations against wild-type (WT) and/or ΔtolC E. coli (1, 2, 3, and 5 against 
ATCC 25922; 4, against NCTC 13441)  

 
The authors also highlight that these compounds require improvement in terms 
of WT potency and favourable drug-like properties, a challenge that spurred 
the current research. During the progress of our work, two key studies were 
reported. The most advanced compound, SMT-738 (4), which is based on a 2-
aminoimidazole core analogous to 2, shows promise targeting pathogens from 
the Enterobacteriaceae family, i.e. Escherichia coli and Klebsiella pneu-
moniae, but its current development status is unclear.13 In addition, Muñoz et 
al. attempted to improve hit compound 1 by increasing pyridine methylation 
(C2 and C6 positions) and installing a primary amine on the benzylic ring to 
improve intracellular accumulation.14 However, the authors claim that the 
amine motif was counterproductive, sequestering the compound away from 
its periplasmic target. The nitrile-containing synthetic intermediate 5 (Figure 
1), which the authors dubbed lolamicin, confirmed their hypothesis. Further 
experiments showed that 5 had excellent potency against a range of E. coli 
and K. pneumoniae strains, and efficacy in mice infection models.  
 
Whilst these advances clearly demonstrate the potential of the hit structures 
first reported from AstraZeneca, 3 is reported in the scientific literature as a 
stand-alone compound, and minimal explorations of structure-activity rela-
tionships (SARs) are reported for 5. Herein lies a significant knowledge gap 
of how modifying the structures of 1 and 2 contributes towards not only anti-
bacterial potency, but also the properties favourable with drug development; 
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the goal for the current research. Although LolCDE is an interesting target, 
given it is a multi-protein complex embedded into a membrane there is not yet 
an operationally simple biochemical assay for measuring inhibition, and a 
Cryo-EM structure in complex with a small molecule ligand has only recently 
been reported.15 These factors have hindered the common approach of first 
optimizing a compound for enzymatic potency using structure-based design 
and then trying to convert this to activity against WT bacteria. Accordingly, 
our goal was to generate analogues of 1, and test them directly in bacterial 
assays, providing a phenotypic readout for not only antibacterial potency, but 
also permeability. From here, SARs for the pyridine and aryl motifs could be 
established, and favourable properties for drug development could be opti-
mised. 

Results 
To generate a library of analogues based on the hit pyrazole 1, two general 
synthetic routes were adopted during the progress of our work. In the first 
approach (Route A, Scheme. 1), SEM protected pyrazole pinacol boronate es-
ter (7) was a suitable building block for introducing a pyridine motif via Su-
zuki coupling. Next, the Pd-mediated CH arylation protocol of Goikhman and 
co-workers was employed to incorporate an aryl group at C-5, adjacent to the 
SEM protected pyrazole nitrogen.16 The remaining SEM group was removed 
under acidic conditions to reveal each target molecule. Whilst this route typi-
cally afforded amounts of compounds suitable for initial antibacterial screen-
ing, in some cases, issues were met on scale-up, i.e. purifications were com-
plicated by co-elution, over-arylation and low yields. To supplement this ap-
proach, we also adopted a more traditional strategy based on the original re-
ported synthesis of 1 (Route B).12 Here, addition of a 4-methylpyridine anion 
to an appropriate Weinreb amide formed a ketone which, after treatment with 
DMF-DMA and then hydrazine hydrate, the requisite pyrazoles were af-
forded. While a generalised scheme is provided below, full synthetic details 
can be found in the supplementary information.  
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Scheme 1. General synthetic routes used to access a library of pyridine (Py) and aryl 
(Ar) analogues. 

Structure-activity studies 
After verifying the reported activity of hit compound 1 against E. coli ATCC 
25922 (WT and the efflux deficient ΔtolC strain),12 we first explored the im-
pact of additional methyl substitution on the pyridine ring of 1, which was 
noted to increase antibacterial potency in the original report of the imidazole-
based compounds 2 and 3.11 

 

 

HLM stability

WT MIC 
(μg/mL)

 ΔtolC 
(μg/mL)

HepG2 
CC50 (μM)

HK-2 CC50 

(μM)
hERG       

(% at 30 μM) Kinetic Thermo-
dynamic

T1/2

 (min)

1 4 32 41.3 >100 77.8 0.6 14.5 4.1
13 2 <0.125 43.9 - - - - -
14 16 1 - - - 3.7 - 1.1
15 1 <0.125 34.3 48.1 95.0 31.3 267.8 1.9
16 16 1 - - - - - -
5 0.25 <0.125 5.6 >100 93.3 38.5 289.1 1.1

E. coli ATCC 25922 Cytotoxicity Solubility (μM)
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Figure 2. Structure-activity and structure-toxicity relationships of initial pyrazole 
scaffold exploration. (-) denotes that compounds were not tested in the assay. 

Applying this logic to the pyrazole inhibitor class held when comparing 1, 13, 
and 15, where minimum inhibitory concentrations (MICs) decreased from 4 
µg/mL for 1 to 1 µg/mL for 15. Analogues 14 and 16, where the position of 
the methyl and fluorobenzyl ether groups are shifted, respectively, resulted in 
reduced potency and the SEM-protected version of 1 (not shown) showed no 
activity. Toxicity, solubility, and metabolic stability (in human liver micro-
somes, HLM) were also assessed to further investigate favourable drug-like 
properties. This revealed that 1 suffered from poor solubility and half-life in 
human liver microsomes, signs of toxicity in HepG2 cell lines and inhibition 
of the human ether-à-go-go-related gene (hERG) potassium channel (77.8% 
at 30 µM). The more potent 15 also showed similar deficiencies, although 
increases in thermodynamic solubility were noted. Lolamicin (5), which was 
published during the progress of our work, was included as a benchmark com-
pound for comparison. Whilst it showed excellent potency and good thermo-
dynamic solubility, it was rapidly metabolized by microsomes, exhibited tox-
icity towards HepG2 cells (CC50: 5.6 µM) and strongly inhibited hERG 
(93.3% at 30 µM). The latter is of concern for cardiac safety and potential risk 
of QT interval prolongation further down the drug development pipeline.  
 
As we suspected the issues with compounds 1 and 15 (and lolamicin) were 
linked to the benzyl ether motif, we opted to reduce lipophilicity and meta-
bolic liabilities by removing this structural motif and replacing it with the 1,4-
benzodioxane group reported for the hit compound 2. This afforded the com-
pound 18 (Figure 3), which returned MIC values of 1 and <0.125 µg/mL 
against WT E. coli and its ΔtolC strain, respectively, comparable values to the 
dimethyl-functionalised 15. Upon further testing, 18 showed minimal cell tox-
icity and hERG inhibition, and improved solubilities over 1. However, meta-
bolic stability was still poor. Keeping the 1,4-benzodioxane group in place, 
we investigated the structure activity relationship of the pyridine motif (Figure 
3). 
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Figure 3. Structure-activity and structure-toxicity relationships of the pyridine moi-
ety. Compounds 18 and 27 showed no toxicity to HepG2 cell lines (CC50 > 100 µM). 
(-) denotes that compounds were not tested in the assay. 

Removing the pyridine nitrogen (19), altering its position (20), or adding an 
extra nitrogen atom (21 and 22) all resulted in activity loss, suggesting that 
nitrogen lone pair play a key role in target engagement. Alternative substitu-
tions at the pyridine C2 position (23 and 25) led to WT inactivity, but some 
potency against ΔtolC E. coli. Pyridone 24 was inactive against both strains. 
Contrary to the trend observed for the benzyl-ether analogues, activity was not 
improved by adding methyl groups to the pyridine. The 2,6-dimethyl 27 was 
more potent than the 2-methyl 26, but equally as potent as 18. Proportional 
decreases in kinetic solubility were observed with increasing methylation, as 
well as increased hERG inhibition. From these results, we opted to maintain 
the unsubstituted pyridine motif when exploring the SAR of the aryl substitu-
ent (Figure 4). 

 

N N
H

N

O

O

Aryl SAR

O

O

OMe

OMe

OMe

OMe O

O

O

HN

NH

O

36
wt: 2 μg/mL

ΔtolC: 0.5 μg/mL

18
wt: 1 μg/mL

ΔtolC: <0.125 μg/mL

28
wt: >64 μg/mL

ΔtolC: >64 μg/mL

29
wt: >64 μg/mL

ΔtolC: 32 μg/mL

30
wt: >64 μg/mL

ΔtolC: 32 μg/mL

31
wt: >64 μg/mL

ΔtolC: >64 μg/mL

34
wt: 8 μg/mL

ΔtolC: 1 μg/mL

33
wt: 16 μg/mL

ΔtolC: 4 μg/mL

35
wt: 8 μg/mL

ΔtolC: >0.125 μg/mL

32
wt: >64 μg/mL

ΔtolC: >64 μg/mL

 
Figure 4. Structure-activity and structure-toxicity relationships of the aryl moiety. 
Compounds 18 and 36 showed no toxicity to HepG2 cell lines (CC50 > 100 µM). (-) 
denotes that compounds were not tested in the assay. 

Initial studies showed that truncation of the dioxane ring to give the dimethoxy 
analogue (28) or completely removing the ether functionalities (32) were 

HLM stability

WT MIC 
(μg/mL)

 ΔtolC 
(μg/mL)

HK-2 
CC50 (μM)

hERG       
(% at 30 μM) Kinetic Thermo-

dynamic
T1/2

 (min)

18 1 <0.125 >100 17.7 109.1 71.6 20.4
31 4 0.5 >100 57.4 67.6 34.1 10.6
36 1 <0.125 >100 80.7 49.4 - 16.4

Solubility (μM)E. coli ATCC 25922 Cytotoxicity
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detrimental to antibacterial activity. Benzodioxole 33 was also less potent than 
the parent compound. To probe the role of meta and para oxygen substituents, 
methoxy-containing 29 and 34, and chromanes 30 and 35 were also prepared. 
Overall, we observed that a para-oxygen substituent is much more important 
for activity than the meta-oxygen for these compounds. The jump in activity 
for the para-methoxy 34 is striking compared to the meta-methoxy 29, and 
even more so when comparing the chromanes 35 and 30.  
 
To probe whether other heteroatoms might be favoured, the 1,4-benzodioxane 
was replaced with a benzomorpholine in 31. While this analogue was com-
pletely inactive, the solubility and metabolic stability were both markedly im-
proved over 18. Encouraged by these results, we then switched the heteroatom 
positions such that the nitrogen occupied the meta position to form 36. This 
compound retained good WT activity (2 µg/mL), and simultaneously bene-
fited from improved metabolic stability and thermodynamic solubility com-
pared to 18, and low hERG inhibition. As our earlier results indicated that the 
expected potency boosts from pyridine methylation seemed to depend on the 
aryl substituent, we felt this was worth re-examining with the benzomorpho-
line motif (Figure 5). 
 

 

 
Figure 5. Structure-activity and structure-toxicity relationships of the benzomorpho-
line analogues. Compounds 36, 37, 38, and 40 also showed no toxicity to HepG2 cell 
lines (CC50 > 100 µM) (data not shown).  

HLM stability

WT MIC 
(μg/mL)

 ΔtolC 
(μg/mL)

HK-2    
CC50 (μM)

hERG       
(% at 30 μM) Kinetic Thermo-

dynamic
T1/2

 (min)

36 2 0.5 >100 15.5 103.3 97.1 41.2
37 0.5 <0.125 >100 62.8 92.3 120.5 23.9
38 0.5 <0.125 >100 71.6 161.3 718.8 33.3
39 2 <0.125 >100 80.5 49.5 9.4 2.2
40 2 <0.125 >100 24.5 94.7 197.9 86.9
41 32 4 - - - - -

Cytotoxicity Solubility (μM)E. coli ATCC 25922
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Compared with 36, mono (37) and dimethyl (38) variants displayed increased 
activity, with MIC values below 1 µg/mL against the WT E. coli strain. While 
promising, these two compound were also associated with increased hERG 
inhibition, and a decrease in metabolic stability, similar to what was observed 
for benzodioxane analogues 26 and 27. The Boc-protected synthetic interme-
diate 39 was found to be equally as potent as 36 against WT E. coli, and more 
potent against ΔtolC. It was, however, less stable and soluble, and had higher 
hERG inhibition; consistent with the increased lipophilicity of the Boc pro-
tecting group. From an antibacterial SAR perspective, these results, and those 
from 1, our compounds 13 and 15, lolamicin (5) and SMT-738 (4), show that 
a sterically bulky, typically hydrophobic moiety is well-tolerated at this posi-
tion. Whilst the reported Cryo-EM structure of SMT-738 in complex with 
LolCDE suggests multiple interactions between this sidechain and hydropho-
bic amino acid residues in the target, it is unclear whether the other compounds 
have a similar binding mode.15 Considering this aniline nitrogen of 36 as a 
potential vector for optimization led to the synthesis of the N-acetyl analogue 
40, which exhibited good WT inhibitory activity, and matched the excellent 
ΔtolC activity of 37 and 38. In addition, it showed low cytotoxicity and hERG 
inhibition, and improvements in solubility and stability towards human micro-
somes. The amide 41 did not share the improved potency of other N-substi-
tuted analogues, demonstrating only weak WT activity, which is likely at-
tributable to the relocation of the amide oxygen. 

Microbiological studies 
To further investigate antibacterial spectrum, compounds 36, 40 and the 1,4-
benzodioxane containing 18 were screened against a broader panel of bacteria 
(Table 1), which included additional E. coli strains, K. pneumoniae, Y. enter-
ocolitica, P. aeruginosa, A. baumannii and methicillin-resistant S. aureus 
(MRSA). 
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Table 1. Minimum inhibitory concentrations (µg/mL) of select compounds against a 
multi-strain panel of bacterial pathogens. 

 
 

Compared with our screening strain E. coli ATCC 25922, the potencies of 36 
and 40 were reduced against the additional E. coli strains. A similar strain 
dependent effect was observed against the K. pneumoniae reference strains 
(low activity against ATCC 13883, but good potency vs ATCC 35657). Inter-
estingly, activity was observed for 40 against Y. enterocolitica but not for 36. 
Given the high sequence conservation of LolCDE across E. coli, K. pneu-
moniae strains and to a lesser extent for Y. enterocolitica (all members of the 
order Enterobacterales),6,13,14 the observed strain-dependent MIC shifts are 
more likely attributable to differences in compound accumulation, including 
permeability and/or efflux, rather than altered target susceptibility. The lack 
of activity towards P. aeruginosa, A. baumannii was not surprising as these 
two bacteria have significantly lower amino acid sequence conservation for 
LolC and E in comparison with Enterobacterales.6,17 As expected, the com-
pounds were inactive against our Gram-positive control, MRSA, which lacks 
the LolCDE system. Compound 18 was largely inactive which reflects the 
gains in whole cell potency when shifting to the benzomorpholine scaffold.  
 
As LolCDE was previously validated as the target of the hit compound 1, it 
was important to check that target engagement was maintained during our op-
timization efforts. Here, key compounds - including lolamicin (5) - were 
screened in E. coli MC4100 Δlpp strains in both WT and ΔtolC backgrounds, 
and also against lolamicin resistant mutants (Table 2).  

 
Table 2. Minimum inhibitory concentrations (MIC, µg/mL) for selected compounds 
against Lpp-knockout (Δlpp) and lolamicin-resistant lolC(N265K) E. coli MC4100. 

Bacterial Strain 18 36 40

E. coli  ATCC 9637 16-64 8 16

E. coli  ATCC 35320 >64 16 16

K. pneumoniae  ATCC 13883 >64 32 - >64 >64

K. pneumoniae ATCC 35657 >64 2 - 8 1

Y. enterocolitica Y72 >64 >64 8

P. aeruginosa PaePA01 >64 >64 >64

A. baumannii ATCC 19606 >64 >64 >64

MRSA USA300JE2 >64 >64 >64
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Braun’s lipoprotein (Lpp) is the most abundant lipoprotein in E. coli, func-
tioning to anchor the OM to the peptidoglycan matrix and maintain the shape 
and structural integrity of the cell. As inhibiting LolCDE leads to a toxic build-
up of Lpp at the IM, it is expected that LolCDE inhibitors would be less ef-
fective against Δlpp strains, resulting in increased MIC values.18 Consistent 
with this, we observed that all tested compounds (with the exception of 40 
against WT Δlpp E. coli) displayed reduced potency against both Δlpp strains. 
In addition, compounds were screened against E. coli strains resistant to 
lolamicin carrying the lolC(N265K) mutation. Compounds were inactive 
against these lolamicin resistant strains (MICs > 32 µg/mL). Taken together, 
these results provide evidence that our compounds are also inhibitors of the 
LolCDE complex. 

Discussion 
Over the preceding century, antibiotics have driven critical improvements in 
life expectancy and general standard of living. They have fundamentally trans-
formed modern medicine, enabling routine surgery, chemotherapy, and the 
management of previously life-threatening infectious diseases. However, the 
spread of multi-drug resistance threatens this, motivating the discovery and 
development of new antibiotics, in particular against Gram-negative patho-
gens. In recent decades, the development pipeline has largely been stocked 
with variants of known antibiotic classes. However, to overcome well-estab-
lish resistance mechanisms, more emphasis needs to be placed on exploring 
bacterial targets that have not yet been validated in the clinic.  
 
Inhibiting proteins responsible for the biogenesis of the Gram-negative OM is 
an attractive strategy due to their essential role in bacterial viability, conser-
vation across several key Gram-negative pathogens, and limited homology to 
human proteins.3–5 Inhibiting lipoprotein transport through targeting the 
LolCDE transporter exemplifies these traits. This provides a two-fold mecha-
nism of action: preventing essential lipoproteins from reaching the OM to 

1 5 18 27 36 38 40

WT 16 4 8 8 8 4 4

ΔtolC 0.5 0.125 0.25 0.125 0.063 0.125 0.125

Δlpp >32 >32 >32 >32 >32 >32 >32

ΔtolC Δlpp >32 0.25 4 8 0.5 2 1

LolCN265K >32 >32 >32 >32 >32 >32 >32

ΔtolC  LolCN265K >32 >32 >32 >32 >32 >32 >32
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perform their intended tasks, and the toxic buildup of lipoproteins (in particu-
lar Lpp) at the IM.6,9  
 
To date, molecular starting points for LolCDE inhibitor development have all 
resulted from high throughput screening (HTS) against whole cell bacteria, 
i.e. the original AstraZeneca hit compounds 112 and 2.11 In 2018 a team from 
Genentech discovered a novel pyrrolopyrimidinedione hit molecule, G0507 
(not shown), from screening 35,000 compounds against efflux deficient and 
membrane compromised E. coli.19 Unfortunately, difficulty was met gaining 
activity against WT strains. More recently, Catacutan and co-workers con-
ducted HTS against adherent-invasive E. coli which led to the identification 
of BAY-524, a Bub1 kinase inhibitor, which they renamed enterololin.20 
However, the compound displayed low activity against WT E. coli (e.g. MIC: 
32 µg/mL against E. coli BW25113) unless co-administered with a polymyxin 
analogue to disrupt the E. coli OM. While these issues may be solved in the 
future, so far, both reports of LolCDE inhibitors with potent WT activity have 
resulted from the 1 and 2 frameworks.13,14 To date, the absence of structure-
guided or de novo designed inhibitors likely reflects the lack of both a robust 
enzymatic assay and structural information for the target protein in complex 
with inhibitors. These limitations can be linked to the fact that LolCDE is a 
multiprotein complex embedded into the bacterial IM. However, progress has 
been made here; researchers from Genentech utilized surface plasmon reso-
nance to assess affinity,19 and the Grabowicz group demonstrated three bio-
logical assays that provide a signature associated with lipoprotein transport 
inhibition.18 A cryo-EM structure of LolCDE with SMT-738 was recently re-
ported,15 which should prove a welcome resource for inhibitor development. 
However, it is not yet clear if the observed binding mode is consistent across 
structurally similar LolCDE inhibitors.  To date, very few analogues based on 
1 and 2 have been reported, so the influences of structure on potency and drug-
like properties are not well defined; the goal of the current work.   
  
In our approach, analogue progression was guided first by whole-cell antibac-
terial activity in E. coli, and target validation was only performed on the most 
promising compounds. While this approach initially complicates direct inter-
pretation of target engagement, it inherently selects for compounds with suf-
ficient permeability and intracellular exposure in Gram-negative bacteria. Ad-
ditional screening with ΔtolC E. coli provided readouts of potency in efflux 
deficient bacteria. In our workflow, we also assessed compound solubility, 
metabolic stability, and potential toxicity liabilities to avoid problematic phar-
macophores early in development. 
 
In our initial work exploring the SAR of AstraZeneca hit 1, we found that 
potency could be increased by adding a methyl group to the pyridine ring 
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(positions 2 and 6), consistent with previous work from the Hergenrother 
group on lolamicin (5),14 and the original imidazole hit compound 2.11 How-
ever, we also found that this trend is dependent on the nature of the aryl sub-
stituent, and increased methylation is also accompanied with more potent 
hERG inhibition. It was of interest that the 3-methyl pyridine group of 14 
showed lower WT activity and poor solubility, as this motif is included in 
SMT-728 (4), and ortho-methylation is a common strategy to boost solubility 
in biaryl systems.   
 
We also found that the hydrophobic phenyl benzyl ether type motif shared by 
1 and 5 was linked to poor metabolic stability, and of note, high hERG inhi-
bition. As the AstraZeneca pyrazole12 and imidazole11 series contain similar-
ities in chemical topology, we rationalised that a hybrid incorporating the 1,4-
benzodioxane of 2/3, in the form of 18, could help alleviate these issues. While 
improvements were noted in solubility, metabolic stability and hERG inhibi-
tion, 18 showed reduced potency against a wider panel of Enterobacterales. 
It did, however, prove useful as a base compound for further SAR investiga-
tions.  
 
Analogues of the aryl ring showed that keeping ether functionality at the para 
position was important for activity, as was maintaining the 6-membered alkyl 
ring. However, the poor activities of the 3,4-dimethoxy (29) and benzodioxole 
(33) suggests that ether functionality is not the sole requirement for activity, 
and geometry maybe play a key role here. Replacing the meta oxygen with a 
nitrogen afforded benzomorpholine analogue 36, which showed improved 
metabolic stability compared to 18. A combination of the benzomorpholine 
with earlier pyridine modifications yielded similar results; improved potency 
at the cost of high hERG inhibition. Further development led to compound 40, 
which achieved activity similar potency against WT and ΔtolC E. coli, and a 
promising balance of other drug-like properties, representing a significant im-
provement when compared to the starting 1. Importantly, it shows that the 
liabilities present in the original hit structures can be mitigated without signif-
icant compromise in activity. However, this improvement did not translate to 
a broader panel of bacteria, where we observed significant strain-dependent 
shifts in activity. Of course, during our SAR studies, we initially could not be 
sure that potency was due to LolCDE inhibition, reflecting the need for further 
target validation. Loss of activity against the lolamicin-resistant E. coli 
lolC(N265K) strain suggests that the optimized analogues tested retain inter-
actions with the LolCDE complex. Furthermore, altered susceptibility in Lpp-
knockout strains is consistent with perturbation of lipoprotein trafficking. 
While it may be inferred to bind and interact similarly to reported inhibitors, 
an exact binding site or binding mode is yet to be confirmed and is the subject 
of on-going research.  
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Conclusion 
The LolCDE lipoprotein transporter has emerged as a promising antibacterial 
target in Gram-negative pathogens. However, we found that previously re-
ported inhibitors, possess physicochemical and safety liabilities that may limit 
further development. Here we explored SARs for the pyridine and aryl motifs 
of a pyrazole-based LolCDE inhibitor, and identified structural features that 
drive antibacterial activity and favourable drug-like compounds. Whilst we 
rectified the hERG inhibition linked to earlier compounds, this was accompa-
nied with a trade-off in potency that requires further optimisation.   
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Abstract 
Gram-negative bacteria are over-represented among priority pathogen lists of antibi-
otic-resistant bacteria. However, drug development is complicated by the complex 
Gram-negative cell wall system that presents a significant barrier for drug entry.  There-
fore, targeting processes essential to cell wall synthesis, function and integrity is an 
attractive approach. Here we report the design, synthesis and evaluation of inhibitors 
against LolCDE, an essential lipoprotein transport complex responsible for transporting 
lipoproteins to the outer membrane. Here we explored structure activity relationships 
of the core pyrazole heterocyclic scaffold common to several recently reported LolCDE 
inhibitors. This led to the discovery of 1,2,3-triazole-based inhibitors, where compound 
33 demonstrated a good balance between potency towards Escherichia coli and 
Klebsiella pneumoniae, and favourable drug-like properties. This work provides both 
structure-activity knowledge for this promising class of antibacterials and a platform 
for the further development of LolCDE inhibitors towards the clinic.  

Keywords: Antimicrobial resistance, Gram-negative, E. coli, LolCDE, Drug discovery 
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Introduction 
Antimicrobial resistance (AMR) was directly attributed to 1.1 million deaths 
in 2021 and, if left unaddressed, future predictions paint an increasingly grim 
scenario.1 While any sustainable strategy to mitigate AMR’s impact on global 
health will draw on expertise from many disciplines, developing novel anti-
bacterial drugs which can be brought to clinic is critical for improving future 
outcomes. In particular, antibiotic resistant Gram-negative bacteria can be dif-
ficult to treat and are over-represented on the WHO’s priority pathogens list.2 

Despite the societal demand, discovering new treatment strategies against 
Gram-negative pathogens has proven difficult, and new approvals emerging 
from the development pipeline typically rely on established compound classes 
and defined mechanisms of action. This is not from lack of effort. For exam-
ple, whilst extensive campaigns from AstraZeneca3 and GSK4 identified a 
range of potent bacterial enzyme inhibitors, attempts to convert these hits to 
clinical candidates with wild-type activity were met with failure. These fail-
ures were attributed, in large part, to poor permeability across the complex 
Gram-negative cell wall system. The asymmetric outer membrane (OM), 
unique to Gram-negatives, is composed of a phospholipid inner leaflet and a 
lipopolysaccharide outer leaflet, with a mosaic of embedded lipoproteins, 
porins, and other transport proteins for active and passive uptake and efflux. 
The OM is a formidable barrier for the entry of antibiotics into the cell, but it 
is also a compelling drug target since the construction and maintenance of the 
OM is crucial for survival.  

In particular, the Lol (localisation of lipoprotein) system, which is involved 
in lipoprotein transport, is central to OM biogenesis. The lipopolysaccharide 
transport (Lpt) and β-barrel assembly machine (BAM) complexes, both essen-
tial for the construction of the outer membrane, have lipoprotein components 
(LptE and BamB-E, respectively) which must be localized to the OM.5 Fur-
thermore, lipoproteins in the periplasm crosslink peptidoglycan (PG) to the 
OM to maintain mechanical integrity,6 regulate PG synthesis,7 and contribute 
to stress responses, virulence and infection.8 After protein synthesis in the cy-
toplasm, proteins are lipidated on the inner membrane (IM), and then sorted 
by the multi-component Lol transport machinery. Mature lipoproteins des-
tined for the OM are recognised and extracted by the ATP-dependent trans-
porter complex LolCDE, shuttled across the periplasmic space by the LolA 
chaperone, and inserted by LolB into the OM.9,10  

Inhibition of the Lol complex disrupts both OM biogenesis and integrity, 
increasing membrane permeability, activating OM stress responses, and caus-
ing toxic accumulation of Lpp in the IM.11 Lpp is the most abundant lipopro-
tein in E. coli, and normally functions to anchor the OM to the PG layer. When 
mis-localized to the IM, Lpp instead crosslinks the IM to the PG layer, desta-
bilising the cell wall.12 Given the essentiality of the Lol system, its conserva-
tion across key priority pathogens, and a lack of human homologues, it has 
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emerged as an attractive target for drug discovery.13–15 In addition, its position 
within the periplasmic space means that it is more easily reached than cyto-
solic targets which could circumvent IM permeability issues. Despite these 
positive attributes, only a handful of compounds targeting the Lol pathway 
have been described,13,14 with none yet reaching clinical development.  In 
2015, researchers from AstraZeneca discovered two inhibitors of the LolCDE 
complex using high-throughput phenotypic screens against permeabilised E. 
coli, or using an AmpC reporter system for inhibition of membrane biogene-
sis. Both inhibitors are structurally similar, consisting of either a pyrazole16 
(1) or imidazole17 (2) core modified with a pyridine and an ether-bearing aryl 
substituent (Figure 1). Whilst McLeod et al. describe a more active methylpyr-
idine imidazole analogue (3), at the outset of our research efforts, no further 
development was described for either inhibitor class in the scientific literature. 
Although 1 and 2 are interesting hit compounds, the authors note that improve-
ments in activity and drug-like properties are required, prompting our group 
to further investigate the structure activity relationships (SAR) of the pyridine 
and aryl motifs of pyrazole 1.18 During the progress of our work, compounds 
lolamicin (4)19 and SMT-738 (5)20 were reported which share key structural 
features with the AstraZeneca hits, and both compounds showed promising 
results in murine infection models. More recently, a re-purposed Bub1 kinase 
inhibitor BAY-524 was shown to target LolCDE. However co-treatment with 
a membrane permeabilizer was required for activity against wild-type bacteria 
due to poor permeability.21  

 
Figure 1. Structures of recently reported inhibitors of the E. coli LolCDE complex 
and Minimum Inhibitory Concentrations against wild-type (WT) and/or ΔtolC E. coli 
(1, 2, 3, 4 against ATCC 25922; 5, against NCTC 13441) 
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With the exception of our previous work,18 and some examples from Muñoz 
et al.19 and Nickerson et al.,22 very little structure activity information is re-
ported on LolCDE inhibitors. In particular, this applies towards investigating 
the impact of the core pyrazole/imidazole motifs. The underdevelopment here 
could be linked to the lack of standard enzymatic assays for measuring in vitro 
potency and, until very recently (LolCDE and SMT-738),23 no available X-
ray/CryoEM structures of LolCDE in complex with small molecule inhibitors 
to guide inhibitor design.  

In the current work, we synthesised a selection of analogues which explore 
the core moiety of reported LolCDE inhibitors. We aimed to probe the SAR 
while searching for improvements in potency and other drug-like properties. 
Due to the lack of a direct enzyme-based assay for assessing inhibitory po-
tency at the target, prepared compounds were first assessed in whole cell bac-
terial assays, before verifying target inhibition for the most promising com-
pounds. In addition to contributing to the knowledge gap regarding the core-
motif, we identified a series of 1,2,3-triazoles as potent antibacterials against 
Escherichia coli and Klebsiella pneumoniae, with favourable drug-like prop-
erties. 

Results  
In our exploration of the core SAR, we have used 9 as the base scaffold (Figure 
2). This compound is effectively a hybrid of the hit compounds 1 and 2, where 
the pyrazole core of 1 and 1,4-benzodioxane aryl group of 2 are incorporated. 
This was motivated by our previous work where we noted that benzyl ether 
motif of 1, its analogues, and Lolamicin (4) were accompanied by metabolic 
stability and solubility issues.18 Furthermore, these compounds displayed in-
hibitory activity against the human Ether-à-go-go-Related Gene (hERG) po-
tassium channel, which is associated with QT interval prolongation and po-
tential cardiotoxicity. As we found that the 1,4-benzodioxane helped to alle-
viate these issues, we kept this group (and the pyridine) constant during our 
initial explorations of the core. 
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Figure 2. Graphical summary of previously reported hybrid analogue 9,18 in relation 
to the current work.  

When designing our analogue library, we considered both the position and 
nature of heteroatoms in the five-membered heterocyclic core and attached 
substituents. Based on the similar topology of pyrazole 1 and imidazole 2, we 
were interested if a common core motif would emerge that influence bioactiv-
ity. Both of these hits were originally validated as targeting LolCDE through 
sequencing resistant mutants and spheroplast release assays, and later sup-
ported by gene-knockdowns and mapping biological signatures of OM disrup-
tion.11 We opted for a primary screening method of bacterial growth inhibi-
tion, rather than a biochemical assay of lipoprotein transport. This meant that 
without a relevant protein structure or orthogonal assay, linking potency 
strictly with LolCDE inhibition was tenuous. However, we felt that using a 
phenotypic readout was pragmatic as it also screened for permeability, even if 
we couldn’t be initially certain of target engagement. Nevertheless, improved 
growth inhibition was the primary goal for optimising the inhibitor scaffold. 

Given the fact that both 1 and 2 are asymmetric five-membered diazoles, 
both without nitrogen substitution, they could potentially exist in different tau-
tomeric forms (Figure 1), and the imidazole may be positively charged at 
physiological pH. Without any knowledge of the bioactive tautomer(s) for 
each inhibitor class, this was also a factor for analogue design.  Compounds 
were synthesised using a range of routes that can be divided based upon direct 
functionalisation of the core heterocycle, or incorporating both pyridine and 
aryl groups into a central intermediate upon which the core group is formed. 
For the sake of brevity, illustrative examples for three key synthetic strategies 
are provided in Scheme 1, and full routes to all compounds are provided in the 
supporting information. 
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Scheme 1: Representative synthetic routes to diazole- and triazole-core analogues. Re-
agents and conditions: a) HATU, r.t., 1 h, then N,O-dimethylhydroxylamine hydro-
chloride, DIPEA, DMF, r.t., overnight, 80 %; b) 4-Methypyridine, LDA, THF, -78 
°C, 15 min, r.t., overnight, 63 %; c) DMF-DMA, 110 °C, 1 h, then N2H4.H2O, MeOH, 
reflux, 1 h, 66 %; d) DMF-DMA, 110 °C, 1 h, then PhN2H4, MeOH, reflux, 1 h, 38 
%; e) NaH then MeI, r.t, 3 h, 13 % (10), 9 % (11); f) PhI, Cu(OAc)2.H2O, Cs2CO3, 
DMF, 110 °C, 108 h, 47 %; g) SOCl2, r.t., 10 min; h) NaCN, DMSO, r.t, 3 h, 40 % 
over 2 steps; i) Ethyl isonicotinate, KOtBu, THF, r.t, 1 h;  j) POCl3, reflux, 1 h, then 
N2H4.H2O, MeOH, reflux, 1 h, 2% over 3 steps; k) Bestmann-Ohira reagent, K2CO3, 
MeOH, r.t, 2.5 h, 79 %; l) 4-iodopyridine, Pd(PPh3)2Cl2, CuI, PPh3, Et3N, THF, r.t., 
overnight, 57 %; m) KMnO4, 0.1 M pH 5.0 phosphate buffer, acetone, r.t., 3 h; n) 
paraformaldehyde, NH4OAc, n-butanol, 50 °C, overnight, 27 % over 2 steps; o) par-
aformaldehyde, MeNH2, NH4OAc, n-butanol, 50 °C, overnight; 8% (23), 15% (24). 

We began by exploring N-methylation of the pyrazole nitrogen, locking each 
nitrogen into either the pyrrole-like or pyridine-like tautomeric form (Figure 
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3). Treatment of parent pyrazole 9 with sodium hydride followed by iodome-
thane, and then careful separation of the isomers, afforded 10 and 11. Screen-
ing against E. coli (ATCC 25922) revealed poor activity for both compounds, 
whilst against the corresponding ΔtolC mutant (deficient in efflux pumps) 
only 10 retained good activity (MIC: 1 mg/mL). This suggests that substitu-
tion at the "middle" position is tolerated, although 10 was efflux susceptible. 
This observation is supported by the reported activity of the imidazole hits 2 
and 3, which bear a t-butyl group at this position: ΔtolC activity was excellent, 
but WT activity was comparatively reduced (Figure 1). The corresponding N-
phenyl analogues were also prepared (via copper-catalysed N-arylation of 9 
or from 8 using DMF-DMA followed by phenylhydrazine) to test increased 
steric bulk. Whilst 13 was inactive against both strains, testing 12 was pre-
cluded by poor solubility. For pyrazole 25, a nitrogen atom is moved to the 
position adjacent to the pyridine group. It maintained some WT activity and 
good ΔtolC activity, comparable to 10 but not as potent than 9. Replacing the 
pyrazole with an isoxazole (26) led to a complete loss of activity.  

 
Figure 3. Minimum inhibitory concentrations of pyrazole and imidazole analogues 
against wild-type (WT) and efflux-deficient (ΔtolC) E coli ATCC 25922. 

Next, we investigated addition of an amine substituted onto the core ring sys-
tem to afford aminopyrazoles 27 and 17 and aminoisoxazole 28. Compounds 
27 and 17 were prepared via a condensation of hydrazine onto the correspond-
ing keto-nitrile precursor (Scheme 1) and 28 via a 3+2 cycloaddition of a ni-
trile and nitrile-oxide (formed in situ from a chloro-oxime) (SI). In the case of 
27, based on the original pyrazole scaffold, introduction of the amine group 
reduced activity in comparison to 9. The corresponding isoxazole 28 was in-
active against WT E. coli and returned only a modest MIC against the efflux 
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defective strain (16 mg/mL). Although pyrazole 25 itself was less potent than 
the parent compound 9, the introduction of the “aryl-side” amino group af-
forded a return in activity for 17 with good MICs against WT and ΔtolC E. 
coli (2 and <0.125 mg/mL, respectively). It is of note that the recent Cryo-EM 
structure of the 2-aminomidazole containing SMT-738 (5) in complex with 
LolCDE shows a H-bonding network between its amine group and glutamic 
and aspartic acid side chains of LolC and LolE, respectively.23 Whilst similar 
interactions could be invoked to rationalise the activity of 27 and 17, our re-
sults are currently empirical in nature and further work is needed to explain 
potential interactions with the target. Altering the electronic properties of the 
pyrazole ring itself or favouring an alternate bioactive tautomer could also be 
a factor. Whilst the different natures of target engagement between 27 and 17 
is not yet understood, the boost in WT activity upon amine addition (from 25 
to 17) does provide a compelling rationale for future inhibitor design.  

To further explore possible five-membered diazoles, we synthesised imid-
azole 22 which, aside from the t-butyl group, is analogous to the hit compound 
2. Imidazole 22 showed excellent MICs against both WT (0.25 mg/mL) and 
ΔtolC (<0.125 mg/mL) E. coli; a notable improvement over the originally re-
ported activity against the same E. coli WT strain for 2 (32 mg/mL).17 As im-
idazoles such as 22 can also exist in different tautomeric forms, we prepared 
the N-methylated isomers 23 and 24 to probe the nature of the imidazole ni-
trogen atoms on activity.  In general, we observed that N-methylation leads to 
a loss of potency, but some ΔtolC activity remains for 24 where the nitrogen 
closest to the aryl group is locked into the pyridine-like form. These results 
were similar to the activity observed for N-methyl pyrazoles 11 and 10. Taken 
together, these results suggest some flexibility regarding the nitrogen position-
ing, however the “aryl-side” nitrogen seems to be linked with increased activ-
ity. Furthermore, these results suggest that it is beneficial if the inhibitor has 
the capacity to form a pyrrole-like NH at the positions adjacent to the aryl 
and/or pyridine groups. Pairwise comparison between 9, 25 and 22 further 
highlights this conclusion. 

Based on our results that 9, 25 and 22 showed promising activity (albeit 25 
was more prone to efflux), the 1,2,3-triazole core was proposed as a hybrid of 
the pyrazole and imidazole motifs. Our first triazole analogue 29 was synthesised 
via a thermal cycloaddition between alkyne 20 and TMS-azide (Scheme 2).  

 
Scheme 2. Synthesis of triazole 29. Reagents and conditions: a) Bestmann-Ohira rea-
gent, K2CO3, MeOH, r.t, 2.5 h, 79 %; b) 4-iodopyridine, Pd(PPh3)2Cl2, CuI, PPh3, 
Et3N, THF, r.t., overnight, 57 %; c) TMS-N3, DMF, 100 °C, overnight; 90 %. 
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Pleasingly, 29 had comparable ΔtolC activity (<0.125 mg/mL) to 9 and 22, 
but was less potent against the WT strain (4 mg/mL) (Figure 3). As 29 repre-
sents the first reported example of a triazole-core LolCDE inhibitor, we 
elected to continue exploring this scaffold and incorporate knowledge from 
our previous work optimising the pyridine and aryl groups (Figure 4).18 

 

 
Figure 4. Minimum inhibitory concentrations of triazole analogues against wild-type 
(WT) and efflux-deficient (ΔtolC) E. coli, and additional screening data for cytotoxi-
city, solubility and metabolic stability. Pyrazole 9 is included for reference. 

Based on the expected increase in potency by sequentially introducing methyl 
groups adjacent to the pyridine nitrogen,17–19 we prepared compounds 31 and 
32 using an analogous synthetic strategy to 29. Unexpectedly, we found that 
the pattern of pyridine methylation did not hold with this scaffold. While 
mono-methylation did increase the WT potency of 31 (MIC: 1 mg/mL), this 
dropped to 4 mg/mL for di-methylated 32. This prompted us to investigate 
other properties of these three compounds. Here we found that the non-meth-
ylated pyridine 29 was superior to 31 and 32 in terms of solubility, metabolic 
stability in human liver microsomes (HLM), and for hERG inhibition (Figure 
4). 9 was also included for comparison.  

HLM stability

WT MIC 
(μg/mL)

 ΔtolC 
(μg/mL)

HK-2 CC50 

(μM)
hERG       

(% at 30 μM) Kinetic Thermo-
dynamic

T1/2

 (min)

9 1 <0.125 >100 17.7 109.1 71.6 20.4
29 4 <0.125 >100 19.4 129.8 35.7 31.2
30 >64 >64 - - - - -
31 1 <0.125 >100 72.3 106.0 - 9.6
32 4 0.5 >100 39.7 28.0 32.4 14.2
33 0.5 0.25 >100 17.6 109.2 631.4 125.0
34 0.5 <0.125 >100 49.4 117.8 919.8 54.1

E. coli ATCC 25922 Cytotoxicity Solubility (mM)
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We have shown previously on the pyrazole scaffold that replacing the 1,4-
benzodioxane aryl substituent with a benzomorpholine group was beneficial 
for potency and solubility,18 and here we synthesised compounds 33 and 34 to 
explore the same modification. Addition of the benzomorpholine (33) led to a 
significant increase in WT potency (0.5 mg/mL), thermodynamic solubility, 
and HLM stability, compared to 29. While the dimethyl pyridine equivalent 
34 was equally potent, the metabolic half-life was reduced, and hERG binding 
was increased considerably. Both 33 and 34 were far less susceptible to efflux 
compared to 29 and 9, displaying very similar potency against WT versus 
ΔtolC E. coli.  

Based upon the favourable potency of 33 against our initial ATCC 25922 
E. coli strain, and overall good drug-like properties, it was tested alongside 9 
and 29 against a wider panel of bacteria. Here, 33 returned promising MIC 
results against the tested E. coli, K. pneumoniae and Yersinia enterocolitica 
strains, demonstrating superiority to both 9 and 29 (Table 1). All three com-
pounds were inactive against K. pneumoniae ATCC 13883. Based on se-
quence similarity of LolC and LolE across Enterobacterales, the strain-de-
pendent activity is likely based on a lack of sufficient compound exposure in 
the bacteria rather than target engagement. No activity was observed against 
Pseudomonas aeruginosa, Acinetobacter baumannii or methicillin-resistant 
Staphylococcus aureus (MRSA). A. baumannii expresses a highly unique 
LolF homodimer in place of LolC and LolE, which is structurally divergent 
from E. coli LolCE.24,25 P. aeruginosa has classically been understood to ex-
press LolC/E, but genetic conservation analysis has shown that these are more 
closely related to ancestral Acinetobacter LolF.14 Gram-positive bacteria such 
as S. aureus completely lack the Lol-system. As such, activity against these 
species was not expected, and these results support our initial assumptions that 
33 targets LolCDE.  
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Table 1. Minimum inhibitory concentrations (µg/mL) of triazole analogues against 
additional strains of E coli, K. pneumoniae, Y. enterocolitica, P. aeruginosa, A. bau-
mannii and methicillin-resistant S. aureus (MRSA). 

 

To provide evidence that our analogues inhibit LolCDE, we tested a panel of 
compounds against both WT and efflux deficient (ΔtolC), Lpp deficient 
(Δlpp), and LolC(N265K) mutant E. coli MC4100 (Figure 5). The primary 
cytotoxic mechanism of LolCDE inhibition is the crosslinking of the PG layer 
to the IM, caused by accumulation of Lpp.12 While its function is important 
for correct OM biogenesis, Lpp expression is not strictly essential for E. coli 
growth in vitro.6 As such, the deletion of the lpp gene was found to alleviate 
toxicity in LolCDE-depleted E. coli, and also in the presence of inhibitor 3, 
by circumventing the lethal IM-PG crosslinking.11 We have also shown pre-
viously that Δlpp E. coli gains resistance to LolCDE inhibitiors 1 and 
Lolamicin (4).18 In the current study, all tested compounds were inactive 
against Δlpp E. coli, strongly suggesting that the mechanism of action in E. 
coli causes toxic Lpp buildup. Except for pyrazole 9, compounds screened 
against ΔtolC Δlpp E. coli were again susceptible, though not to the extent of 
ΔtolC alone. The compounds may cause cell death through another mecha-
nism than only Lpp accumulation, but presently we have not probed these al-
ternative mechanisms. 

 

 9 29 33 

E. coli 
ATCC 35320 >64 >64 2 

E. coli 
ATCC 9637 16-64 16 8 

K. pneumoniae 
ATCC 13883 >64 >64 64 

K. pneumoniae 
ATCC 35657 >64 64 2 

Y. enterocolitica 
Y72 >64 >64 4 

P. aeruginosa 
PaePA01 >64 >64 >64 

A. baumannii 
ATCC 19606 >64 >64 >64 

MRSA 
USA300JE2 >64 >64 >64 
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Figure 5: Minimum inhibitory concentrations (MIC, µg/mL) for selected compounds 
against Lpp-knockdown (Δlpp) and resistant mutant lolC(N265K) E. coli MC4100. 

The LolCDE target of the initial imidazole hits 2 and 3 was validated by se-
quencing of resistant mutants, where all 13 stable mutants were found to have 
single amino acid mutations in LolC (n = 9) or LolE (n = 4).17 Of the LolC 
mutants, five carried the same N265K mutation, which rendered 2 and 3 inac-
tive but did not affect MICs against other tested antibiotics. This mutation was 
also found to confer resistance to pyrazole 116 and lolamicin (4),19 but was not 
found among resistant mutants raised against SMT-738.20 Li and colleagues 
also raised resistant mutants against SMT-738, but did not isolate any contain-
ing the N265K mutation.23 In our previous work, we showed that lolC(N265K) 
mutants were highly resistant to 9 and other analogues of the pyrazole scaf-
fold.18 In the current study, we observed that both WT lolC(N265K) and ΔtolC 
lolC(N265K) E. coli were highly resistant against all tested triazoles, amino-
pyrazole 17 and imidazole 22. Taken together, these assays provide further 
evidence that the tested inhibitors maintain the same mechanism of action as 
their predecessors where lipoprotein transport is inhibited. Further studies are 
required to examine the resistance profiles of 33 and further validate the mode 
of action using spheroplast release assays.  

E.coli MC4100 9 17 22 29 31 32 33 

WT 16 8 4 8 8 4 4 

ΔtolC 0.5 0.25 0.125 0.125 0.063 0.125 0.125 

Δlpp >32 >32 >32 >32 >32 >32 >32 

ΔtolC Δlpp >32 4 0.25 8 0.5 1 2 

LolCN265K >32 >32 >32 >32 >32 >32 >32 

ΔtolC LolCN265K >32 >32 >32 >32 >32 >32 >32 
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Discussion  
Discovering new treatment strategies against Gram-negative pathogens is a 
challenging undertaking, and poor permeability across the complex Gram-
negative double cell wall has been identified as a key contributor to the failure 
of screening campaigns.3,4 The Lol (localization of lipoprotein) system, which 
is essential for the biogenesis of the outer membrane, has recently emerged as 
an attractive target for drug discovery.13–15 Only a handful of compounds tar-
geting the Lol pathway have been described, most derived from two hits re-
ported by AstraZeneca (1 and 2) which target the LolCDE complex that is re-
sponsible for extracting lipoproteins from the IM for transport across the 
periplasmic space to the OM. Furthermore, very little structure-activity infor-
mation is reported on known inhibitors. In particular, the core heterocycle 
moiety is under-explored; with the exception of the amino-imidazole SMT-
738,20 no alterations have been reported. AstraZeneca’s two initial hit struc-
tures, a pyrazole (1) and an imidazole (2), share a number of structural features 
and so we sought to investigate structural variations to see if any clear trends 
linking structure and antibacterial activity. 

As general observations from our SAR studies, the ability to form a tauto-
mer with a pyrrole-like nitrogen adjacent to the aryl group is beneficial to ac-
tivity (9, 22, 27) and pyridine-like nitrogen atoms in this position have poor 
WT activity but some potency in the efflux-deficient E. coli strain (10, 24, 
28). This highlights an important caveat in “locking” the core nitrogen atoms 
into certain tautomeric forms: any substituent used to do so also contributes to 
(or disrupts) target engagement or influences other physicochemical proper-
ties, complicating interpretation of results. Illustrative of this is 10, where the 
methyl is tolerated (ΔtolC MIC: 1 µg/mL) but reducing polarity likely in-
creases efflux and greatly worsens WT activity (MIC: 32 µg/mL). However, 
without proper structural data that shows binding of ligands within the 
LolCDE complex, it is difficult to generalise across analogues. Compounds 
17 and 27 demonstrate that amine substituents are also tolerated and, in the 
case of 17, lead to potent compounds. Based on testing against Lpp knock-
downs and lolamicin-resistant strains, it appears that 17 still targets LolCDE. 

Triazole 29, 5-aminopyrazole 17, and imidazole 22 analogues showed 
unique promise as advantaged starting points for further development to this 
scaffold. Taking the triazole as an example, we show that optimization of al-
ternative core chemotypes can lead to significant improvements in potency 
and other drug-like properties. We report a small series of triazole inhibitors, 
with 33 exhibiting activities against E. coli, K. pneumoniae and Y. enterocolit-
ica. Interestingly, the replacement of the benzodioxane in 29 with the benzo-
morpholine in 33 introduces improved potency against the tested Enterobac-
terales strains. The LolC/E homology is known to be similar between these 
bacteria, so overlapping activity is not unexpected. We found 33 to have su-
perior thermodynamic solubility and metabolic stability compared to 29, and 
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low hERG inhibition was maintained. Based on our previous work,18 and the 
structure of SMT-738, the aniline nitrogen provides an interesting vector for 
further optimisation to improve potency. We also provide evidence to support 
LolCDE inhibition as a mechanism of action. Activity is lost against E. coli 
lacking the lpp gene (thus preventing toxic Lpp buildup), and activity is sim-
ilarly lost against E. coli bearing the LolC(N265K) mutation, previously iden-
tified from mutants resistant to lolamicin and similar LolCDE inhibitors.  

Future work could expand on the potential of aminopyrrole-type analogues. 
Similarly, while SMT-738 represents the most developed LolCDE analogue 
to date, the ideal properties demonstrated by 22 and 33 suggest that other ni-
trogen heterocycle analogues warrant further investigation.  

Conclusion 
Room remains beyond the previously described LolCDE-inhibitors for aug-
mentation of drug-like properties. Based on our investigation of the core moi-
ety, pyrrole-like nitrogen atoms seem likely to be essential to maintaining ac-
tivity. However, there seems to be a considerable degree of flexibility within 
the atom arrangement of the core motif. In this study, we have demonstrated 
the potential of a series of previously undescribed core analogues. Triazole 
analogues represent a novel avenue for future inhibitor development, and we 
have shown that they can be optimized to improve drug-like properties. 
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