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the battle against drug-resistant bacteria
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Drug-resistant bacteria are increasingly posing an imminent existential threat, as many bacteria have

developed resistance mechanisms that render most antibiotics ineffective. In the meantime, the number

of newly approved antibiotics or new clinical antibacterial drug candidates is sharply declining. A key

challenge is finding effective pharmacophores that can penetrate and accumulate inside bacterial cells.

DNA-encoded chemical libraries (DECLs) play vital roles in accelerating hit identification and screening

against various bacterial protein targets. In this review, we highlight the pivotal role of DECLs in

accelerating the identification of new pharmacophores and hit compounds against drug-resistant

bacteria. This review focuses on the protein targets, where DECLs have directly contributed to the rapid

identification of new inhibitors. In addition, this review explores the methods used to screen DECLs

against various bacterial targets and discusses the current outlook and perspectives on the role of DECLs

in tackling antimicrobial resistance.
1. Introduction

In late September 1928, the Nobel laureate Alexander Fleming
discovered the world's rst antibiotic, penicillin. Although
penicillin was a game-changer against bacteria in the last
century, nowadays, bacteria have developed resistance mecha-
nisms to penicillin and to the vast majority of approved anti-
biotics. Consequently, there is an ongoing bacterial threat as
the discovery of new antibiotics or new druggable bacterial
targets is currently in sharp decline.1 The World Health Orga-
nisation (WHO) estimated that bacterial drug resistance was
directly responsible for 1.27 million global deaths in 2019 and
contributed to 4.95 million deaths.2 WHO has also estimated
that antimicrobial resistance (AMR) will be responsible for 10
million deaths globally per year by 2050.3 The number of
approved antibacterial drugs has steadily declined since 1980.4

In June 2021, 76 antibacterial candidates were being evaluated
in clinical trials. Of those clinical candidates, 54% targeted the
WHO priority pathogens, 25% were new pharmacophores, and
4 candidates possessed new modes of action.5 These numbers
indicate that there are still few clinical candidates encompass-
ing new pharmacophores or new modes of action targeting the
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WHO priority pathogens. One of the reasons for this modest
response to this existential threat is the lack of a sustainable
and suitable economical model to support the discovery of new
antibacterial agents. The long time and high costs associated
with traditional research and development models hindered
several biotechnology and pharmaceutical companies to invest
in developing new antibacterial agents. Identifying new phar-
macophores or hit compounds with physicochemically
compatible properties against the resistant bacteria is one of
the key challenges in this battle.6 The traditional hit identi-
cation toolbox includes public-knowledge-based rational design
and various screening platforms, such as high-throughput,
virtual, and fragment screens, along with traditional synthetic
library screening technologies. These methods are resource and
time-intensive, especially high-throughput screening (HTS) and
oen requires dedicated automated infrastructures with
extensive liquid dispensing systems, plate handling robots, and
storage capabilities. HTS requires large quantities of consum-
ables like individual library members, targets of interest,
buffers, and other reagents. In addition, it involves analysing
individual members one at a time, which can take days to weeks
depending on the library size and the number of targets co-
screened. The overall experimental time is further extended by
the need to validate a functional assay for each new target type.
These constraints limit the number of molecules that can be
screened, resulting in a limited chemical space.7 The enormous
power of DNA encoded chemical libraries (DECLs) is playing an
increasingly important role in this battle by providing wide and
diverse chemical space to accelerate the identication of new
hit compounds.8 DECLs have become more prominent as
RSC Adv., 2025, 15, 14001–14029 | 14001
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a powerful tool for hit identication in drug discovery.9 The
DECL technique involves the synthesis of DNA-tagged mole-
cules in which each DNA sequence uniquely codes for the
attached molecule's chemical structure. They can be screened
asmixtures via affinity selection against an immobilised protein
target. The binding molecules are identied by amplication
and sequencing of the DNA tag. Libraries comprising millions
of compounds can be rapidly synthesised and screened on
a microscale.

In this review, we shed light on the pivotal role of DECLs in
accelerating the identication of new pharmacophores and hit
compounds against drug-resistant bacteria. The review analyses
all hit compounds identied through DECL technology,
focusing on the targets and bacteria where DECLs has directly
contributed to the accelerated identication of new antibacte-
rial agents. In addition, the review explores the methods used to
screen DECLs against various bacterial targets and discusses
the current outlook and perspectives on DECLs' role in tackling
antimicrobial resistance.

2. DNA encoded chemical library
technology

Before delving into role of DECLs in identifying new antibac-
terial agents, it is important to cover its key principles and
practices. The DECL concept was pioneered by Brenner and
Lerner in 1992.10 The technology involves encoding chemical
libraries with sequenced DNA tags. The DNA tags act as iden-
tication key for each chemical compound in the library. The
process of using DECLs in drug discovery involves two main
stages. The rst stage is DECL synthesis, which depends on split
and pool combinatorial synthesis. In this stage, DNA oligonu-
cleotide is covalently linked through a chemical linker to
Fig. 1 DNA-encoded chemical library (DECL) synthesis: each chemical b
blocks are then pooled and split into separate reaction wells. In each we
subsequently elongated with unique DNA tags corresponding to the re
before pooling the final DNA conjugates to form the DNA-encoded che

14002 | RSC Adv., 2025, 15, 14001–14029
bifunctional small chemical building blocks. This DNA conju-
gate undergoes two-three cycles of split and pool combinatorial
chemical synthesis and DNA barcode elongation. The outcome
of this process is a small molecule, ideally with druglike prop-
erties, covalently linked to unique DNA barcode (Fig. 1). The
split and pool combinatorial technique leads to exponential
library growth. Libraries up to 109 could be easily accessed,
covering novel chemical space.11

The second stage is the selection process. The ultimate
advantage of DECL technology is the ability to simultaneously
screen billions of compounds against immobilised targets
using affinity selection. High throughput screening is limited by
the robotic facilities and the available protein quantities. In
DECLs, 30–300 mg of tagged protein is required for the selection
process. Tagging proteins is a selection requirement to enable
immobilisation to biocompatible resin or magnetic beads.
Several tags could be installed in any protein of interest (e.g.
biotin, or expression with a poly-histidine tag, GST fusion, or
FLAG tag). The immobilised protein of interest is incubated
with DECLs. The DECL member with strong affinity for the
protein remains bound, while the non-binders are washed
away. Aer washing, the retained binders are eluted from the
protein and amplied by qPCR. The amplied products are
analyzed by next-generation sequencing (NGS) (Fig. 2). The
obtained sequences are used to decode the chemical structure
of the binders (hits). As a validation step, the conrmed hits
were resynthesized off-DNA, and their binding was veried
using biochemical or biophysical assays.

De-Luca-Flaherty and coworkers pioneered the rst attempt
to screen encoded combinatorial libraries to identify novel
antimicrobials.12 This combinatorial library was not DNA
encoded, although it represented the rst attempt to screen
pooled encoded combinatorial library to nd new antibacterial
uilding block is covalently attached to a DNA tag. These tagged building
ll, different building blocks react with the DNA conjugates, which are
acted building blocks. This cycle can be repeated two to three times
mical library. Created in https://BioRender.com.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 DNA-encoded chemical library selection: an affinity-based method is used to identify compounds that bind to an immobilised target
protein. (1) Incubation: the DECL is incubated with the immobilised target protein. (2) Binding andwashing: DECLmembers that bind to the target
protein form complexes, then the unbound ones are washed away. (3) Elution: bound DECL members are eluted from the protein. (4) Selection
process is repeated again with the eluted DECL members from the first round. (5) DECL members are amplified and submitted for next
generation sequencing (NGS) and data analysis. Created in https://BioRender.com.

Fig. 3 Split and pool synthesis of combinatorial bead-based library tagged with peptide-based chemical structure. Created in https://
BioRender.com.

© 2025 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2025, 15, 14001–14029 | 14003
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Fig. 4 Triazine-based hit identified from the bead-based library tag-
ged with a peptide-based chemical structure.
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compounds. The authors built a 46K triazine based combina-
torial library. Each member of the library was tethered to a bead
bearing a unique chemical tag (Fig. 3). The tag is a secondary
amine chemical-based tag that could be decoded by appropriate
mass spectrometry techniques. The bead based 46K combina-
torial library was evaluated for their antibacterial activity
through an agar-based whole-cell format. This assay shows that
the lawn-based approach can be effectively utilised for large
libraries, marking an initial step in applying encoded combi-
natorial chemistry to discover antimicrobial hits. Several
triazine based hits were identied which provided new anti-
bacterial pharmacophores. For example, compound 1 shows
a minimum inhibitory concentration (MIC) value of 4 mg mL−1

against Staphylococcus aureus and Bacillus subtilis (Fig. 4).
3. Screening platform

One of the comprehensive and important attempts to discover
new antibacterial pharmacophores was conducted by GSK
scientists.4 The company's scientists designed parallel selection
platform to assess the ligandability of multiple bacterial protein
Fig. 5 Prioritising protein targets based on DECL selection. The process
affinity matrix. The proteins were incubated individually in the multibillion
bound DECL members were eluted from the protein targets. The eluted
being amplified and submitted for NGS and data analysis. Created in htt

14004 | RSC Adv., 2025, 15, 14001–14029
targets. The main concept is to screen a wide collection of the
bacterial targets against a pool of billions of different DECLs.
Hypothetically, if the target is ligandable, it will bind to one of
the molecules present in this multibillion pool of DECLs. This
platform allows the user to prioritise targets based on their
ligandability before investing time and money to nd a ligand
to an unligandable target. Although the concept of ligandability
is different from druggability, discovering new ligands to
proteins helps understand the biology behind the targeted
protein. The authors discovered new ligands for six different
target proteins in S. aureus and Acinetobacter baumannii. This
strategy was extended to nd ligands to several protein targets
in Mycobacterium tuberculosis. The selection process started by
immobilising the affinity-tagged proteins onto affinity matrix.
Then, the individual proteins were exposed to the DECL con-
taining billions of DNA tagged compounds. The non-binding
DECL members were washed away and the bound molecules
were eluted from the proteins by heat. The process was auto-
mated, enabling the parallel evaluation of hundreds of proteins.
This was repeated multiple times to enrich the bound mole-
cules against the background. The protein target ligandability
was assessed by the number of enriched chemical series (Fig. 5).

The rst bacterial targets screened in this platform were S.
aureus proteins. S. aureus is a Gram-positive bacterium that
primarily colonises human and animal mucous membranes
and regions of the skin.13 It also consistently colonises about
20–30% of the nose in humans.14,15 The bacteria's quorum
sensing system controls several virulence factors that bacteria
produce, such as leukocidins, enterotoxins, proteases, hemoly-
sins, exfoliative toxins and immune-modulatory factors.13,16

Methicillin-resistant Staphylococcus aureus (MRSA) is a signi-
cant strain of S. aureus that induces nosocomial infections and
presents a serious problem.16,17 In S. aureus, the authors evalu-
ated 39 potential enzymes targets. These targets were selected
involves immobilising the affinity-tagged proteins, individually, onto an
pool of DECLs. The unbound DECL members were washed away. The
DECL members were submitted for another round of selection before
ps://BioRender.com.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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based on their role as potential antibacterial drug targets and
the availability of biochemical assays for the follow up assess-
ment. Five antibacterial drug targets were prioritised in this
evaluation: methionyl-tRNA synthetase (MRS), isoleucyl-tRNA
synthetase (IRS), methionine aminopeptidase (MetAP), unde-
caprenyl pyrophosphate synthase (UppS) and acetyl-CoA
carboxylase (ACC), which are involved in critical processes
such as protein synthesis,18 aminoacylate tRNAIle with isoleu-
cine and correcting any defect in this process through a post-
transfer editing function,19 protein maturation and survival,20

maintaining cell wall integrity via carriage of the oligosaccha-
ride in peptidoglycan synthesis,21 and lipid metabolism,22

respectively. The authors disclosed three chemical series active
against three targets in S. aureus. The phenyl benzimidazole
chemical series is an inhibitor of MRS (benzimidazole 2) with
an IC50 of 0.00083 mM in the biochemical assay and exhibits
a moderate level of antibacterial activity with a minimum
inhibitory concentration (MIC) value of 0.5 mg mL−1. In parallel,
(t-butylphenyl-piperazine amide 3) shows binding affinity to
IRS, with an IC50 of 0.75 mM and aMIC of 4 mg mL−1. For MetAP,
benzimidazole-triazole 4 shows an IC50 of 0.35 mM and a very
weak MIC (>128 mg mL−1). In a separate research paper,23 the
authors reported the pyrazole chemical series represented by
compound 5 as an inhibitor of undecaprenyl pyrophosphate
synthase (UppS) in S. aureus with an IC50 of 190 nM and a MIC
of 8 mg mL−1 (Scheme 1).

Based on the results from S. aureus screening, the authors
decided to expand the screening platform to include targets
from A. Baumannii. A. Baumannii is an aerobic, Gram-negative
Scheme 1 The active chemical structures against four targets in S. aure

© 2025 The Author(s). Published by the Royal Society of Chemistry
opportunistic pathogen that is responsible for various
healthcare-associated infections, including urinary tract infec-
tions, ventilator-associated pneumonia, bloodstream infec-
tions, secondary meningitis, surgical site infections, as well as
burn and so tissue infections.24 It presents a worldwide health
issue and poses a treatment challenge due to the emergence
and continuous escalation of resistance to antibacterial drugs.25

The authors chose up to 80 proteins in A. Baumannii. Aer
purication and quantication, 70 proteins were screened; 52 of
70 gave positive DECL selection signals, and 18 were prioritised
for off-DNA synthesis. Unlike the biochemical assays used in
off-DNA hit validation in S. aureus screening, the authors
directly tested the off-DNA synthesised hit compounds in
cellular assays for their antibacterial activity against a panel of
Gram-negative bacteria. This tactic allowed them to simplify
and accelerate the screening validation and prioritise the
chemical series that have cell penetration. Three targets and
their corresponding chemical series were disclosed: LpxA,
UppS, and loLA, which are responsible for lipid biosynthesis,26

membrane integrity,21 and lipoprotein transport,27 respectively.
In LPxA, two chemical series were identied. Compound 6,
which is a representative structure of one of the series, showed
an MIC of <64 mg mL−1 with a conrmed target mode of action.
In UppS, three chemical series were identied with conrmed
modes of action. Compound 7 gave an IC50 of 0.043 mM, and
MIC of <128 mg mL−1 and is a representative of one of the series.
In loLA, one chemical series with a conrmed mode of action
was identied. Tetrahydropyrido-pyrimidine 8 showed a MIC of
<128 mg mL−1 (Scheme 2).
us.

RSC Adv., 2025, 15, 14001–14029 | 14005
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Scheme 2 The active chemical structures against three targets in A. Baumannii.

RSC Advances Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
A

pr
il 

20
25

. D
ow

nl
oa

de
d 

on
 8

/3
/2

02
5 

4:
16

:5
4 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
The authors expanded the platform screening to include
tuberculosis (TB), which remains a signicant global health
challenge. Although treatments for TB are available, the rise of
multidrug-resistant TB (MDR-TB) and extensively drug-resistant
TB (XDR-TB) has exacerbated the problem. The causative agent,
M. tuberculosis, has become more widespread and resistant to
key frontline therapies, such as rifampicin and isoniazid. In
a similar manner to S. aureus and A. Baumannii, 42 proteins
targets in M. tuberculosis were assessed for their ligandability.
The authors opened the platform for academic collaborators to
provide puried and his- or biotinylated-tagged proteins. Of the
42 proteins, 27 showed enriched DECL signals. The authors
prioritised three chemical series for off-DNA validation. The
biochemical assay against dfrA (also known as DHFR)
conrmed the potency of three chemical series. Compounds 9–
11 showed potencies and MICs between 0.492–4.9 mM and 2.5–
80 mg mL−1, respectively (Scheme 3).

To the best of our knowledge, this is themost comprehensive
screening platform, with 151 bacterial protein targets for their
ligandability. The data generated from this platform will serve
the drug discovery community to prioritise bacterial targets
based on their ligandability. Interestingly, the authors discov-
ered that the DECL platform has a success rate comparable to
high-throughput screening (HTS) platforms within GSK. More-
over, the DECL platform identied hits for all targets during the
screening of 29 targets in S. aureus, whereas HTS was only
successful in 21 targets. In addition, DECLs predicted the same
Scheme 3 The active chemical structures against DHFR targets in M. tu

14006 | RSC Adv., 2025, 15, 14001–14029
outcomes as HTS. Ultimately, the key advantage of DECL is the
ability to get similar and better outcomes than HTS in a fraction
of the cost, effort, and time.

In the upcoming sections, we will delve into the specics of
bacterial targets, the modes of resistance they employ, and the
various screening approaches utilised. We will also highlight
the contributions of DECLs in identifying potential hits through
these screening methods.
4. Mycobacterium tuberculosis

As briey mentioned above, tuberculosis (TB) is a remarkable
health challenge worldwide. It was the main cause of death
from infectious diseases, accounting for about 1.3 million
deaths in 2022. It is ranked among the top ten causes of death
worldwide.28 Treatment of standard TB usually lasts for six
months, while that of the drug-resistant TB can take up to 9–20
months with a high relapse rate. Despite the availability of TB
treatments, the emergence of both multidrug-resistant TB
(MDR-TB) and extensively drug-resistant TB (XDR-TB) has
increased the severity of this disease.29 M. tuberculosis, the
causative agent of TB, became more prevalent and showed
resistance to the frontline therapies: rifampicin and isoniazid. A
recent study shows that 7.5% of the tested infected patients are
resistant to the rst-line drug rifampicin.30,31 In addition, the
WHO reported that there was a 37% increase in diagnosed drug
resistant cases in 2021 compared to 2020. There is an urgent
berculosis.

© 2025 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra00016e


Scheme 4 Fatty acid synthesis II (FAS II), demonstrating the role of InhA.
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need to develop new drugs to tackle these multidrug resistance
strains. In the following section, we shed light on the role of
DECLs in identifying new inhibitors to two well-known M.
tuberculosis targets.
4.1. Enoyl–acyl-carrier protein (ACP) reductase, InhA

Isoniazid is the rst line therapy for the TB infections32 and it
inhibits the essential NADH dependent enoyl–acyl-carrier
protein (ACP) reductase, InhA of M. tuberculosis. InhA is
crucial for the bacteria's growth and survival. It catalyses a crit-
ical step in the fatty acid elongation process essential for syn-
thesising mycolic acids, which are key components of the cell
wall of M. tuberculosis.33 This step catalyses the NADH-
dependent reduction of enoyl-ACP 15, converting it to acyl-
ACP 16 (Scheme 4) to complete a round of elongation. This
enzyme is seen as a desirable target for TB drugs, such as
isoniazid, due to its involvement in the fatty acid synthesis II
Table 1 Previously reported InhA inhibitors. Compound 17: isoniazi
Compound 20: methyl thiazole.43 Compound 21: pyrazole ELT hit.44 Com
prodrug isoniazid rather than active drug INH–NAD adduct. g: K1 measure
529, showed binding only to the InhA: NADH. cLogP: calculated log10 of
(log10 of reported affinity minus cLogP). ND: not determined

Compound Reported affinity (nM)
Cellular activ
MIC50 (mM) (

17 0.79a 0.158
18 0.02g 10.00
19 6309.57d 0.398
20 3.16d 0.199
21 3.98U 0.501††

22 630.96U 0.079

© 2025 The Author(s). Published by the Royal Society of Chemistry
(FAS-II) pathway, which is not present in humans.34 This
difference confers a high degree of selective targeting of
bacterial cells without affecting human cells. Since isoniazid is
a prodrug, it is activated with KatG (antioxidant enzyme).35

Activated isoniazid reacts with NADH to form isoniazid–NADH
adduct. This adducts binds tightly to InhA, competes with
NADH in InhA, and hinders InhA's normal function in fatty acid
synthesis.36 Many M. tuberculosis strains are becoming resistant
to multiple drugs (MDR-TB). Most of this resistance is due to
mutations in the katG gene or the area that controls it. These
mutations prevent it from being activated, making it
ineffective.37

InhA inhibitors do not require activation and would effec-
tively target isoniazid-resistant strains of M. tuberculosis and
prevent cross-resistance development. However, discovering
InhA inhibitors that are active in cells has been difficult. The
lack of compounds with cellular activity has hindered the
development of InhA-targeting compounds with suitable
d adduct.40 Compound 18: PT70.41 Compound 19: pyridomycin.42

pound 22: pyridine dione.45 a: Ki measurement. b: cLogP calculated for
ment. d: Kd measurement.U: IC50. ††: MIC90.A: a close analog, NITD-
water–octanol partition coefficients. LLE: logarithmic ligand efficiency

ity:
H37Rv) cLogP LLE

Predominant
InhA binding

−0.7b 9.8 Apo
7.0 3.7 NAD+

3.1 2.1 Apo
2.3 6.2 NADH
1.4 7.0 ND
5.3 0.9 NADHA
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Scheme 5 Structures of previously reported InhA inhibitors, demonstrating cellular activity in M. tuberculosis.
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characteristics for in vivo studies. Using DECLs has enabled the
identication of new molecules that act on various targets,
including InhA.38 Soutter and coworkers39 presented previous
InhA inhibitors that exhibit different binding preferences for
InhA (Table 1 and Scheme 5). Building upon this knowledge of
InhA inhibition, the authors sought to discover new inhibitors
having cellular activity using DECLs. The data from these
Scheme 6 Main structures of the series (1–10).

14008 | RSC Adv., 2025, 15, 14001–14029
previously reported InhA inhibitors were used as benchmarks
for evaluating the potency of their newly discovered inhibitors.

The authors exploited 66-billion-member DECLs supplied
from X-Chem, a major provider of DECLs. The InhA target
protein was expressed with an N-terminal 6xHis tag. This His
tag consists of six consecutive histidine residues and exhibits
a high affinity for metal ions such as nickel (Ni2+). Different
selection conditions were tested in parallel to identify
© 2025 The Author(s). Published by the Royal Society of Chemistry
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compounds with diverse binding preferences and potential
mechanisms of action. Their analysis revealed four distinct
enrichment proles: (1) compounds enriched only with apo (no
cofactor) InhA, (2) compounds enriched only with InhA:NAD+

complex, (3) compounds enriched only with InhA:NADH
complex but not when a tight-binding inhibitor was present,
and (4) compounds enriched with both InhA:NAD+ and InhA:-
NADH, but not when a tight-binding inhibitor was present.
Notably, 70% of the enriched compound families (groups of
structurally related compounds with the same prole) exhibit
a preference for the InhA:NADH complex (third prole). The
authors selected approximately 50 representative compounds
across all enrichment proles for off-DNA synthesis using the
following selection criteria: (a) potential mechanism of action,
(b) enrichment level, and (c) physicochemical properties. Two in
vitro assay formats were used to test the 50 off-DNA compounds.
The rst one was protein incubated with only NADH, and the
second was protein incubated with a mixture of NADH and
excess NAD+. Compounds with IC50 values below 20 mM in the
previous two in vitro assays were further tested in a tuberculosis
(TB) panel. The TB panel included various assays: (1) minimum
inhibitory concentration (MIC), (2) IC50 and IC90 against M.
tuberculosis H37Rv (aerobic and anaerobic conditions), (3)
minimum bactericidal concentration (MBC) for M. tuberculosis
H37Rv, (4) intracellular activity assay (IC50 and IC90) in M.
tuberculosis-infected human cells, and (5) MIC against ve drug-
resistantM. tuberculosis strains. The authors identied 10 series
(series 1–10) compounds from enrichment results of different
DECLs (Scheme 6 and Table 2). The lead compound 10a was
discovered from a family of DECLs containing members that
showed specic enrichment when screened against InhA:NAD+,
with the compounds sharing a 4-phenylpiperidine-4-carboxylate
core structure. The potency of the lead compound 10a against
InhA:NAD+ complex exhibited 5-times improvement than that
against the InhA:NADH complex. This improvement conrmed
a preferential binding towards the InhA: NAD+ complex. To
validate these results, SPR experiments were run. Results
demonstrated that the compound 10a exhibited a Kd value for
the InhA:NAD+ complex, which was 19 times better than that for
the InhA:NADH complex. Compound 10a exhibits a MIC value
of 12 mM under aerobic conditions (Table 2). These results
suggest that it would be more helpful to concentrate on the
discovery of inhibitors that specically bind to InhA bound with
NAD+, rather than discovering inhibitors that solely target InhA
bound with NADH.

In a subsequent effort, Evindar and coworkers utilised the
DECLs to target InhA.44 The DECL was built in three cycles; the
rst cycle included 22 orthogonally protected diamines, while
the second and third cycles included carboxylic acids, alde-
hydes, sulfonyl chlorides, and isocyanates used as a capping
building block for the deprotected diamines (Scheme 7). The
DECL composed of 16.1 million compounds and was screened
against InhA in three selection conditions (protein alone,
protein with NAD+, and protein with NADH).

The enrichment results revealed distinct pharmacophores
under various selection conditions. The aminoproline building
block in cycle 1 emerges as a signicant hit when the selection
© 2025 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2025, 15, 14001–14029 | 14009
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Scheme 7 DECLs of 3 cycles. The first cycle included 22 orthogonally
protected diamines, while the second and third cycles included
carboxylic acids, aldehydes, sulfonyl chlorides, and isocyanates used
as capping building blocks for the deprotected diamines; cycle 1 in
pink, cycle 2 in green, and cycle 3 in blue.
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conditions include protein with NADH. Off-DNA synthesis of
the aminoproline derivatives was conducted to conrm the
activity. The key amoniproline core was decorated with different
building blocks and screened against InhA assay. The structure
activity relationship (SAR) divided the chemical space around
the aminoproline core to three attachment points (P1, P2, and
P3) (Scheme 8). Pyrazole at the P2 position in derivative 24
perfectly occupies the cle which is normally occupied by the
substrate/product. In addition, the pyrazole nitrogen forms
hydrogen bonding interactions with the 20hydroxyl group of
NADH. Compound 24 is potent against the InhA assay and
shows a favourable ADMET prole; however, it has modest
antibacterial activity against M. tuberculosis. The authors
explored novel modication in the three points of the attach-
ments to expand the chemical space beyond building blocks
used in DECLs and to increase the inhibition potency against
InhA and antibacterial activity. They concluded that compound
Scheme 8 Chemical space around the aminoproline core divided into
three attachment points (P1, P2, and P3). Compound 24 shows the
best balance between InhA inhibition, antibacterial activity and ADMET
properties.

14010 | RSC Adv., 2025, 15, 14001–14029
25 shows the best balance between InhA inhibition, antibacte-
rial activity and ADMET properties. They progressed compound
25 for in vivo studies against a murine TB acute infection model;
however, it turned out to be inactive.
4.2. Polyketide synthase 13 (Pks13)

Polyketide synthase 13 (Pks13-TE) is the thioesterase domain of
M. tuberculosis and was chosen as the target for DECLs
screening.46 Mycobacteria, includingM. tuberculosis, depend on
specic lipids known as mycolic acids to make an extra layer of
protection in their cell wall.47 The mycolic acid biosynthesis
pathway is an important target for making drugs against M.
tuberculosis (Scheme 4). Pks13 is a multifunctional enzyme that
catalyses the last step of mycolic acid synthesis by combining
a long-chain fatty acid and a very long-chain meromycolic acid
through a condensation reaction.48 Many genetic in vitro and in
vivo experiments have proven that Pks13 is essential for the
viability of M. tuberculosis.49,50 The disruption of the formation
of mycolic acid through the inhibition of Pks13 will compro-
mise the M. tuberculosis cell wall.

TAM 16 is a lead inhibitor for Pks13-TE with a remarkable
efficacy in the TBmousemodel compared with that of isoniazid,
the rst-line drug used for TB treatment (Scheme 9). However,
further development of TAM 16 was hindered by hERG
toxicity.50 Therefore, the authors decided to exploit 59 DECLs,
representing 125 billion compounds for screening against
Pks13-TE at 0.5, 2, and 10 mM. The screening conditions
included the target protein Pks13-TE alone, Pks13-TE combined
with the inhibitor TAM 16, and a no-target control. The selec-
tion outputs were PCR-amplied and sequenced into chemical
structures. Eighty compounds showed a remarkable enrich-
ment among the three concentrations of Pks13-TE and were
prioritised for synthesis off-DNA based on their physicochem-
ical properties and clarity of the SAR. To test these compounds
for their enzyme inhibition ability, TAMRA biochemical assay
was used. This assay is composed of TAMRA uorophore linked
to a C10 hydrocarbon linker followed by a catalytic serine
specic reactive group called uorophosphonate which was
found to bind to the active site of Pks13-TE.51,52 Only 30 of the 80
synthesised off-DNA hits were active, with 18 hits showing IC50

values of less than 20 mM (threshold was set at <50 mM). Aer
extensive hit-to-lead optimisations, compounds 26–30 were
progressed for further in vitro studies (Scheme 9). The
compounds were tested for inhibiting M. tuberculosis growth in
culture medium using wild-type (WT)M. tuberculosisH37Rv and
pks13-TetON (it overexpresses Pks13 of the wild-type level when
cultivated with anhydrotetracycline [ATc] to ∼400% and under
expresses Pks13 when cultivated without ATc to ∼20% of the
WT level). Table 3 shows the IC50, MIC results, and fold shis
for each inhibitor.

The four inhibitors (26, 27, 29 and 30) were tested for in vivo
efficacy and pharmacokinetic parameters using a female
mouse. Inhibitor 26 achieved the best results with higher
concentrations in the blood plasma compared to the other three
inhibitors. Therefore, this inhibitor was used for further efficacy
study on a mouse model with acute infection.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 9 Structures of DECL hits from series A–B.

Table 3 IC50, MIC results and fold shifts for hit compounds

Hit ID IC50 (mM) WT H37Rv MIC (mM)
Hypermorph MIC
fold shi (+ATc/WT)

Hypomorph MIC
fold shi (WT/ATc)

26 0.5 0.05 2.3 0.88
27 0.43 0.25 2.3 2.9
28 15.1 390 n.d. 1.5
29 0.48 0.044 2.5 1.8
30 0.85 0.21 2.6 3.5

Review RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
A

pr
il 

20
25

. D
ow

nl
oa

de
d 

on
 8

/3
/2

02
5 

4:
16

:5
4 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
5. Pseudomonas aeruginosa

Pseudomonas aeruginosa is one of the top-listed Gram-negative
nosocomial bacteria causing hospital acquired infections.53 It
can grow in moist surfaces (e.g., ventilations) in a wide range of
temperatures with minimum nutritional requirements, which
allows it to spread through contaminated hands, surfaces, and
equipment.54 P. aeruginosa is a multi-drug resistance (MDR)
opportunistic pathogen. It may be associated with a variety of life-
threatening infections, especially in immunocompromised indi-
viduals with cystic brosis, hospital-acquired pneumonia, urinary
tract infections, chronic obstructive pulmonary disease (COPD)
and infections requiring ventilation, such as COVID-19.53,55 The
discovery of new pharmacophores to combat this multidrug-
resistant bacteria is still not at the forefront of addressing this
imminent threat. In the following section, we highlight the role of
DECLs in identifying potential hits for two targets in P. aeruginosa.
5.1. PqsE thioesterase

PqsE is an enzyme in P. aeruginosa crucial for the bacteria's
biolm formation and virulence.56 This enzyme complexes with
© 2025 The Author(s). Published by the Royal Society of Chemistry
RhlR to regulate the bacteria's quorum sensing system and
controls several virulence factors, such as pyocyanin, elastase,
and rhamnolipids.57 PqsE is seen as a desirable therapeutic
target because of its multi-target impact, as it regulates several
virulence factors essential for the bacterium's pathogenicity.
This enzyme has esterase activity, but the substrate or product
resulting from this esterase activity remains unidentied.58

Bross and coworkers59 developed a plasmid by linking the psqE
gene with an N-terminal 6xHis tag and stimulating protein
production by introducing this plasmid into Escherichia coli
BL21.60 Aer purifying 6xHis-PqsE with nickel, the researchers
used cobalt resin for their DECL screen and to eliminate
unwanted proteins that co-puried with 6xHis-PqsE on nickel
during initial purication. To ensure that the DNA does not
interfere with the reaction between small molecules and PqsE,
the researchers constructed negative and positive controls. The
negative one was only 120 bp of DNA barcode. The positive one
was Hartman's61 inhibitor 31, 2-(pyridin-30-yl) benzoic acid,
modied to 32, linked to eight bp DNA via an azide linkage by
click chemistry, and ligated to 120 bp DNA to give the positive
control 33 (Scheme 10). The researchers screened the two
RSC Adv., 2025, 15, 14001–14029 | 14011
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Scheme 10 Positive control synthesis from the known inhibitor.
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controls against PqsE prior to the large library screening to
validate their DECL selection protocol's selectivity and effi-
ciency, ensuring its reliability for the subsequent 550 million
compound screen. The screening started with the 1 : 100 ratio of
positive to negative, and ended with recovering a 50 : 1 ratio of
positive to negative aer three rounds, which represents a 5000-
fold enrichment (from 1 : 100 to 50 : 1) of positive control. This
dramatic enrichment reveals the power of DECLs to identify
specic binders to the target.

Five libraries were constructed containing 550 million small
molecules. The screening results showed a central p-amino-
benzoic acid with pendant nitrogen heterocycles (5-, 6-, or 7-
membered) as the most enriched central building blocks. Based
on this observation, 31 compounds were chosen for resynthesis
using (on-DNA resynthesis) to evaluate their ability to inhibit
the catalytic activity of PqsE. Meta-bromo-thiolactone (mBTL)
was selected as the articial substrate of PqsE since the natural
substrate of PqsE is unknown. The Ellman assay was chosen to
evaluate the ability of the 31 DNA conjugated compounds to
inhibit the catalytic PqsE activity. Among the 31 compounds,
the ve most potent DNA conjugates are J, AA, BB, DD, and EE,
and they reduced the enzyme activity by 50% at least (Fig. 6).

Although compound BB was not the most efficient of the ve
compounds, it was chosen for the off-DNA synthesis because of
its structural similarity to the known inhibitor 31. Four analogues
(34–37) were synthesised (Table 4). The four analogues (34–37)
were tested in different biophysical and biochemical assays,
Fig. 6 Bar chart of the five most potent DNA conjugated compounds
among the 31 tested ones. C1 was measured at 100 mM, while the
remaining DNA conjugated compounds were measured at 10 mM.
Compound C1 has the highest activity in the bar chart. Created in
https://BioRender.com.

14012 | RSC Adv., 2025, 15, 14001–14029
leading to the conrmation of binding and activity of compounds
34 and 36. Furthermore, the researchers synthesised twelve
additional analogues. Themost potent compounds (IC50 < 20 mM)
were tested in vitro to assess their impact on P. aeruginosa's
production of pyocyanin, which is dependent on PqsE. During
the monitoring of pyocyanin production, there was no reduction
in its production during the test of the most potent compounds.
This led to further investigation about the fates of 34 and 36 in
the in vitro assay. Mass spectrometry was used to quantify the
level of the two compounds over time aer the administration of
mBTL as a positive control to P. aeruginosa. As expected, the
mBTL concentration increased in the cell lysate and decreased in
the medium surrounding the bacteria. In the meantime,
compounds 34 and 36 initially remained in the same concen-
tration in the medium surrounding the bacteria, but they were
not detected aer hours inside the cell lysate or in the medium
surrounding it. This indicates that they were quickly effluxed
from the bacteria, quickly metabolised or did not enter at all. This
explained why pyocyanin production was not reduced in the in
vivo assay. Finally, a study on mechanism of action was carried
out, and the results showed that compounds 34 and 36 behaved
as non-competitive inhibitors, but it was unknown whether the
compounds were allosteric or orthosteric.
5.2. UDP-N-acetylglucosamine acyltransferase (LpxA)

UDP-N-acetylglucosamine acyltransferase (LpxA) is a vital
enzyme that contributes to the biosynthetic pathway of the
outer lipopolysaccharide membrane of P. aeruginosa and other
Gram-negative bacteria.62 It is essential for the viability of P.
aeruginosa and other Gram-negative bacteria. In contrast, Gram-
positive bacteria are missing this enzyme. Therefore, inhibition
of this enzyme will lead to inhibition of P. aeruginosa and other
Gram-negative bacteria. There is no known inhibitor targeting
LpxA. Therefore, targeting this enzyme will develop a new class
of antibiotics with a novel mode of action. LpxA is functional
trimer with active site between the monomer units. It is part of
the Raetz pathway for the biosynthesis of lipopolysaccharide in
Gram-negative bacteria.63 The enzyme catalyses the reversible
transfer of (R)-3-hydroxydecanoate from the acyl carrier protein
(ACP) onto the 3-OH position of UDP-N-acetylglucosamine
(UDP-GlcNAc). The carbon chain length of the fatty acid linked
to ACP varies by species (Scheme 11).

Ryan and coworkers exploited DECL technology to discover
novel inhibitors targeting LpxA.64 Eleven diverse DECLs with
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Structure and IC50 values of the compounds (34–37) in PqsE enzyme inhibition activity assay

Compound Structure IC50 (mM) Compound Structure IC50 (mM)

34 18.1 36 19.1

35 >100 37 >100

Scheme 11 Biosynthesis of lipopolysaccharide through the enzymatic reaction of LpxA, which is part of the Raetz pathway in Gram-negative
bacteria.
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a total of 66 billion DNA tagged compounds (provided from X-
Chem) were incubated with histidine- and FLAG-tagged P. aer-
uginosa LpxA (FLAG-P. aeruginosa LpxA-His) in the presence and
absence of LpxA substrate (UDP N-acetyl-a-D-glucosamine or the
inhibitory peptide 920) or its product UDP-3-O-((R)-3-hydrox-
ydecanoyl)-N-acetylglucosamine. The same incubation condi-
tions were replicated to histidine- and FLAG-tagged E. coli LpxA
(His-E. coli LpxA-FLAG) with or without its substrate (UDP N-
acetyl-a-D-glucosamine or the inhibitory peptide 920) or its
product UDP-3-O-((R)-3-hydroxymyristoyl)-N-acetylglucosamine.
The enrichment results of these selections showed a cluster of
structurally related building blocks that can bind to P. aerugi-
nosa LpxA but not to E. coli LpxA. No reduction in enrichment
Scheme 12 Most enriched compound from the selection process agains
compound 39.

© 2025 The Author(s). Published by the Royal Society of Chemistry
was observed when peptide 920 or the substrate of P. aeruginosa
LpxA were present; however, a signicant reduction in the
enrichment was observed when the product of P. aeruginosa
LpxA was present. This suggested that the enriched compounds
bind to LpxA in a competitive way with its product. The resyn-
thesis (off-DNA) of the most enriched compound 38 and testing
it against P. aeruginosa LpxA gave IC50 = 400 nM. However, the
same compound shows no inhibition against E. coli LpxA (IC50 >
50 mM). Although compound 38 shows promising potency
against P. aeruginosa LpxA, the compound shows no cellular
activity in a bacterial assay against P. aeruginosa: MIC > 128 mg
mL−1 (Scheme 12).
t P. aeruginosa LpxA and E. coli LpxA. Lead optimisation campaign gave

RSC Adv., 2025, 15, 14001–14029 | 14013
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Extensive hit-to-lead optimisation of hit compound 38 aimed
at enhancing target inhibition, cellular activity, and metabolic
stability led to the discovery of a highly potent compound 39
against P. aeruginosa LpxA. Compound 39 demonstrated an
IC50 of 2 nM and anMIC of 8 mg mL−1 against P. aeruginosa. The
authors concluded that further efforts should be directed
towards increasing the accumulation of the active compounds
into the bacterial cells. They spotted one of the key reasons of
the low compound accumulations inside bacterial cells to be
the efflux pumps, which expel the active compounds outside the
bacteria.
6. Mechanisms of antimicrobial
resistance

Resistance mechanisms to antimicrobials can be classied into
two primary categories: intrinsic and acquired resistance.65

Intrinsic resistance occurs when bacteria inherently possess
specic characteristics or structures that render them imper-
vious to the effects of an antibiotic. In contrast, acquired
resistance arises when bacteria develop resistance mechanisms
through either vertical evolution, involving mutations, hori-
zontal evolution, or the acquisition of resistance genes from
other organisms.66 The mechanisms of acquired resistance
include modications to the target protein to which the drug
binds, reduction in the accumulation or uptake of the antimi-
crobial agent, overexpression of enzymes that inactivate the
drug, and overproduction of the antimicrobial target.67 In the
following section we will shed light on the role of b-lactamase in
resisting antibiotics.
6.1. b-Lactamase enzymes

b-Lactam antibiotics such as penicillins, cephalosporins, and
carbapenems are the most widely used antibiotics. However,
the ability of b-lactamase to hydrolysis these antibiotics
became a major source of antibiotic resistance. b-Lactamases
are composed of main four groups (A–D) based on their amino
acid sequence homology. Classes A, C, and D are serine-based
hydrolases,68–70 while class B is based on zinc metallo-
enzymes. KPC-2 (class A), NDM, VIM, and IMP enzymes
(class B), and OXA-48 (class D) b-lactamases are among the
most common carbapenemases. Inhibition of b-lactamase will
lead to increasing the treatment options of multidrug resis-
tance pathogens. Several b-lactamase inhibitors were devel-
oped to restore the b-lactams antibiotics activity;71 however,
bacterial resistance is still in progress. One of the important
reasons of the inefficacy of the b-lactamases inhibitors in
Gram-negative bacteria is the lack of accumulation of inhibi-
tors in the periplasm, where the b-lactamases are
expressed.72–74 Therefore, discovering new pharmacophores
that able to penetrate the bacteria outer membrane and
accumulate in the periplasm is vital to restore b-lactam anti-
biotic efficacy.

Palzkill and coworkers built a focused DECL exploiting the
highly conserved carboxylate-binding pocket, which is located
next to the catalytic residues of the active site of b-lactamases.
14014 | RSC Adv., 2025, 15, 14001–14029
The authors designed the DECL to specically target the
carboxylate-binding pocket by building three different
libraries (L1, L2, and L3). These two cycle libraries were built
by combining different chemical building blocks (BB1 and
BB2). Each compound in the library ends up with a carbox-
ylate group or tetrazole group designed to interact with resi-
dues of the carboxylate binding pocket (Scheme 13). The
combined focused libraries were screened against the OXA-48
and NDM-1 b-lactamases, leading to the identication of
several hits.

The authors screened the focused DECLs L1, L2, L3 and
another 13 different DECLs against NDM-1 (class B metallo-b-
lactamase). The only library which gave potential binders is
DECL L1 which have carboxylate-binding pocket-targeting
motifs (carboxylic acid/tetrazole). The approach of focused
DECL to exploit the available biochemical information about
the target enzyme to direct the DECL synthesis is facilitating the
library design and is very efficient to produce highly selective
compounds. Several binders were identied containing salicylic
acid derivatives. Salicylic acids are known to chelate metal ions,
which is an indication that the identied binders have strong
affinity with zinc in the active site. The three most enriched
compounds were prioritised for off-DNA synthesis and tested in
enzymatic inhibition assay against NDM-1 with the carbapenem
antibiotic imipenem as the reporter substrate and zinc ions,
which are essential for NDM-1 activity. Aer extensive SAR
optimisation, compound 40 was identied as the best
compound with submicromolar enzymatic inhibition potency
(Scheme 14). The compound's ability to inhibit NDM-1 in the
MIC assay in the presence of imipenem against E. coli
expressing NDM-1 enzyme was examined. Compound 40 had
a two-fold reduction in imipenem's MIC at 8 mg mL−1, sug-
gesting that it had a weak synergistic activity with imipenem.
One of the potential reasons of this weak synergistic activity is
the ability of compound 40 to accumulate in the periplasm of
the bacteria. The authors conrmed that compound 40 had
a comparable accumulation level to tetracycline, which is
known for its high accumulation levels. They concluded that the
modest in vitro inhibition potency (Ki) of compound 40 could be
the reason behind the weak synergistic activity with imipenem.
The focused DECL approach leverages biochemical data about
the target enzyme, along with topological and pharmacophoric
information to guide the synthesis of the DECLs. This strategy
enhances library design and efficiently yields highly selective
compounds.

In a similar vein, OXA-48 (class D) b-lactamase is among the
most common carbapenemases.75 It is the most resistant b-
lactamase of all clinically available b-lactamase inhibitors
except avibactam.76–78 Themajority of b-lactamase inhibitors are
directed to class A b-lactamases; however, they are not active
against OXA-48 which have low sequence homology with class A
b-lactamases.79 Avibactam is a non-b-lactam based inhibitor
that can inactivate OXA-48 b-lactamase with signicant efficacy.
However, the ability of other b-lactamases to hydrolyse avi-
bactam, such as KPC-2, raises concerns about the potential
development of resistance mechanisms that could inactivate
non-b-lactam-based inhibitors like avibactam.
© 2025 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra00016e


Scheme 13 Synthetic scheme of the three focused DECLs including COOH/tetrazole as a binding motif.

Scheme 14 Two best OXA-48 inhibitors and NDM-1 hit compound from DECL screening and SAR optimisation.
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Similar to the screening against NDM-1, the screening of the
combined focused libraries (L1, L2, and L3) against the his-
tagged OXA-48 (class D b lactamase) gave four potential
binders, which were tested in an enzyme inhibition assay. Two
compounds were conrmed as potential hits and show prom-
ising enzymatic inhibition activity. Further structure activity
relationship (SAR) revealed compounds 40 and 41 as the potent
inhibitors for OXA-48 (Scheme 14).

In another study, the authors exploited triazine focused
DECLs to nd non-b-lactam inhibitors for OXA-48 b-
© 2025 The Author(s). Published by the Royal Society of Chemistry
lactamases.73 A triazine DECL was synthesised generating 162
million unique compounds (Scheme 15). The triazine DECL
synthesis started by attaching a DNA headpiece to building
block 1 (BB1) though a linker to give DNA conjugate 45, which
completed cycle 1 of split and pool combinatorial synthesis. The
further two cycles led to the installation of building blocks 2 and
3 (BB2 and BB3) into the triazine core (Scheme 15). The nal
DECL 47 was pooled and submitted for selection.

The selection process of the triazine DECL led to the iden-
tication of 5 hits (48–52) (Scheme 16). Each of these
RSC Adv., 2025, 15, 14001–14029 | 14015
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Scheme 15 Triazine DECL synthesis through 3 cycles of split and pool combinatorial chemistry.
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compounds were resynthesised off-DNA and tested for their
inhibition against OXA-48. Compound 48 exhibited micromolar
activity against OXA-48 with Ki = 0.9 ± 0.1 mM. Compounds 49
Scheme 16 Hit compounds identified from DECL selection against OXA
building block 3.

14016 | RSC Adv., 2025, 15, 14001–14029
and 50 showed minimal activity with Ki values >50 mM revealing
that building block 1 (uoro-N-methylazetidine-3-carboxamide
group) did not contribute to OXA-48 inhibition. Compound 51
-48. Orange is building block 1, green is building block 2, and purple is

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Inhibition constants (Ki) of compound 51 with different OXA
b-lactamases

Enzyme Sequence identity (%)

51

Ki (mM)

OXA-48 100.0 0.53
OXA-10 49.4 61
OXA-24 36.1 14
OXA-58 36.2 45
OXA-163 97.9 0.44

Table 6 Minimum inhibitory concentrations (MICs) of ampicillin (AMP)
and imipenem (IMP) in the presence of compound 51 and avibactam

[Compound 51]
(mg mL−1)

MIC (mg mL−1)
[Avibactam]
(mg mL−1)

MIC (mg mL−1)

AMP IMP AMP IMP

0 512 0.625 0 512 0.625
4 1024 0.625 0.125 256 0.3125
8 512 0.3125 0.25 128 0.3125
16 512 0.3125 0.5 64 0.1563
32 512 0.3125 1 32 0.1563
64 512 0.3125 2 16 0.1563
128 512 0.3125 4 4 0.781
256 512 0.625
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was the most potent against OXA-48 with a Ki of 0.53 mM. It has
a carboxylate group that can bind the carboxylate binding
pocket of OXA-48 making it the lead compound for further
investigations. The alkylated form of compound 51 gave
compound 52 which showed loss of activity against OXA-48 with
Ki values >50 mM. The potent activity of compound 51 was
conrmed from the crystal structure of compound 51 with OXA-
Scheme 17 One bead structure; (C) letter denotes cycle.

© 2025 The Author(s). Published by the Royal Society of Chemistry
48, which showed that 51 binds in the active site of OXA-48
through several interactions.73

Compound 51 was also tested for its inhibition ability
against other OXA enzymes that are prevalent in different
bacterial families (Table 5). This compound inhibits OXA-48
with higher potency than any of the other OXA enzymes.

The minimum inhibitory concentrations (MIC) studies
were performed against E. coli MG1655OXA-48 strain
expressing OXA-48. The two b-lactam antibiotics (ampicillin
and imipenem) were used separately with increased concen-
trations of compound 51 and avibactam as a positive control
(MIC values are found in Table 6). Compound 51 showed poor
activity compared to avibactam in the MIC assays which was
due to poor accumulation and its susceptibility to efflux
pumps by bacteria that drive the compound out of the cell.
Modications to compound 51 for optimised accumulation in
the bacteria and enhanced efficacy in vivo was achieved by the
addition of one or more primary amines and by decreasing its
exibility.

7. Phenotypic DNA-encoded
chemical library screening

In a signicant advancement in the DECL screening approach,
Paegel and his coworkers80 synthesised DECL beads that can
be directly tested using a bead diffusion assay81,82 to evaluate
their ability to inhibit bacterial growth. This approach
circumvents the need to identify and isolate puried protein
targets and their binders and subsequently resynthesise these
binders with or without their DNA tags for further screening
and optimisation of analogues for cellular activity. This means
that compounds that are unable to penetrate cells or inactive
in cellular environments are excluded from the drug discovery
process early on. It is also an attempt to resolve the paradox
RSC Adv., 2025, 15, 14001–14029 | 14017
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that screening against puried isolated proteins requires the
compound to be hydrophobic, but screening against bacterial
cells requires the compound to be hydrophilic to accumulate
in bacterial cells.83,84 The DECL bead library comprised 7488
members and was synthesised in three cycles using the split-
and-pool combinatorial synthesis. Each bead contained
a DNA tag and a single library member which covalently
attached to the bead via a photocleavable linker. This linker is
designed to break when exposed to light, releasing the
compound from the bead (Scheme 17). The whole cell bead
diffusion assay was used to screen the library against Gram
negative (E. coli) and Gram positive (B. subtilis) bacteria.
Ciprooxacin (PC-cipro) was used as a positive control. The
library contained 85 000 beads for screening, 45 000 of which
were screened against E. coli, and the remaining 40 000
against B. subtilis. Twenty-four beads formed a growth inhi-
bition zone (GIZ) against E. coli and 73 against B. subtilis, and
the total hit ratio to the total number screened was 0.114%.
The DNA tags of these 97 hits were amplied by PCR,
sequenced and decoded. The observations indicated that the
identity of the building block at position 1 seemed to have
a minimal effect on the activity of these structurally related
Fig. 7 Flow chart highlighting the progression and structural optimisatio
Created in https://BioRender.com.

14018 | RSC Adv., 2025, 15, 14001–14029
compounds. The broth microdilution assay was used to
determine the MIC of hits. The off DNA resynthesised hits
were tested against the same bacterial strains used in the
initial screening against E. coli and B. subtilis. Despite hits 53
and 54 exhibiting MIC values of approximately 32 mg mL−1 for
E.coli and 1.5 mg mL−1 for B. subtilis, they were not selected for
further investigation because they did not demonstrate a clear
structure activity relationship (SAR). The most potent hit was
compound 60, which exhibited a MIC value of 0.016 mg mL−1

against E.coli and 0.063 mg mL−1 against B. subtilis.
The optimisation pathway for the hits is illustrated in Fig. 7

and the structure activity relationship is in Scheme 18. The
researchers selected the most potent compound 60 and the
positive control (PC-cipro) to test their activity against E. coli
DNA gyrase and also determine the IC50. The IC50 of PC-cipro
was 0.28 mM, which outperformed compound 60 by ve times
(IC50 of 1.43 mM). At the same time, compound 60 succeeded in
inhibiting the biochemical activity of E.coli DNA gyrase. This
indicates that compound 60 worked similarly to (PC-cipro) but
exhibited less potency. Compounds 57 and 60 were selected for
testing their potential as broad-spectrum antibiotic activity
using antibacterial disk diffusion assays against three panels.
n of fluoronaphthyridone-based compounds. MIC values in mg mL−1.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 7 Antibacterial activity of compound 60 compared with ciprofloxacin and cefiderocol against ATCC control strains and clinical isolates.
Values represent zone of inhibition diameters (mm) in antibacterial disk diffusion assays. N/D indicates no detectable inhibition zone. CRE
denotes carbapenem-resistant Enterobacterales

Organism Compound 60 (5 mg) Ciprooxacin (5 mg) Cederocol (30 mg)

AATCC control strains
E. coli ATCC 25922 31 33 25
B. subtilis ATCC 23857 28 31 15
P. aeruginosa ATCC 27853 24 27 25
K. pneumoniae ATCC 700603 20 21 23
K. pneumoniae BAA 1705 (CRE) N/D N/D 19
S. aureus ATCC 25923 20 23 9

Clinical strains
E. coli N/D N/D 25
K. pneumoniae 23 23 26
K. pneumoniae N/D N/D 25
S. marcescens 20 18 29

Scheme 18 Nine compounds and the positive control (ciprofloxacin) with their MIC values (mg mL−1), where red indicates activity against E. coli
and blue indicates activity against B. subtilis.

Scheme 19 Chemical structure of vancomycin, highlighting the N-
terminus (blue), resorcinol ring (magenta), C-terminus (red), and
vancosamine (green).
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The three panels included (a) standard ATCC (American Type
Culture Collection) organisms, (b) clinical isolates (bacteria
isolated from patients), and (c) carbapenem-resistant (MDR)
Enterobacter strains (Table 7). The results indicate that
compound 60 shows promise as a broad-spectrum antibiotic
that is effective against both Gram-positive and Gram-negative
bacteria. Compound 60 specically forms growth inhibition
zones for two out of four clinical tested isolates and was active
just against one of eleven multi-drug resistant (MDR) strains.

To combat antimicrobial resistance, it is necessary to
consistently enhance the effectiveness of antibiotics such as
vancomycin.85 In another phenotypic screening, Huang and his
coworkers86 developed a novel DECL termed a vancomycin-
templated DEL, which possesses 14 100 derivatives of vanco-
mycin that was screened against vancomycin-intermediate
resistant Staphylococcus aureus (VISA) and a vancomycin-
resistant Enterococcus faecium (VRE) strain through a binding
affinity assay. The standardised antibiotic assay, which means
© 2025 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2025, 15, 14001–14029 | 14019
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the expected death of bacteria, is unsuitable for DECL
screening. The affinity-based assay is facilitated by the binding
of vancomycin to the Lys–DAla–DAla arrangement found in
peptidoglycan precursor peptides, which are integral compo-
nents of the bacterial cell wall.87 In parallel, the potential
bactericidal activity remains signicant during the binding
affinity assay, which complicates the screening of the library. To
easily observe the inuence of the activity of the vancomycin-
templated DEL against VISA and VRE, vancomycin was tested
in different concentrations against the two strains. Both the
VISA-Mu50 and VRE-0649 strains survived at concentrations of
vancomycin up to 0.1 and 3 mg mL−1, respectively. Based on
these results, measuring bacterial binding with concentrations
of vancomycin below 0.1 mg mL−1 is possible. Despite the
variety of modications that can be performed on vancomycin,
such as alterations on the core cyclopeptide88 or cationic
moieties,89 peptide conjugates,90 lipid tails91 and saccharides92

at peripheral positions, the authors focused on modications at
peripheral positions (Scheme 19).

The modication on the N-terminal will have a minimal
impact on antimicrobial effect.93 The modications on the C-
terminal and resorcinol positions are less common than
modications on the vancosamine position. The authors
installed dibenzoazacyclooctyne (DBCO) onto vancomycin,
which is termed Van-DBCO (Scheme 20). Following this, the
DNA headpiece was attached onto the N-terminus through
copper-free strain-promoted azide–alkyne cycloaddition
Scheme 20 Synthesis pathway of Van-DBCO. Step 1: Norvancomycin is modified with an alkyne group using formaldehyde and N-methyl-
propargylamine. Step 2: The modified compound is attached to a PEG chain (PEGylated) and coupled with a DBCO group using NHS, EDCI, and
NH2–PEG4–COOH.

Scheme 21 Synthesis of Van-derived DNA encoded library.

14020 | RSC Adv., 2025, 15, 14001–14029 © 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 22 Chemical structures of 7 novel vancomycin-derived compounds (62–68).
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(SPAAC). Then, a Cu-catalysed click reaction installed 150 azides
in the resorcinol peripheral position. Aerwards, the vancos-
amine DNA conjugates reacted through the C-terminus amine
group with another 150 aldehydes, under reductive amination
conditions. The nal Van-templated DEL library encompassed
14 100 members (Scheme 21).

The authors screened the Van-focused DEL through affinity
binding assays against both targets: VISA and VRE. The high
binding compounds were identied aer quantitative PCR
(qPCR), NGS, and decoding. During analysing the results, the
authors measured copy number (how many copies of a specic
compound are present in a sample) before and aer screening.
This means that the compound that successfully binds has
a signicant higher copy number and is likely to be a potential
effective antibacterial agent. They also measured select-E (the
percentage of the copy number of a specic compound aer the
screening divided by the percentage of the copy number of that
compound before the screening). Select-E means how well and
copy number means how many. Aer analysing the screening
result, the authors prioritised several derivatives that showed
higher bacterial binding affinity than all the other building
blocks to synthesise and to perform the antibacterial test to
determine the minimum inhibitory concentration (MIC) values.
© 2025 The Author(s). Published by the Royal Society of Chemistry
The selection of the resulting derivatives was not dependent on
copy number and select-E because their calculation was sepa-
rately based on each individual compound. Therefore, they
preferred to use the average select-E because it provided a more
comprehensive perspective by showing how different
compounds work together. It enables authors to assess the
overall effect of a group of compounds and facilitates compar-
ison between different sets of compounds. The authors
assumed that the R1 and R2 groups in the Van-templated DEL
may not synergise well, despite their signicant individual
effects. In addition, they noticed that the decrease of activity in
the antibacterial assay is due to unsuitable additional modi-
cations that may affect the vancomycin pharmacophore. Thus,
they adopted the building block rational to select only single
modication during the resynthesis process. The synthesised
compounds (62–68) were tested against clinically isolated
strains of S. aureus, Staphylococcus epidermidis, Enterococcus
faecalis, Enterococcus faecium, and S. pneumoniae (Scheme 22).
The results showed remarkable activity with MIC values as low
as 0.015–0.03 mg mL−1. These compounds outperformed van-
comycin 64–128 times against drug-resistant strains of S. aureus
and S. epidermidis and up to 128 times against E. faecalis and E.
faecium. They outperformed levooxacin by up to 1024 times
RSC Adv., 2025, 15, 14001–14029 | 14021
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Table 8 Minimum inhibitory concentration (MIC) values (mg mL−1) of vancomycin, levofloxacin, and 7 novel compounds (62–68) against various
bacterial strains including Staphylococcus, Enterococcus, and Streptococcus species. Color-codedMIC values indicate compound efficacy, with
blue representing the lowest (most effective) concentrations and red representing the highest (least effective) concentrations. (Van) – vanco-
mycin, (Lev) – levofloxacin, (N/T) – not tested
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against drug-resistant strains of S. aureus and S. epidermidis,
and even 1024–4096 times in some cases (Table 8).
8. Targeting membrane synthesis
enzymes

The bacterial cell wall is essentially composed of peptidoglycan
as a building block. The two intracellular enzymes: UDP-N-
acetylglucosamine-enolpyruvyl transferase (MurA) and D-ala-
nine:D-alanine ligase (Ddl) are mainly involved in the biosyn-
thesis of peptidoglycan, so the inhibition of these two enzymes
has been successfully targeted.94,95 Fosfomycin is a broad-
spectrum antibiotic used to treat lower urinary tract infections
that targets MurA enzyme inhibition through covalent reaction
with the catalytic cysteine.96 Several resistance bacteria such as
M. tuberculosis, Borrelia burgdorferi, and Chlamydia trachomati
do not have the Cys residues in the active site of the MurA
enzyme, making them resistant to fosfomycin. There are other
reasons reported to be cause resistance to fosfomycin (e.g.,
14022 | RSC Adv., 2025, 15, 14001–14029
enzymatic inactivation of the drug itself, changes in the active
site of the antibiotic and decreased permeability).96,97 D-Cyclo-
serine inhibits Ddl and is used to treat multidrug-resistant
tuberculosis. However, it causes severe side effects, including
peripheral neuropathy and seizures.98 Gobec and coworkers
used a DELopen library99 that includes 4.4 billion compounds
that have been pooled into a single mixture from 30 different
subsets to nd inhibitors for DdlB and MurA enzymes.100 The
enzymes were His-tagged and immobilised on magnetic Ni-NTA
beads for the affinity-based DECL screening. In the rst DECL
screening against Ddlb, ve compounds (69–73) bound DdlB
and were prioritised for off-DNA resynthesis to conrm their
ability to inhibit the enzyme. Compounds (69–72) did not
inhibit the enzyme, whereas compound 73 showed an inhibi-
tory effect with an IC50 value of 242.7 mM (Scheme 23).

In parallel, DECL screening against MurA revealed two
compounds (74, 75). The two compounds exhibited an inhibi-
tory activity with IC50 values of 14.1 mM and 15.5 mM, respec-
tively (Scheme 24).
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 23 Hits from screening against DdlB.

Scheme 24 Hits from screening against MurA.
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9. Conclusions and future
perspectives

The full potential of DNA encoded chemical libraries (DECLs) to
identify new hits tackling antimicrobial resistance has yet to be
fully achieved. These libraries offer a unique opportunity to
explore chemical space and identify the best binders for proteins
of interest. However, their success in addressing antimicrobial
resistance has been limited. The pioneering work by GSK scien-
tists in exploring the ligandability of numerous bacterial proteins
was groundbreaking. Although their 66 billion compound
libraries did not yield hits for all tested targets, it highlighted the
importance of DECL selection conditions in hit-protein binding.
Some proteins may require cofactors or complexes that are not
accessible under standard DECL selection conditions. It is hard to
believe that such mega-libraries did not produce suitable hits.
Therefore, addressing the selection processes to go beyond
immobilisation to resins and allowing screening in proteins'
native environments could overcome the hit identication
hurdles for certain protein classes. For instance, DECL selection
in cell lysates can provide new opportunities to identify new
bacterial targets. In addition, screening DECL in cell lysates
provides a very similar native environments for proteins of
interest.101 Target specicity can be achieved by spiking-in or
overexpression of targets of interest. Phenotypic screening of
DECLs against membrane proteins and bacterial efflux pumps
can provide a synergistic solution to the issue of antibiotic accu-
mulation within bacterial cells.
© 2025 The Author(s). Published by the Royal Society of Chemistry
Exploring a vast chemical space is crucial for identifying the
best hits. However, the accumulation of hit compounds within
bacterial cells is key to a successful drug discovery program in
the antimicrobial eld. The physicochemical properties of the
screened compounds play a vital role in overcoming this chal-
lenge. Throughout this review, several potent hits were identi-
ed from diverse and extensive DECLs, but none have reached
clinical trials or succeeded in in vivo tests, to the best of our
knowledge. Designing libraries that adhere to the physico-
chemical properties of the “antimicrobial properties chemical
space” will help identify more potent hits that can accumulate
and act within bacterial cells. The accumulation of compounds
inside bacterial cells requires effective permeation through the
bacterial outer membrane. This raises questions about the
effectiveness of screening compounds through biochemical
assays without ensuring their permeability. This is where
phenotypic screening becomes valuable, as it can bypass the
permeability checkpoint and directly assess the compound's
ability to act within the bacterial environment. In this review,
only two limited success stories described the screening of
DECLs through a phenotypic screening approach.80,86 The key
properties102 that ensure positive penetration of compounds
through the bacterial cell walls include molecular weight, cLog
D, and polar surface area. In addition, incorporating a zwitter-
ionic design, using fewer rotatable bonds and sterically acces-
sible primary amines, has been proven to enhance cell
penetration.84,103–106 We recommend several strategies to
enhance the effectiveness of DECLs in antimicrobial drug
discovery research. First, it is crucial to design more focused
DECLs that align with antimicrobial physicochemical proper-
ties guidelines while also covering a broad chemical space.
Secondly, leveraging existing medicinal chemistry knowledge
related to the chemical structures of successful antibacterial
agents is essential. This approach follows the well-known drug
discovery wisdom “starting with a known target or compound is
oen more effective than beginning with a new one”. This is
based on the understanding that bacteria do not create new
proteins but rather modify existing ones to render antibacterial
RSC Adv., 2025, 15, 14001–14029 | 14023
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drugs ineffective. Similarly, we can modify known drugs to
restore their activity. Thirdly, it is important to develop new
screening methods that allow DECLs to be tested against
proteins of interest in their native environments. Finally, it is
highly recommended to bypass traditional biochemical assays
through phenotypic screening or other screening methods that
demonstrate the ability of hit compounds to penetrate bacterial
cell walls and accumulate inside cells. We believe that DECLs
still have promising potential to be fully realised.
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Metallo-b-Lactamase Inhibitor Phosphonamidate
Monoesters, ACS Omega, 2022, 7, 4550–4562.

75 L. K. Logan and R. A. Weinstein, The Epidemiology of
Carbapenem-Resistant Enterobacteriaceae: The Impact
and Evolution of a Global Menace, J. Infect. Dis., 2017,
215, S28–S36.
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