Volume 14
Number 11
November 2023
Pages 2117-2428

Medicinal Chemistry

rsc.li/medchem

-~
é J “ Ps
- s
-
!
LR Y
I
' o
& 1
- o ~
i 1 o
"1|- "" “a-’\{ .Z,‘-nrﬁ ,ﬁh“{ .
’.,&‘ D _'l‘:"' F‘E_ d
aud mr-

b

'J\.}"f

7\\

o
sl "“.':-.,"\ 7 \._{’-
! 2 /
- a/."-‘ =
L < U

ISSN 2632-8682

ROYAL SOCIETY REVIEW ARTICLE

Ranjana Pathania et al.

O F CH EMIST RY Chemical genetic approaches for the discovery of bacterial

cell wall inhibitors




RSC

Medicinal Chemistry

REVIEW

7 ROYAL SOCIETY
PN OF CHEMISTRY

{ '.) Check for updates ‘

Cite this: RSC Med. Chem., 2023, 14,
2125

Received 26th March 2023,
Accepted 10th August 2023

DOI: 10.1039/d3md00143a

Chemical genetic approaches for the discovery of
bacterial cell wall inhibitors

Rinki Gupta,@ Mangal Singh @T and Ranjana Pathania (D}

Antimicrobial resistance (AMR) in bacterial pathogens is a worldwide health issue. The innovation gap in
discovering new antibiotics has remained a significant hurdle in combating the AMR problem. Currently,
antibiotics target various vital components of the bacterial cell envelope, nucleic acid and protein
biosynthesis machinery and metabolic pathways essential for bacterial survival. The critical role of the
bacterial cell envelope in cell morphogenesis and integrity makes it an attractive drug target. While a
significant number of in-clinic antibiotics target peptidoglycan biosynthesis, several components of the
bacterial cell envelope have been overlooked. This review focuses on various antibacterial targets in the
bacterial cell wall and the strategies employed to find their novel inhibitors. This review will further
elaborate on combining forward and reverse chemical genetic approaches to discover antibacterials that

rsc.li/medchem target the bacterial cell envelope.

Introduction

Human society has consistently utilized antibacterial
medications since the introduction of penicillin in the 1940s
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to treat infections caused by pathogenic microorganisms."
Although these antibiotics have saved countless lives and are
a vital component of modern medicine, they have also
exacerbated the evolutionary stress on microbes leading to
the rise of multidrug-resistant (MDR) pathogens.> This rapid
emergence of drugresistant bacteria threatens the
effectiveness of antibiotics, thereby reducing their
widespread use.** The World Health Organization (WHO)
has enlisted six such MDR bacteria designated as priority
pathogens under the acronym “ESKAPE” (Enterococcus
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faecium, Staphylococcus aureus, Klebsiella pneumoniae,
Acinetobacter baumannii, Pseudomonas aeruginosa, and
Enterobacter spp.). These pathogens are associated with the
highest mortality rate and are of great concern in clinics.’
The multidrug-resistant pathogens evade the antibiotic action
by constantly mutating the target sites, overexpressing efflux
pumps, or acquiring antibiotic-modifying or -degrading
enzymes, among other complex resistance strategies.”” With
these factors in play, we are gradually transitioning into the
“post-antibiotic era”, a looming threat to the society where
even mild injuries would be life-harming as a result of the
lack of therapeutic alternatives to tackle the current challenge
of antibiotic resistance.>® While preventing overuse/misuse
of antibiotics is necessary for combating antibiotic resistance,
the drive to develop new classes of drugs is also needed.'”""
Thus, there is an urgent need to find new chemical classes or
alter the present ones for greater efficacy, given the
widespread rise of resistance to existing antibiotics."?

The search for novel small-molecule drugs and probes has
shifted in recent years to a paradigm of screening a
substantial number of compounds to identify those that elicit
the required biological response.’*® Two approaches are
employed in drug discovery and development to study the
biological activity of small molecule probes (Fig. 1). The
phenotype-based strategy, also referred to as forward
chemical genetics by analogy to forward genetics, begins with
the desired phenotype, followed by target identification and
validation.'® Since the approach determines the phenotypic
biological response without prejudice for a particular target
protein, it can lead to the discovery of novel therapeutic
agents. However, target identification in a phenotype-based
approach requires substantial efforts and thus becomes
challenging."”
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In contrast, target-based strategies undertake biochemical
methods to screen small molecules against a particular target
protein, followed by studying their physiological
response.’®'  Accordingly, it is termed reverse chemical
genetics by analogy to reverse genetics. This approach solves
the problem of target validation as faced in the forward
chemical approach. Still, it may only sometimes result in the
desired phenotypic effect when used in a cell-based assay,
owing to the physiological and biochemical barriers.”® As
phenotypic and target-based drug discovery approaches have
their own pros and cons, combining both strategies to
identify new drugs that can act upon the desired molecular
target is imperative. The pathway-directed approach has
recently been used to screen a library of small molecules and
discern inhibitors of a target pathway using a cell-based
screening.”?> Another strategy may involve a set of
phenotypic and biochemical assays in series for high-
throughput screens, for example, cell growth inhibition
followed by a multi-well plate-based penicillin-binding
protein (PBP) binding biochemical assay for specific PBP
inhibitors in the initial phase of screens. With technological
and biological developments, cell-based assays are found to
be more favourable to discover new physiologically active
small molecules.**** Additionally, pathway-directed cell-
based assays are preferable since they allow for an early
achievement of the desired phenotype and identifying the hit
molecules. These hit molecules can be optimized for lead
generation, resulting in a suitable drug candidate.>*>’

Antibacterial drug targets

The major classes of in-clinic antibiotics target pathways
essential for bacterial survival, like cell wall synthesis, DNA/
RNA, and protein synthesis.*® The currently used antibiotics
have been found to be prone to resistance mechanisms
developed intrinsically or acquired by bacterial pathogens.*
Based on the mechanism of action, antibiotics have been
classified into five categories, ie., cell wall synthesis
inhibitors, membrane depolarising molecules, inhibitors of
protein synthesis, antibiotics targeting DNA/RNA synthesis,
and metabolic pathway inhibitors (Fig. 2). Antibiotics, in
addition to their target, are also distinguished based on their
ability to induce cell death or inhibit the bacterial cell growth
commonly termed as bactericidal and bacteriostatic,
respectively.®® Bactericidal antibiotics follow a common
cellular oxidative stress-inducing mechanism by disrupting
the electron transport chain and tricarboxylic acid cycle.*"*?
Antibacterials hindering cell wall synthesis majorly belong
to the B-lactam class of antibiotics and glycopeptides, which
target the components involved in the cell wall synthesis
machinery.*® The B-lactam class of antibiotics are inhibitors
of PBPs, enzymes involved in the late stages of peptidoglycan
(PG) synthesis, and inhibit their function of transpeptidation,
thereby disrupting the PG synthesis.**** Glycopeptides like
vancomycin and teicoplanin target and sequester lipid II, an
essential precursor molecule in PG biosynthesis, and bind to

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 The process of chemical genetic screening in drug discovery comprises forward and reverse chemical genetics. The forward chemical
genetics involves phenotypic screening of the chemical library followed by target identification of the hit molecule with desired phenotypic

implications. The reverse chemical genetics is a target-based approach involving screening the compound library against the purified protein of
interest, followed by evaluation of their phenotypic outcomes in cell-based assays.
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Fig. 2 Antibacterial drug targets and the classes of antibiotics that target them. PABA - p-aminobenzoic acid, DHF - dihydrofolic acid, THF -
tetrahydrofolate, DHPS - dihydropteroate synthase, DHFR - dihydrofolate reductase.

the p-Ala-p-Ala terminal of the pentapeptide in Gram-positive  class of bacteriocins active against Gram-positive bacteria,
bacteria.***” Some constituting members of lantibiotics, a  are also known to target lipid IL>®* These are ribosomally
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synthesized polycyclic peptides that are post-translationally
modified to a biologically active form containing thioether
amino acids lanthionine and methyllanthionine and hence
termed lantibiotics.* Nisin is the first and most studied
lantibiotic, which shows a dual mode of action by targeting
cell wall synthesis via lipid II sequestration and alteration of
the cell membrane permeability."”*" The lipid II-lantibiotic
complex formed by the action of lantibiotics leads to pore
formation in the bacterial membrane by incorporating more
peptide entities.*>** The pore-forming ability of lantibiotics
depends on their size and the lipid composition of the
bacterial membrane.***> Other lipid II targeting classes of
antibiotics are cyclic depsipeptides, such as ramoplanin and
teixobactin, and non-lantibiotic bacteriocins like colicin M
and defensins.*®™*° Additionally, several compounds restrict
the synthesis of lipid II by interacting with lipid II cycle
intermediates, including fosfomycin, p-cycloserine, bacitracin
and tunicamycin.’**
Lipopeptide antibiotics,
daptomycin, cause alteration in the cell membrane.
These are cationic or anionic cyclic/linear peptides covalently
attached with a fatty acid moiety at the N-terminal. The cell
membrane integrity is affected by the binding of these
lipopeptide antibiotics to the cell surface. Despite having
similar structures, polymyxins and daptomycin show
different antibacterial spectra as polymyxins are active
against Gram-negative pathogens, while lipopeptide
daptomycin is known to target only Gram-positive bacteria.>*
This is due to the different target sites of these antibiotics
within the cell membrane. Polymyxin B and colistin
(polymyxin E) target lipid A in the lipopolysaccharide (LPS),
explaining their activity against Gram-negative strains,
whereas daptomycin interacts with phosphatidylglycerol in
the cell membrane leading to membrane damage and further
inhibits cell wall synthesis by binding to the division septum.
The discriminative presence of cell wall components in
bacteria and not in humans implies their prominence as
valuable drug targets.’® However, the increased prevalence of
resistance determinants of cell wall targeting antibiotics has
raised the concern of AMR. The most common cause of AMR
against such antibiotics is the growing pervasiveness of
antibiotic degrading enzymes such as [-lactamases.
B-Lactamases can hydrolyze B-lactam antibiotics by covalently
binding to the carbonyl group thereby inhibiting their
antibacterial action. Resistance to almost all the generations
of p-lactams including the last line of defence drugs,
carbapenems, has been observed in the clinic due to
evolution of carbapenemases, f-lactamases capable of
hydrolysing carbapenems.”® The catalytic division of
carbapenemases into serine and metallo fB-lactamases based
on the presence of an active serine or zinc at the active site
further complicates the available treatment options.
B-lactamase inhibitors (BLIs) have been introduced in clinics
to resist the action of P-lactamases and resensitize the
bacteria to B-lactam antibiotics. However, none of the BLIs
under clinical use target metallo-p-lactamases. Vaborbactam

including polymyxins and
52,53
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and avibactam, the clinically approved BLIs, show narrow-
spectrum carbapenemase inhibitory activity.*”

Recently, a new boronic acid-based BLI, xeruborbactam
(QPx7728), has been discovered that shows broad-spectrum
inhibitory activity and is under clinical trials for carbapenem-
resistant infections.>® The discovery of antibiotic adjuvants,
though important, can still lead to further resistance
development as has been previously observed with the BLIs.
Another important mechanism of resistance to cell wall
targeting antibiotics in clinics is target modification which is
seen in inhibiting the activity of vancomycin. Vancomycin
has been found to be effective against Gram-positive
pathogens including methicillin-resistant S. aureus (MRSA)
infections. However, the presence of a van gene cluster in
resistant bacteria causes a modification in the pentapeptide
chain in PG and is the major cause of vancomycin
resistance.>® The terminal p-alanine is replaced by p-lactate,
reducing its affinity to vancomycin and thus, giving rise to
resistant population like vancomycin-resistant S. aureus
(VRSA) and vancomycin-resistant  Enterococci  (VRE).
Furthermore, the emergence of vancomycin-intermediate S.
aureus (VISA) and heterogeneous VISA (hVISA) pathogens
with a thickened cell wall and the presence of free murein
monomers have proved to be problematic in limiting the
efficacy of vancomycin. Such instances of growing resistance
towards most widely used cell wall inhibiting drugs in
clinics pose a threat to their use as therapeutics. While
resistance development is crucial to bacteria for survival, it
comes with a fitness cost as seen in f-lactam and
vancomycin-resistant strains.®>®" This further lays down the
importance of cell wall components for bacterial survival
along with their exclusive nature. Hence, it is vital to look
for antibiotics that target novel entities in the bacterial cell
wall or novel antibacterials which evade resistance
development to curb AMR.

Antibacterial drug targets in the
bacterial cell envelope

Bacterial cell wall synthesis and shape maintenance are
multi-step processes with different essential proteins playing
a crucial role, making each step of the pathway amenable to
being a potential antibiotic target. Additionally, the lack of
mammalian equivalents of these proteins makes them
attractive drug targets. f-lactam antibiotics, the most
successful and predominant cell wall-targeting antibacterials,
inhibit the PG biosynthetic pathway via the enzymatic
inhibition of PBPs. PG synthesis inhibitors are usually broad-
spectrum antibiotics due to the presence of PG in both
Gram-positive and Gram-negative bacteria. In particular,
inhibitors of PBPs have been successful in clinics due to the
periplasmic location and ease of access by traversing only the
outer membrane (OM). The presence of the OM with LPS in
Gram-negative bacteria and thick PG with wall teichoic acid
(WTA) in Gram-positive bacteria limits the broad-spectrum
applicability of several inhibitors that target the common

This journal is © The Royal Society of Chemistry 2023
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proteins of bacterial membranes. In general, Gram-negative
bacteria are resistant due to restriction imposed by the OM.
The permeability barrier due to the LPS in the OM is species-
specific depending on its architecture like thickness and
surface charge distribution. It also depends on the number
and size of the LPS units involved in formation of the OM.
The OM obstructs the entry of non-polar molecules which are
larger than general porins (>600 Da).’* The smaller
hydrophobic molecules allowed through the OM are further
restricted by the inner membrane. In contrast, polar solutes
which are permeable through the inner membrane are
blocked by lipid A. Therefore, various components that make
up the bacterial cell envelope are valuable antibacterial
targets. In this review, we look into the details of prominent
and some of the overlooked antibacterial pathways and
targets belonging to the bacterial envelope.

Peptidoglycan biosynthesis

PG is an essential carbohydrate polymer in bacteria that is
involved in maintaining the cell shape, resisting osmotic
change, and coordinating cell division. The biosynthesis of
PG is initiated in the cytoplasm with formation of uridine
diphosphate N-acetyl muramic acid (UDP-MurNAc) penta-
peptide also known as Park's nucleotide in a multistep
enzymatic reaction catalyzed by Mur enzymes® (Fig. 3). This
is followed by Park's nucleotide ligation to the polyisoprenoid

o

Review

or undecaprenyl phosphate (C55-P) membrane anchor and
uridine diphosphate N-acetylglucosamine (UDP-GlcNAc)
leading to lipid I and lipid II synthesis, respectively. The lipid
II molecule is finally flipped to the outer leaflet, and
MurNAc-pentapeptide-GlcNAc is inserted into the PG by
various PBPs that catalyze glycosyltransferase and
transpeptidase activity. The C55-P anchor of lipid II is
recycled in the cell and is also shared between PG and WTA
biosynthesis. As PG is essential for bacteria to survive, all the
steps in its synthesis are recognized as important
antibacterial targets.

Mur enzymes. Mur proteins are important enzymes which
are involved in the PG biosynthesis (Fig. 3). MurA-F enzymes
catalyze the cytoplasmic steps of UDP-MurNAc-pentapeptide
synthesis for incorporation into the PG. Each of the genes is
thus essential, and their inhibition is deleterious to bacteria.
MurA and MurB catalyze the transferase and reduction
reaction, respectively, forming UDP-MurNAc from UDP-
GlcNAc. MurC-MurF are closely homologous ATP-dependent
ligases that install the pentapeptide on UDP-MurNAc leading
to the formation of UDP-MurNAc-pentapeptide. The protein
MurG is a membrane associated glycosyltransferase that
catalyzes the formation of a glycosidic bond between N-acetyl
muramyl pentapeptide and N-acetyl glucosamine. Fosfomycin
is a natural product produced by Streptomyces fradiae that
targets MurA; therefore, it is bactericidal to various Gram-
positive and Gram-negative bacteria and is used in clinics.

FtsW
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Cytoplasm
Lipid Il

Periplasm

i

C55-P 4— C55-PP

BacA/PAP2

% @
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Fig. 3 Peptidoglycan (PG) biosynthesis pathway of E. coli. The biosynthesis begins in the cytoplasm with the formation of Park's nucleotide in a
multistep enzymatic pathway catalyzed by mur enzymes. The Park's nucleotide is ligated to undecaprenyl phosphate (C55-P) and uridine
diphosphate N-acetylglucosamine (UDP) leading to lipid | and lipid II, respectively. The lipid Il molecule is flipped across the inner membrane (IM)
and the MurNAc-pentapeptide-GlcNAc component is inserted into the peptidoglycan by various penicillin binding proteins that catalyze
glycosyltransferase and transpeptidase activity. The C55-PP is recycled by the BacA/PAP2 pyrophosphatases that convert it to C55-P or de novo
synthesized by UppS and converted to C55-P by an unknown pyrophosphatase for another cycle of ferrying the PG precursors.
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p-Ala racemase and p-Ala-p-Ala ligase. The terminal p-Ala-
p-Ala dipeptide, a component of Park's nucleotide, is
introduced by the ligase MurF and is synthesized sequentially
by p-Ala racemase (Alr) and p-Ala-p-Ala ligase (Ddl). The two
enzymes are inhibited by p-cycloserine, a structural analogue

RSC Medicinal Chemistry

of p-alanine produced by Streptomyces spp., thus validating it
as an antibacterial target.®*

Undecaprenyl diphosphate synthase. Undecaprenyl
diphosphate synthase (UppS) is a highly conserved
cytoplasmic enzyme involved in the synthesis of

Table 1 Antibacterial drug targets that are recognized in the bacterial membrane of Gram-positive and Gram-negative bacteria and the compounds
targeting them

Target
Target Role Inhibitor Source bacteria Clinical stage Ref.
Alr p-Alanine racemase, provides substrate for Ddl p-Cycloserine NP GP In-clinic 64
Ddl p-Ala-p-ala ligase involved in PG synthesis
MurA PG precursor synthesis Fosfomycin NP BS In-clinic 287
MurC Feglymycin NP GP Preclinical 180
MraY  Synthesis of lipid I by transfer of Muraymycins NP BS Experimental 67
phospho-MurNAc-pentapeptide to the C55-P Mureidomycins GN
carrier Capuramycins, liposidomycins, GP
tunicamycins
Amphomycin In-clinic* 288
MurG  Lipid II synthesis Ramoplanin NP GP Phase III 289
Murgocil S GP Experimental 121
Lipid II Precursor for PG Vancomycin NP GP In-clinic 49
Nisin In-clinic* 49
Plectasin Preclinical 37
Teixobactin 46
Tridecaptins GN 290
PBPs Transpeptidases B-Lactams NP BS In-clinic 81
and S
DBOs e.g. avibactam S
Transglycosylation Moenomycins NP GP In-clinic* 291
C55-P  Lipid carrier for MurNAc-pentapeptide-GlcNAc Friulimicin NP GP Pre-clinical 292
C55-PP  Precursor of the lipid carrier C55-P utilized in PG Bacitracin NP GP In-clinic 293
and WTA biosynthesis Amphomycin 288
UppS  Undecaprenyl phosphate synthase Clomiphene S GP* In-clinics as 66
fertility drug
MAC-0547360 S GP Experimental 294
BamA  OMP, essential component of the f-barrel Darobactin NP GN Preclinical 295
assembly machinery complex LIpA NP Experimental 100
MRL-494 S Experimental 102
LpxC  Zinc dependent deacetylase, catalyzes the first CHIR-090 S GN Experimental 296
committed step in lipid A biosynthesis BM-78484, BM-78485 252
RC-01 Phase I aborted 107
ACHN-975 Phase I 107
LpxH  Fourth step of lipid A biosynthesis Compound 1 S GN Experimental 282
LptD OMP responsible for translocation of LPS to the ~ Murepavadin (POL7080) S GN Phase III - toxicity 107
outer leaflet of the OM issue
LptB ATPase involved in LPS extraction from the outer Compounds 1 and 2 S GN Pre-clinical 183
leaflet of the IM
MsbA  ATP dependent inner membrane lipid flippase G427, G907 S GN Pre-clinical 184
TBT-1 105
MreB  Prokaryotic actin homologue involved in the Benzyl isothiourea derivatives of A22, S GN Experimental 98
maintenance of rod shape MP265, CBR-4830, MAC13243
CbtA and CptA toxin NP 297
Sceptrin BS 98
LspA  Type II signal peptidase (prolipoprotein signal Globomycin, myxovirescin NP BS Experimental 182
peptidase) Compound 1j S GN
LolCDE ABC transporter extracts mature, OM-targeted G0507 S Inactive 123
lipoproteins from the IM Compound 2 GN Experimental 282
Pyridineimidazole compounds 1 & 2 124
TarG Involved in export of WTA Targocil, 1835F03 S GP Experimental 134
TarO TarO catalyzes the first step of WTA biosynthesis Tunicamycin NP GP Experimental 298
in S. aureus Ticlopidine S In-clinics as 109
antithrombotic
drug

¢ B-Lactam adjuvant against methicillin-resistant S. aureus (MRSA), OMP - outer membrane protein, GP - Gram-positive, GN - Gram-negative,
BS - broad spectrum, NP - natural product, S - synthetic compound, *veterinary.
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undecaprenyl pyrophosphate (C55-PP), which is converted in
another enzymatic step to undecaprenyl phosphate (C55-P), a
polyisoprenoid utilized by both Gram-positive and Gram-
negative bacteria as a membrane anchor.®® (Fig. 3). The
polyisoprenoid anchor or carrier is present in limited
amounts in the cell and ferries the intermediate for both PG
and WTA synthesis. Thus, UppS represents an attractive
antibacterial drug target.®® Clomiphene, a US-FDA approved
fertility drug, was screened out as an antibacterial that shows
UppS inhibition (discussed later).

MrayY translocase. The protein MraY (also known as MraY
translocase) is an essential enzyme present in the bacterial
membrane that catalyzes the transfer of phospho-MurNAc-
pentapeptide from UDP-Mur-NAc-pentapeptide to the lipid
carrier C55-P, resulting in the formation of lipid I. MraY is
targeted by multiple classes of nucleoside natural products
(Table 1), including amphomycin produced by Streptomyces
canus, which directs towards its importance as an
antibacterial target.®” Amphomycin is currently used as a
topical veterinary antibiotic.

Lipid II. One of the essential molecules in bacterial
metabolism is lipid II, which carries the carbohydrate
precursor for PG synthesis. A limited amount of lipid II
molecules in the cell means a halt in PG synthesis which
leads to cell death.”® Lipid II is synthesized on the
cytoplasmic side and translocated to the outer leaflet of the
cytoplasmic membrane during the assembly of PG. During
this period, lipid II is also exposed to and targeted by various
antibacterial natural products like vancomycin, nisin,
ramoplanin, teixobactin, etc. Both top-down and bottom-up
approaches are well established in discovering lipid II
targeting natural products.®® The top-down approach, similar
to forward chemical genetics, involves screens for the desired
biological activity followed by sequencing the genome of the
antibacterial producer. On the other hand, the availability of
sequenced genomes has allowed an increase in the bottom-
up approach where software-based in silico prediction allows
predicted information on the target biosynthetic gene cluster.
These sequenced genome databases provide a high-
throughput means for discovering lipid II targeting molecules
that belong to the lantibiotic class of antibiotics. While not
all lantibiotics target lipid II, the presence of a lipid-II
binding motif in the primary sequence of the encoded
peptide provides a clue on its target, which is further
validated with conventional antibacterial assays.®’

Penicillin binding proteins (PBPs). PBPs are membrane-
associated catalytic proteins responsible for synthesizing PG
and its insertion into the pre-existing cell wall.”® These
proteins are named as such based on their affinity to bind
penicillins, a class of P-lactam antibiotics.”* PBPs are
inhibited by the B-lactam class of antibiotics and fB-lactam-
based p-lactamase inhibitors with varied affinities within
bacteria.”>”’* PBPs are categorized into high molecular mass
(HMM) and low molecular mass (LMM) PBPs.”>”® The HMM
PBPs possess an N-terminal domain, a transmembrane
anchor region and a cytoplasmic tail. The cytoplasmic tail

This journal is © The Royal Society of Chemistry 2023
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has transpeptidase (TP) activity that crosslinks two glycan
strands in PG synthesis. Based on the structure and function
of the N-terminal domain, HMM PBPs are further classified
into class A and class B PBPs.””””® The N terminal domain of
class A PBPs catalyzes the elongation of glycan strands
termed transglycosylation (TG), whereas class B PBPs lack
this activity. p-lactam antibiotics are well-known inhibitors of
PBPs. The B-lactam moiety mimics the p-Ala-p-Ala peptide
bond of MurNAc-pentapeptide-GlcNAc acted upon by the
transpeptidase domain of PBPs during PG synthesis.” The
enzymatic action of the transpeptidase active site serine on
the amide moiety of the B-lactam leads to a stably derivatized
acyl-enzyme adduct, which is almost irreversible.*>*' Apart
from B-lactams, there are diazabicyclooctanone (DBO)-based
non-B-lactam B-lactamase inhibitors which also inhibit the
catalytic activity of PBPs. The B-lactamases present in the
periplasmic space are believed to have evolved from
transpeptidases and catalyze the hydrolysis of p-lactam
antibiotics, thereby preventing the inhibition of PG
synthesis.®” With horizontal gene transfer and exposure to
several fB-lactam antibiotics used in clinics, -lactamases are
now widespread and have evolved to hydrolyze almost all
B-lactam antibiotics.”®

Rod complex proteins. The rod complex, also known as
the elongasome complex, is present in rod-shaped bacteria
aiding the lateral PG synthesis.®** The complex is comprised
of six proteins, viz. RodA, PBP2, MreB, MreC, MreD and
RodZ. Each of the proteins of the complex serves its distinct
functions in the insertion of newly synthesized PG into the
cylindrical part of the cells, thus providing them with a rod-
shaped structure. Inhibition of these widely conserved
proteins alters the cellular morphology and impedes bacterial
growth leading to cell death.®> The RodA protein encoded by
the mrdB gene is a catalytic SEDS-family protein (shape,
elongation, division and sporulation) with peptidoglycan
glycosyltransferase activity.*®” The mrdB gene is downstream
of pbpA, which encodes for the PBP2 protein of the rod
complex.®® PBP2 has transpeptidase enzymatic activity,
establishing the cross-linking of the nascent glycan strands
to the preformed cell wall.® It also has a transient role in cell
division.”® MreBCD proteins are encoded by the mre
operon.”’ MreB is an actin homologue associated with a rod
complex on the inner cytoplasmic side through RodZ.°> MreB
monomers polymerize in the presence of ATP to form
filaments which move circumferentially along the long axis
of the cell.”*** The exact roles of MreC and MreD are not
clearly understood but are still required for the proper
assembly and functioning of the complex.”®

In the rod complex, PBP2 is targeted by the p-lactam class
of antibiotics, with mecillinam (or amdinocillin) as a specific
inhibitor.”® Mecillinam is the active form of the prodrug
pivmecillinam and is used to treat lower urinary tract
infections.”” Apart from PBP2, MreB is the most studied
protein, and several attempts have been made to search for
drugs targeting this protein. However, despite many efforts,
no clinically significant drug has been discovered to target
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the protein due to toxicity issues, while some are still in the
initial discovery phase.’® Nevertheless, the essential role of
these rod-complex proteins in lateral PG synthesis, cell
morphogenesis and division makes them notable potential
targets for therapeutic innovation.

OM biogenesis

An effective resistance mechanism of Gram-negative bacteria
is the presence of the OM barrier, which restricts the entry of
antibacterial molecules that otherwise target Gram-positive
bacteria. The various components of the OM, like OMPs, LPS
and lipoproteins, are synthesized and exported by dedicated
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multiprotein pathways. BamA and LptD are two surface-
exposed proteins in Gram-negative bacteria (Fig. 4),
recognized as antibacterial drug targets and antigens for
vaccine development. Both proteins are involved in the
maintenance of the OM in Gram-negative bacteria.

BamA. BamA is an essential chaperone component of
BamABCDE, the B-barrel assembly machine (BAM) complex
present in the OM of Gram-negative bacteria.’® It is a
translocator that catalyzes the folding and insertion of beta-
barrel proteins in the OM, hence a crucial protein for OM
stability (Fig. 4). Multiple molecules have been identified that
target BamA without the need for crossing the OM and hence
are unaffected by resistance from efflux pumps. The lectin-
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Fig. 4 The OM components like OMPs, LPS and lipoproteins are synthesized and exported by dedicated multiprotein pathways. Lipopolysaccharide
(LPS) biosynthesis in Gram-negative bacteria begins with the cytoplasmic synthesis of LPS molecules by the dispensable genes [pxA, (pxC, and lpxD
and the conditionally essential genes IpxH, [pxB, [pxK and waaA. The BamABCDE f-barrel assembly machine (BAM) complex, a translocator present
in the OM of Gram-negative bacteria, catalyzes the folding and insertion of beta-barrel proteins in the OM. The lipoproteins are transported from
the outer leaflet of IM to the OM through the Lol system. The precursor lipoproteins carrying the signal sequence are translocated across the inner
membrane via the Sec or Tat pathway. The signal sequence is cleaved and the LolCDE complex in the inner membrane extracts the lipoproteins for
transfer of the OM-targeted lipoproteins to LolA, a diffusible lipoprotein-chaperone. LolB, the OM acceptor protein, integrates lipoproteins in the
inner leaflet of the OM. LPS - lipopolysaccharide, OM - outer membrane, IM - inner membrane, LP - lipoprotein.
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like bacteriocin, LIpA,'® a monoclonal antibody developed
against BamA,'*" the small molecule MRL-494 (ref. 102) and
darobactin, the ribosomally synthesized peptide natural
product, all show BamA mediated antibacterial activity
against Gram-negative bacteria.

Localization of the lipoprotein (Lol) pathway. In Gram-
negative bacteria, lipoproteins play an important role in
maintaining OM integrity, and thus lipoprotein biogenesis is
a crucial antibacterial target. The lipoproteins are transported
from the outer leaflet of the IM to the OM through a five-
protein Lol system.”® Following the cytoplasmic synthesis,
the precursor lipoproteins are translocated across the inner
membrane via the Sec or Tat pathway (Fig. 4). The N-terminal
signal sequence in the precursor lipoproteins is cleaved, and
the LolCDE complex, an ABC transporter complex in the
inner membrane, extracts lipoproteins. LolCDE transfers the
OM-targeted lipoproteins to LolA, a diffusible lipoprotein-
chaperone in the periplasm. LolA transfers the lipoproteins
to LolB, an OM acceptor protein that integrates lipoproteins
in the inner leaflet of the OM. Inhibitors targeting
lipoprotein biogenesis lead to increased OM permeability
and toxicity due to PG to OM crosslinking lipoprotein Lpp
(also called Braun's lipoprotein) and lipoprotein NIpE
dependent activation of Cpx envelope stress.’®® Some of the
identified Lol pathway inhibitors are discussed in the later
section.

LspA. Lipoproteins targeted to the OM carry an N-terminal
signal which is cleaved by LspA (lipoprotein signal peptidase).
Hence, it plays an important role in lipoprotein maturation.
The signal sequence cleavage is one of the multiple essential
modifications lipopeptides undergo in the outer leaflet of the
IM before extraction by the LolCDE complex. LspA mutants
exhibit compromised virulence and impaired
pathogenicity.’® LspA is the target of two different natural
macrocyclic antibiotics, globomycin and myxovirescin, thus
validating it as a crucial antibacterial target (Table 1).

Lipopolysaccharide biosynthesis

The OM present in Gram-negative bacteria is asymmetric
with LPS molecules in the outer leaflet and phospholipids in
the inner membrane. LPS biosynthesis begins in the
cytoplasm with UDP-GIcNAc (Fig. 4). Each of the important
biosynthetic genes recognized in the pathway is discussed.

LpxC. LpxC (UDP-3-0-(R-3-hydroxymyristoyl)-N-
acetylglucosamine deacetylase) is the second enzyme in LPS
biosynthesis, a metalloenzyme that -catalyzes the first
committed step in the lipid A biosynthesis. Lipid A acts as a
membrane anchor for LPS molecules, thus inhibition of LpxC
would lead to a weakened OM, loss of virulence and
increased sensitivity to antibiotics.

LptB. The LPS synthesis ends with MsbA-mediated
flipping of LPS molecules to the outer leaflet of the IM. LPS
flipping is followed by extraction of the LPS molecules to the
periplasm by the LptBFG transporter complex comprising the
ATP binding cassette (ABC) transporter component LptB and
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the two transmembrane components LptF and LptG. Deletion
of IptB has been found to be toxic in Acinetobacter baylyi. In
addition, deletion of other genes of this pathway like IptF,
IptG, IptC and IptA has also been found to be deleterious.*®

MsbA. MsbA is an ATP-dependent flippase in the IM of
Gram-negative bacteria that, upon completion of LPS
biosynthesis in the cytoplasm, flips LPS molecules from the
inner leaflet to the other outer leaflet of the IM for further
extraction and export to the cell surface (Fig. 4). The LPS
biosynthesis genes in the Acinetobacter genus comprise early
stage dispensable genes IpxA, lpxC and I[pxD and the
subsequent conditionally essential biosynthetic genes IpxH,
IpxB, IpxK, waaA and mshA. A knockout of IpxHBK, waaA and
mshA is only possible without an early-stage biosynthetic gene
so that the bacteria is rescued from the toxic accumulation of
LPS intermediates."*®

LptD. The beta-barrel protein LptD in the OM of Gram-
negative bacteria in complex with the lipoprotein LptE forms
the OM translocon responsible for the LPS insertion in the
OM (Fig. 4). The essentiality of LptD in membrane biogenesis
and its cell surface exposure makes it an excellent
antibacterial drug target.'® A series of antibacterial
peptidomimetics synthesized based on the antibacterial
peptide protegrin I, but with reduced hemolytic activity and
increased plasma stability, led to the discovery of
murepavadin.  This  antibacterial  peptide  targeted
Pseudomonas aeruginosa with nanomolar range minimum
inhibitory concentration (MIC). In a forward genetic
approach, a genomic DNA library of murepavadin-resistant
mutants was constructed in the wild-type P. aeruginosa PAO1
and identified a LptD homologue as the resistance marker
for murepavadin. Murepavadin treatment leads to structural
abnormalities and cytoplasmic accumulation of membrane-
like materials in bacteria. Murepavadin entered phase III
clinical trial but was discontinued due to nephrotoxicity
issues.'®”

Wall teichoic acid biosynthesis

The cell envelope of Gram-positive bacteria comprises WTA, a
cell surface phosphate-rich carbohydrate polymer and an
important  virulence factor that helps establish
infection.®®'*®1%% 5 gureus lacking WTA exhibits
compromised pathogenicity and increased sensitivity to the
action of B-lactam antibiotics, and thus WTA represents an
important drug target. The biosynthesis of WTA begins in the
cytoplasm in a multi-enzymatic pathway (Fig. 5), where the
initial enzymes (TarO and TarA) involved in polymer
synthesis are found to be dispensable. At the same time, the
late-stage genes (TarB, TarF, TarL, TarG and TarH) are
essential unless the initial enzymes are non-functional,
mutated or knocked-out, so that the polymer initiation is
inhibited. As apparent, in the absence of late-stage genes, the
accumulation of polymers will become lethal, and in the
absence of priming enzymes, the lack of WTA leads to
compromised virulence. Inhibition of TarO activity not only

RSC Med. Chem., 2023, 14, 2125-2154 | 2133



Review

PG

Cytoplasm

RSC Medicinal Chemistry

TarGH

\ tarOS| tarAA>| tarB‘>| tarFk>| tarL‘>
vV vV V vV vV

MWW Undecaprenyl phosphate
() N-acetylmannosamine

o Glycerol
© Ribitol

O N-acetyl-muramic acid (MurNAc)
o Phosphate

‘ N-acetyl-glucosamine (GIcNAc)
°  Amino acid residue

Fig. 5 Wall teichoic acid (WTA) biosynthetic pathway in S. aureus. The biosynthesis of WTA begins in the cytoplasm in a multi-step pathway
comprising TarO, TarA, TarB, TarF, TarL, TarG and TarH. Deletion of dispensable WTA biosynthetic genes (coloured in blue) leads to avirulence, and
deletion of conditionally essential genes (coloured in red) in a wild-type strain leads to cell death but survival in AtarO and AtarA backgrounds. PG

- peptidoglycan, IM - inner membrane.

compromises the pathogenicity of S. aureus but is also known
to resensitize methicillin-resistant S. aureus to the action of
fB-lactam antibiotics.*?%**°

Chemical genetic approaches to
discover cell wall inhibitors

The bacterial cell wall is crucial for survival and has served as
a drug target since the discovery of penicillin."** The clinical
success of cell wall inhibitors like B-lactams and glycopeptide
drugs signifies the importance of cell wall proteins as
predominant antibacterial drug targets.'"'> The marked
difference in the cell wall composition from eukaryotes is
one of the crucial factors which makes them an appealing
drug target.'™® More importantly, Gram-negative bacteria
impede the entry of antibacterial molecules to reach the
target."’*'"® The ever-emerging antibiotic resistance in clinics
and the importance of cell wall drug targets warrant the
discovery of novel bacterial cell wall inhibitors.'*®™*8
However, the target-based approach in discovering cell wall
antibacterials becomes unfavourable when the inhibitors fail
to act in vivo after showing promising inhibitory activity
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in vitro."' Hence, it is required to incorporate both cell-

based screens (phenotypic screens) and target-based
approaches in discovering bacterial cell wall inhibitors to
overcome the challenges independently posed by phenotypic
and target-based approaches.

Chemical-chemical interaction profiling

Chemical-chemical interaction profiling is an attractive
strategy to elucidate the mechanism of action (MOA) of
antibacterial molecules by exploiting the fact that molecules
with a similar MOA show unique synergistic interactions.'*°
The approach utilizes combination ratio profiling to screen
molecules with unknown MOA against known bioactives. The
ratio of the percentage growth of bacterial cells, when treated
with a combination, to the percentage growth of cells treated
alone by a known bioactive, is known as the combination
ratio. A growth inhibition of >75% corresponds to a
combination ratio of <0.25, which indicates synergy (Fig. 6).
Moreover, using a two-point dose matrix makes it easier to
perform the assay in a high-throughput manner. The two-
point dose matrix assay essentially tests the combination
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Fig. 6 Combination ratio profiling of the antibacterial molecules to determine the mode of action of a drug using synergistic chemical-chemical

interactions.

ratio of the drugs at two concentrations, ie., X and # X MIC.
It reduces the complexity of the conventional checkerboard
assay to assess synergism. The study highlighted the
importance of synergistic interactions in unraveling the
inhibitors of DHFR and DNA gyrase.'** When a panel of 14
known antibiotics was screened against a library of 200
antibacterial molecules, two compounds, MAC-0038968 and
MAC-0003199, with unique synergies were discovered. MAC-
0038968 synergistically acted with sulfamethoxazole, a folate
pathway inhibitor. Although, it is suggested that synergistic
interaction may arise from inhibitors of the same pathways,
MAC-0038968 did not synergise with trimethoprim as they
both bind to DHFR. It is a disadvantage in such screens
when the molecular target of two molecules is common as
they face a limitation in available target sites for their action.
Further cellular and biochemical experimentations validated
DHFR as the target of MAC-0038968. The other inhibitory
molecule, MAC-0003199, was discovered as a DNA gyrase
targeting molecule. MAC-0003199, a quinone class
compound, displayed synergy with norfloxacin, a known DNA
gyrase inhibitor. The chemical nature of MAC-0003199 along
with its interaction profiling with norfloxacin suggested that
the molecule inhibits the DNA gyrase function and thus
causes DNA damage. However, the MOA of both norfloxacin
and MAC-0003199 must be different otherwise it may not
have resulted in synergy, as observed with MAC-0038968.
Besides norfloxacin, MAC-0003199 exhibited synergistic
interactions with lincosamine and triclosan as well but the
exact mechanism behind these synergies is not understood.
Although these chemical interactions assist in uncovering the
MOA of novel antibacterials, indiscriminate interactions with
multiple antibiotics pose a problem in such strategies.
Hence, assessing the unique interaction profiles along with
analysis of the chemical structures helps in elucidating the
MOA of novel hit molecules.

This journal is © The Royal Society of Chemistry 2023

In another study, Mann et al. utilized a phenotypic synergy
screen to identify a PG synthesis inhibitor, murgocil."** They
screened for compounds that synergize with f-lactam
antibiotics against MRSA. Firstly, a screen for molecules that
potentiate the activity of imipenem was carried out, leading
to 134 hit molecules. A screen for the target biosynthetic
pathway involved a macromolecular labelling (MML)
experiment where the relative incorporation of radiolabeled
precursors in the DNA, RNA, protein, phospholipid, and cell
wall is measured in the presence of the inhibitor
molecules."*™** In the MML experiment, murgocil was
observed to inhibit PG synthesis specifically. Further, gene
dosage perturbation studies with several PG synthesis genes
were conducted with murgocil. Fourteen different xylose-
inducible antisense interference plasmids targeting a specific
gene were utilized, which depleted the target gene in MRSA
upon induction. The observed hypersensitivity of MRSA to
murgocil upon MurG depletion and reduction of the
antibacterial effect upon overexpression of MurG indicated
that murgocil targets MurG. Isolation of the resistant
mutants and in vitro inhibition of purified MurG activity
confirmed MurG as the target of murgocil.

These studies imply that the synergistic profiling strategy
can be used to discover inhibitors of many essential pathways
in bacteria. To identify cell wall inhibitors, a screen of a
chemical library can be carried out with a panel of known
cell wall inhibitors. The exact MOA of potential cell wall
targeting antibacterials can be further evaluated using
biochemical methods such as MML, antisense-induction,
resistant mutant generation combined with NGS, etc."** ™%’

Pathway-directed or antagonistic whole-cell screening

FtsZ suppression for rod complex inhibitors. FtsZ
suppression is a cell-based approach to unveil rod complex
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Fig. 7 Conditional essentiality of the E. coli rod complex (RodA, PBP2, MreB, MreC, MreD, RodZ). The essential phenotype of the rod complex

becomes dispensable when FtsZ expression is upregulated.

inhibitors (Fig. 7). It has been shown that FtsZ
overexpression renders the proteins of the rod complex non-
essential, which are otherwise essential for the lateral PG
synthesis and cell survival.'>®*'* This strategy has been
employed in an HTS of a small molecule library to identify
inhibitors of the E. coli rod complex.”*’ The screen was
designed such that the bacterial growth is promoted under
upregulation of the FtsZ protein whilst the wild-type could
not survive in the presence of rod complex inhibitors. A
counter screen was undertaken in the presence of mecillinam
which impairs the normal functioning of the rod complex
under the conditions of FtsZ overexpression.

Mecillinam treatment initiates an unproductive cycle of
PG synthesis (due to the transglycosylase activity of RodA)
and degradation (absence of PBP2 transpeptidase activity)
causing rod complex malfunctioning."** A recent study has
shown that the energy demand from the metabolic processes
due to this malfunctioning induces toxic shifts in the
metabolic by-products causing mecillinam lethality."*
Considering these, a total of three HTS were set up, first to
discover potential antibacterial molecules followed by
identifying suppressors of mecillinam toxicity, and then from
these molecules, rod complex inhibitors whose lethality was
suppressed in ftsZ upregulated E. coli cells were identified.
The screen revealed eight potent rod complex inhibitors from
a total of ~690000 molecules. These eight molecules were
further characterized and identified as A22 analogues, active
against MreB. The importance of FtsZ overexpression in rod
complex non-essentiality makes it an excellent approach to
identify inhibitors of rod complex proteins. However, it
should be noted that such a screen may result in inhibitors
of FtsZ itself. Hence, as discussed above, a counter screen to
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validate the target is essential, like a mecillinam toxicity
suppression assay for rod complex inhibitors.

Polymer biosynthesis inhibitors. The biosynthesis and
membrane integration of major bacterial polymers C55-P, PG,
LPS and WTA have been exploited in several screening
platforms for novel antibacterial molecules. The presence of
intact PG is essential for bacterial survival both in vitro and
in vivo. Hence, all genes involved in its biosynthesis are
recognized as antibacterial targets (Table 1). Successful
screens targeting PG have utilized assays with purified
biosynthetic enzymes and phenotypic screens where
molecules exhibiting synergy with membrane-targeting
antibiotics identify PG inhibitors. In contrast, the conditional
essentiality of some biosynthetic genes in both LPS and WTA
is helpful in pathway-specific screens. The early-stage genes
in these pathways initiate polymer synthesis and if knocked
out, lead to a polymer-deficient cell that survives in vitro but
is compromised in virulence in in vivo conditions (Fig. 8).
Meanwhile the late-stage genes, if knocked out, lead to
cytoplasmic accumulation of the polymer, which is
deleterious to the bacteria unless polymer synthesis initiation
is halted. Tetrahydrobenzothiophenes (TBT) and targocil were
screened out as antibacterial molecules that lost activity
against bacterial strains deficient in early-stage gene deletion
mutants of LPS and WTA, respectively. An HTS to identify
WTA synthesis inhibitors involves comparing the growth of
the wild-type strain and its isogenic mutant of the early-stage
WTA synthesis enzyme in the presence of small molecules.
This strategy was utilized to screen inhibitors of late-stage
WTA synthesis genes in S. aureus by comparing the growth of
the wild-type and AtarO strain in the presence of
inhibitors."** The molecule targocil (1835F03) inhibited the
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Fig. 8 Loss of the early-stage (E) genes of lipopolysaccharide (LPS) and wall teichoic acid (WTA) biosynthesis leads to loss of virulence but the
survival of bacterial cells under in vitro conditions. Loss of late-stage (L) biosynthetic genes is deleterious to cells unless polymer synthesis is halted

with the deletion or mutations in early-stage genes.

growth of wild-type S. aureus but was inactive against the
AtarO strain. It was confirmed as an inhibitor of late-stage
gene product TarG, the transmembrane protein of the TarGH
ABC transporter complex involved in WTA export. Similarly,
tunicamycin-mediated tarO suppression antagonized the
antibacterial activity of targocil further confirming the late-
stage WTA inhibition potential of murgocil.

The C55-P carrier molecule is essential for the
translocation of PG precursors and WTA molecules from the
cytoplasmic to the periplasmic leaflet of the inner
membrane. Clomiphene, a US FDA-approved molecule, is an
inhibitor of the UppS involved in C55-P synthesis. It was
discovered in a cell-based screen for molecules that
antagonize the activity of targocil, a late-stage WTA
biosynthesis inhibitor that targets TarG leading to
accumulation of WTA molecules and consequent death of the
cell.°® The screen was setup for identification of molecules
that would rescue the cells from the toxicity of targocil by
inhibiting the early stage enzymes that initiate WTA
synthesis. Clomiphene, the obtained hit, antagonized not
only targocil but also ticlopidine, an early-stage WTA
biosynthesis inhibitor that inhibits TarO. Antagonism
towards both, and antibacterial activity in isolation,
suggested that WTA synthesis is not the actual target of
clomiphene. Utilizing antisense induction for depletion of
the genes involved in PG synthesis and the consequent
phenotype, clomiphene was observed to synergize with UppS
downregulation. This screen for WTA inhibitors turned out to
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identify an inhibitor of the target, common to both PG and
WTA biosynthesis. Clomiphene being a US-FDA approved
fertility drug has the potential for development as an
antibacterial drug.

Outer membrane disruptors. Gram-negative bacteria are
intrinsically resistant to large scaffold antibiotics due to the
presence of an OM barrier. This barrier restricts the entry of
many therapeutic compounds inside the cell thereby
preventing their antibacterial activity."*> Antibiotics like
vancomycin, rifampicin, and erythromycin have been found
to be ineffective against Gram-negative pathogens because of
their inability to cross the OM.'®* OM permeabilizing
compounds have shown enhanced uptake of large scaffold
antibiotics in Gram-negative pathogens.”*”'*° However, it
has been observed that at low temperatures, E. coli cells
become susceptible to vancomycin due to deletion in LPS
biogenesis genes and the subsequent loss of OM integrity.
The compromised OM further sensitizes the cells to large
scaffold antibiotics like rifampicin at a normal growth
temperature of 37 °C.'*' Taking advantage of this
phenomenon, Klobucar et al. designed a screening strategy
wherein the antagonists of vancomycin were identified as
OM barrier-disrupting agents in the E. coli strain at cold
temperatures.**® The potent inhibitors of this screen were
counter-screened at 37 °C to examine their potentiation
ability towards rifampicin to resensitize E. coli. The screen
uncovered a novel chemical entity MAC-0568743 and
liproxstatin-1, a ferroptosis inhibitor, with the potential to
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alter the OM integrity and augment the antibacterial action
of a large scaffold curbing the intrinsic resistance in Gram-
negative pathogens against large scaffold antibiotics. Due to
the non-specific activity of OM disrupting molecules to the
inner membrane, they show toxic effects. Therefore, MAC-
0568743 and liproxstatin-1 were evaluated for any such toxic
effects and were found to nominally alter the inner
membrane. Furthermore, lead optimization of both
liproxstatin-1 and MAC-0568743 was performed and 11 and
29 different analogues, respectively, were synthesized. The
modification in the N-benzyl moiety of liproxstatin-1 revealed
the importance of this group, more significantly the chlorine
atom for potentiation activity of the compound, whereas
changes in the spirocyclic piperidine moiety led to a
complete loss of activity. Similarly, MAC-0568743 analogues
with flexible conformations in the lipophilic tail and C-N
bonds of the cationic head group were favored. However,
subsequent stereochemical modifications in the cationic
head group showed that the dibasic motif is important.
These medicinal chemistry efforts prove to be useful in
understanding the binding mechanisms of the chemical
moieties with their cognate partners. Additionally, such
attempts help in optimizing the pharmacophore with better
activities and expand the chemical space.

Another useful strategy to target the OM of Gram-negative
pathogens is by inhibiting the surface-exposed proteins.
BamaA is an essential protein of the BAM complex present in
the OM. The molecule MRL-494 was identified from a screen
for small molecules that targeted the OM and exhibited
antibacterial ~activity unaffected by efflux pumps.’®
Antibacterial hits first identified against wild-type E. coli with
an intact OM and efflux were counter-screened against efflux-
compromised tolC deletion mutants. The similar
antibacterial potency in both strains suggested that MRL-494
is not a substrate for efflux. Additionally, the reduced activity
of MRL-494 against the BamA mutant validated it as the
molecular target of the compound. Cellular thermal shift
analysis of BamA with MRL-494 corroborated these results.
MRL-494 further showed potentiation of rifampicin in E. coli.
Besides targeting Gram-negative bacteria, MRL-494 exhibited
antibacterial potential against Gram-positive bacteria. Since
Gram-positive bacteria lack an OM, the antibacterial activity
was accounted to the membrane permeabilizing action of the
molecule. This MOA of MRL-494 in Gram-positive bacteria
was similar to nisin due to the cationic and amphiphilic
peptide nature of the molecule. Wade and coworkers
designed a synthetic route for MRL-494 and synthesized three
analogues (compounds 13, 16 and 17).'*> The triazine
chlorine and the ester methoxy moieties were modified with
guanidine (compound 13) or ammonia (compounds 16 and
17). The methyl ester group in compound 16 was further
modified with guanidine. These analogues and the parent
compound MRL-494 were evaluated for antibacterial activity,
OM permeabilization, rifampicin potentiation and Rcs
envelope stress response generation potential. Compound 17
lost the antibacterial potential whereas compounds 13 and
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16 retained the potency and their physiological effects but
these effects were not better than MRL-494. Even so, the
presence of the guanidine group was found to be important
for the activity. However, further studies on expanding this
chemical space and toxic potential of MRL-494 are warranted
as it has the ability to inhibit both Gram-negative and Gram-
positive bacteria with two different modes of action.

Furthermore, for potential molecules that target LPS,
Zhang et al. devised a cell-based screen based on the
conditional essentiality of intermediate genes of LPS
biogenesis. The intermediate genes are non-essential when
the LPS flux through the inner membrane is prohibited
whereas the early genes (lpx A/C/D) are non-essential in A.
baumannii. They identified LPS inhibitors by comparing the
growth of an engineered hyper-permeable strain (termed as
A5) vs. an isogenic LPS-null strain (A5 AlpxA) of A. baumannii
in the presence of small molecules.'® The increased
permeability improved the screen sensitivity compared to a
wild-type strain. The hyper-permeability was achieved (A5) by
deleting three central efflux pumps involved in multidrug
resistance (adeABC, adeFGH and adelJK) and two
acetyltransferases involved in lipid A modification.'**™**> The
screen of 150 000 small molecules against A5 resulted in 1100
growth inhibitory molecules. A counter screen against A5
AlpxA identified 11 compounds with reduced inhibitory
activity. The screen resulted in TBT scaffold molecules as
active LPS biogenesis inhibitors. Further, the pathway
specificity of these compounds was confirmed by a dose-
dependent loss of inhibitory activity against the A5 strain in
the presence of an LpxC inhibitor PF-5081090."*® Further,
resistant mutants of the TBT molecule identified mutations
in the early-stage biosynthetic genes of lipid A - IpxA, IpxC or
IpxD. More studies with resistant mutants, in an effort to
identify the actual target, revealed missense mutations in
mshA. MsbA is an OM transporter protein responsible for LPS
flux through the inner membrane. Moreover, the presence of
the MsbA L150V mutated gene in t¢rans diminished the
activity of the inhibitor. Further experimentation with the
purified protein identified MsbA, an essential OM protein, as
the target of these inhibitors.

These strategies emphasise the importance of pathway-
directed screen approaches in the discovery of cell wall
inhibitors. Since these strategies are based on the conditional
essentiality of cell wall biogenesis-related proteins, these
cannot be used to identify inhibitors of other pathways.

Purified target protein-molecule binding

This strategy is a target-based screening with a purified cell
wall protein of interest. Most target-based screens are
performed virtually using docking software on an extensive
library of molecules."””™"*® The resulting hit molecules from
virtual screening are then assayed against bacterial cells for
their inhibitory potential. Such screens are helpful as they
are less time-consuming and reduce the burden of resource
wastage as compared to in vitro assays. However, these may
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not always result in a bacterial cell-active lead molecule.
Hence, it is always preferable to conduct target-based studies
in vitro. Cell wall metabolism is a multi-step complex
phenomenon, and most of the proteins involved in the
process do not offer a simple high throughput assay to
perform.”®  However, high throughput assays for
antibacterial screening against targets like PBPs and Mur
proteins involved in cell biogenesis have been
developed.”'**> Such an approach is suitable when it is
incorporated with a cell-based phenotypic screening at an
early stage of drug discovery to prevent the failures associated
with each approach individually,. A PBP-Bocillin FL
competitive assay has been employed for evaluating PBP
inhibitors, which using Bocillin FL,
radioactive  synthetic fluorescent penicillin molecular
probe.”® Bocillin FL binds to isolated PBPs (membrane
fractions or purified proteins) and forms a complex with all
the classes of PBPs which become fluorescent.'**'*® Bocillin
FL, when incubated in combination with p-lactam antibiotics
to target PBPs, results in a reduced fluorescence signal of
either single or multiple PBPs based on its binding
specificity."****” The change in fluorescence can be detected
using various techniques like flow cytometry, SDS-PAGE
analysis, fluorescence anisotropy/polarisation, microscopy
and/or UV-vis spectrophotometry.’”®*®°  SDS-PAGE-based
fluorescence detection is a widely used, simple and
traditional method for PBP-Bocillin FL binding studies
depicted in Fig. 9. However, due to the low throughput
nature of the technique, it cannot be implemented in the
screening of large libraries of molecules.”> Hence, high
throughput-compatible fluorescence detection methods are
essential for screening purposes. A microtitre plate-based
method of B-lactam-biotin conjugate (BIO-AMP) labelled PBP
coupled with fluorescence detection has been developed.'®*
Other HTS methods are based on fluorescence anisotropy.'®>
Fedarovich et al. performed a Bocillin FL-based fluorescence
polarization assay and screened 50000 molecules against
PBP2 of N. gonorrhoeae, resulting in 24 molecules active
against purified PBP2.'®* Out of these, seven molecules
exhibited in vivo antibacterial potential against penicillin- or
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Thresher group utilized a similar strategy with a purified
periplasmic domain of PBP3 from A. baumannii and P.
aeruginosa as well as PBP2 from P. aeruginosa and showed
that the assay is favourable for measuring acylation and
deacylation rate constants of the B-lactams with respect to
competitive Bocillin FL binding to the PBPs."*"'®
Furthermore, fluorescence microscopy has also been utilized
to evaluate PBP-B-lactam fluorescent probe binding in cell-
based assays.'®® Meropenem (MEM) pretreated B. subtilis
cells have been shown to confer low MEM-BODIPY FL
fluorescence owing to their low binding compared to the
untreated cells.’®” Lopez-Pérez et al. demonstrated the use of
yet another fluorescence-based S2d assay and screened a
library of 2455 compounds against PBP3 of P.
aeruginosa.'®®'®® The screen identified pyrrolidine-2,3-dione
as a potent non-f-lactam PBP3 inhibitor. The class A HMM
PBPs exhibit both transglycosylase and transpeptidase
activities and the assays discussed above only indicate the
binding of molecules to PBPs, not the loss of the specific
catalytic activity. Thus, these assays cannot distinguish the
inhibitory action of the molecules against bifunctional PBPs.
Huang et al. designed and validated a fluorescence resonance
energy transfer (FRET) based assay with lipid II, the substrate
for the transglycosylase activity of PBPs, and used it to screen
a library of 120000 compounds.'”® The assay resulted in
confirmed six hit transglycosylase inhibitors which were
active against Mycobacterium smegmatis and S. aureus. This
strategy is useful while working with bifunctional PBPs so as
to assess the mode of inhibition of such PBPs.

Mur enzymes are also involved in the PG synthesis
pathway as discussed in the previous section against which
HTS has been carried out. The Mur pathway enzymes are
widely studied for their physiological function in bacteria.
Besides PG synthesis, MurA and MurC have also been
implicated in spore formation in Clostridioides difficile.”*
These essential enzymatic proteins MurA-F are associated
with cytoplasmic steps of lipid II synthesis, while MurG is a
membrane-bound protein.'”?
the inhibitors screened for each enzyme in detail."”*™”*
However, some of the important screens are discussed here.
Mur ligases (MurC-F) are ATP-dependent enzymes that

Previous reviews have covered
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Fig. 9 Schematic representation for identification of penicillin-binding protein (PBP) inhibitors in the presence of a competitor - Bocillin FL.
Binding of Bocillin FL to PBP (e.g. PBP3 in the figure) is reduced in the presence of a PBP inhibitor which can be analyzed by fluorescence scanning

of the Bocillin FL bound protein profile on a SDS-PAGE gel.
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sequentially ligate amino acid residues to the stem
peptide.'”® This ATP hydrolyzing activity of the Mur ligases

has been exploited to assay hit compounds obtained from a
virtually screened National Cancer Institute Diversity set
against MurD and MurF of Mycobacterium tuberculosis
(Mtb)."”” The most promising MurD and MurF inhibitors
from the in vitro phosphate release assay were further probed
for their inhibitory potential by wusing radiolabelled
nucleotide substrates. This secondary assay resulted in
confirmed four MurD novel inhibitors and one MurF novel
inhibitor. Structural analysis of these inhibitors revealed that
the compounds containing a three-cyclic xanthene ring with
a carboxylic group separated by two carbons are active MurD
inhibitors. NSC 209931 displayed promising MurF inhibitory
activity and the docked structure of the molecule with MurF
showed similar binding patterns of the molecule compared
to the known Abbott inhibitor 1 even though the scaffolds
are different. Similarly, Kristan and coworkers utilized the
ATP hydrolysis activity of the MurD ligase."”® However,
instead of quantifying Pi release, they measured the ADP
production by coupling it with another enzymatic method
using an ADP Quest™ assay kit to produce a fluorometric
readout. This fluorometric assay revealed 27 MurD inhibitors
from a focused library of 1000 compounds. However, only
two compounds - 1 and 2 - were tested further. Compound 1
was a glutamic acid derivative that is known to inhibit MurD.
In contrast, compound 2 had a novel chemical structure but
low enzymatic activity. The ease of experimentation and
availability of commercial kits for the quantification of ATP
hydrolysis make HTS for Mur ligases a viable strategy.
Although these assays can be performed in a high
throughput manner, they rely on the ATP hydrolysis activity.
Hence, they are only amenable to MurC, MurD, MurE and
MurF inhibitors. The inhibitors of the other enzymes MurA
(transferase) and MurB (reductase) of the Mur pathway
cannot be discovered using this strategy. Hu et al. developed
an HTS for MurG inhibitors based on the displacement of
the fluorescently labelled UDP-GIcNAc substrate from the
active site of MurG upon inhibitor binding."”® A library of
64000 small molecules was screened using fluorescence
polarization. The displacement of bound fluorescent UDP-
GIcNAc in the presence of an inhibitor causes a drop in
polarization. After subtracting the molecules with inherent
fluorescence, a total of 220 hits were obtained, out of which
55 exhibited an ICs, of 1-10 micromoles in an in vitro assay
that monitored the incorporation of radiolabelled UDP-
GlcNAc into lipid II. Scaffold analysis observations revealed
the presence of 1,3-disubstituted heterocyclic cores in most
of the compounds. Further probing of some of the hit
molecules represented their selective binding nature to MurG
due to rigid structures. Another important HTS assay has
been developed by reconstituting the whole pathway in vitro
in a one-pot assay.’® The one-pot assay only requires the
initial sugar substrate of MurA while the product from the
previous reaction acts as the substrate for subsequent
enzymes of the pathway. The inhibition of a particular step is
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confirmed with mass spectrometry to identify the reaction
intermediate accumulated. This approach makes it easier to
carry out the whole Mur pathway in a single experiment and
allows the identification of the inhibitors of the Mur pathway.
It also eliminates the labour-intensive process usually
required to screen molecules for each enzyme which makes it
cost-effective. Feglymycin, a natural peptide, was found to
target the MurA and MurC enzymes of E. coli using a one-pot
assay.'®® Similarly, the Bajpai group reconstructed the in vitro
Mtb Mur pathway and evaluated 50 potential MurB and MurE
inhibitors obtained from an in silico screening of 684
antitubercular compounds.””™'®" Out of these 50 hit
molecules, seven compounds showed promising results from
the in vitro one-pot assay and were further tested with MD
simulation studies. The inhibitory molecules obtained from
the one-pot assay have not been validated for their cell-based
activity. Therefore, the efficacy of these molecules cannot be
commented upon. Taking into consideration the
disadvantages associated with the in vitro biochemical assays,
it is important to multi-screen the compounds by executing
these biochemical assays with virtual screening or a
secondary confirmatory test and cell-based assays to rule out
false positives. Nonetheless, the significant standing of the
widely conserved Mur pathway with its role in sporulation in
anaerobic bacteria C. difficile makes the proteins of this
pathway propitious drug targets.

Some of the HTS have been performed with purified OM
biogenesis proteins like LspA, LptB and MsbA using
biochemical assays. Kitamura et al. developed a FRET based
assay for HTS of LspA inhibitors."®> A synthetic acylated
hexapeptide with an N-terminal quencher and a C-terminal
fluorophore was designed to fluoresce upon cleavage by LspA.
An HTS for LspA inhibitors was carried out which identified
17 molecules with potent LspA inhibitory activity. With
additional medicinal chemistry efforts, the most active
molecule against E. coli was discovered which synergized with
OM weakening antibiotic derivative polymyxin B nonapeptide
(PMBN). Similarly, Gronenberg and Kahne screened a
collection of 244 small molecule kinase inhibitors against
purified LptB and identified two compounds belonging to
two different structural classes."®® The molecules exhibited
activity in micromolar range ICs, with purified LptB but
lacked cell-based activity against E. coli. Ho et al. adopted a
reverse chemical genetic approach to screen compounds that
inhibit the ATPase activity of purified E. coli MsbA."®* Being a
membrane-bound ATPase, the activity of purified MsbA was
reconstituted in amphipol, detergent or nanodiscs. A
quinolone compound G592 was obtained from the screen.
Further, cell-based on-target inhibitory activity was confirmed
by loss of potency (ECs) against a permeability-improved E.
coli strain that overexpressed MsbA and whole genome
sequencing of resistant mutants of G592. The hyper-
permeable E. coli carried a deletion in LptD to improve outer-
membrane permeability. G592 was further optimized to
improve potency in a medicinal chemistry effort to obtain
G247 and G907, which were active against wild-type
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Enterobacteriaceae. Although these quinolones are active
against whole cells, the hydrophobic nature of these
compounds led to high serum protein binding and loss of
inhibitory activity when tested for MIC in the presence of
50% serum in media."®®

These studies emphasize that diverse biochemical/
biophysical techniques can be implemented individually or
in combination to uncover potent inhibitors of bacterial cell
wall proteins. However, these studies may not always result
in molecules that show cell-based activity. Hence, it should
be noted that such research requires counter cell-based
phenotypic screens before moving forward with potent
chemical moieties so as to reduce the chances of ending up
with inactive inhibitors. Nonetheless, this approach is good
in lead optimization investigations to enhance the activity of
existing pharmacophores.

Microscopic indications

Rapid acquisition of multiple images has recently been
exploited to visualize cellular characteristics (Fig. 10).'%¢
Phenotypic responses of bacteria upon treatment with
antibacterials have been studied with high content
imaging."® "% High content imaging has further been found
to be helpful in screening of a humanized monoclonal
antibody (mAb) against a panel of E. coli clinical isolates.'®’
The 025b-O antigen in E. coli ST131 is a target of humanized
mAb, 3E9-11. A variant of this humanized mAb-KM467 was
synthesized and screened against 86 clinical isolates of E. coli
ST131 O25b:H4, for a clinical perspective, using a high
content imaging screen. The images after antibody binding
to the O-antigen were captured on an Opera Phenix High-
content screening system analyzed by the Perkin Elmer
Harmony software. After image analysis, the phenotypes were
divided into four groups based on the binding affinity of
KM467. These phenotypes were further assayed to assess
these characteristic results, which is out of the scope of the
present discussion. Nevertheless, in this context, it should be
noted that high content imaging is a viable option to screen
large libraries of molecules as well as genomic libraries to
expand the activity spectrum of antibacterials using
phenotypic signatures.

iy
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Bacterial cytological profiling (BCP) is one of the methods
which has empowered the assessment of mechanistic action
of different classes of antibiotics by studying their reference
cytological profiles.'**** Each class of antibiotics generates
a clustered reference bacterial cytological profile based on
the cell shape, area, amount of DNA per cell, etc. obtained by
principal component analysis (PCA). The utilization of BCP to
identify the signature cytological profile of antibiotics has
been developed for several bacterial species. The ability of
BCP to successfully differentiate between the MOA of
antibiotics belonging to different classes has been further
exploited to decipher the MOA of compound NSC145612."%*
NSC145612 treated A. baumannii and E. coli cells revealed the
presence of decondensed DNA, a hallmark of transcription
inhibition. This result was consistent with the BCP
fingerprint obtained when cells were treated with rifampicin,
a known DNA transcription inhibitor. The molecular target of
NSC145612 was further confirmed by whole genome
sequencing of the isolated resistant mutant which showed
mutations in the rpoB gene (DNA-dependent RNA polymerase
subunit B).

In another study, the membrane permeabilizing antibacterial
activity of cannabidiol was assessed using BCP based on its
ability to uptake SYTOX™ green dye.'”* As discussed, BCP
quantitatively identifies compounds with a similar MOA, thus
revealing the inhibitors of novel targets or multiple targets is
incomprehensible using this method."*> An attempt to discover
the molecular target of a broad-spectrum SCH-79797 compound
using BCP was not successful due to the dual targeting action
of the compound on DHFR and membrane integrity. Even
though similarities in the phenotypic signatures of SCH-79797
and trimethoprim were not found, a somewhat close BCP of
SCH-79797 to membrane-targeting antibiotics was obtained
based on the SYTOX dye accumulation. Further investigations
with thermal proteome profiling and CRISPRi genetics
exemplified the DHFR inhibiting potential of SCH-79797.
Subsequently, qualitative image analysis of SCH-79797 treated
bacterial cells with nisin-trimethoprim combination treated
cells demonstrated their similar BCP profiles. The dual MOA of
a single scaffold prevented the resistance development in S.
aureus MRSA as opposed to the individual treatments of nisin
and trimethoprim which led to rapid resistance development.
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Fig. 10 Strategy for screening of antibacterials using high throughput imaging.
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Dissecting the chemical structure of SCH-79797, two derivatives,
IRS-10 and IRS-16, were designed to understand the dual MOA
of this scaffold. IRS-10 (or Irresistin-10) is chemically the
pyrroloquinazolinediamine  core  of SCH-79797  lacking
isopropylphenyl and cyclopropyl side groups whereas IRS-16 (or
Irresistin-16) is essentially a pyrroloquinazolinediamine core
with a hydrophobic biphenyl group. The examination of these
derivative led to the observation that the
pyrroloquinazolinediamine core is responsible for the activity
against DHFR while the hydrophobic group altered the
membrane permeability and polarity. On the activity front,
however, IRS-16 exhibited better antibacterial potential and
efficacy in a mouse vaginal infection model.

Another phenotypic profiling platform called MorphEUS
(Morphological Evaluation and Understanding of Stress) has
been developed by Smith II and colleagues.'®® This
cytological profiling method also classifies antibacterials by
their MOA. Further, they have shown for bedaquiline and
moxifloxacin that the platform when complemented with
other profiling methods like transcriptomics can unveil off-
target effects. Altogether, these studies reveal that
morphology profiling using high throughput microscopy can
be used as a tool to screen chemical libraries for novel cell
wall inhibitors. B-Lactam antibiotics are widely known to
modulate the morphology dynamics in bacteria.'®”2°° Thus,
cytological signatures of antibacterials of an unknown
pathway of action when compared with cell wall inhibitors
can pave the way to screen and discover novel cell wall
targeting molecules. HTS for cell wall inhibitor discovery
using microscopy has not been performed to date. However,
considering the success of high content imaging and
cytological profiling methods in MOA studies, HTS strategies
can be developed for discovery of novel cell wall inhibitors.

Gene dosage perturbations

Alteration in gene copy numbers by modulating gene dosage
has been implicated in identifying chemical-genetic
interactions inside the cell.**"**> Changes in the level of

(a)
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target gene expression can reveal the molecular target of the
antibacterials as highlighted in Fig. 11. Such changes can be
achieved by gain-of-function (GOF) and loss-of-function (LOF)
strategies which have been utilized as a tool to elucidate the
cellular target of therapeutic agents.”>°> The construction
of genome-wide mutant libraries in bacteria has made the
task of performing high throughput target screening
significantly easier.’°®° The utility of these libraries has
also been found to be beneficial in assessing bacterial
antibiotic susceptibility signatures and drug
interactions.'"?

A multi-copy or high copy number of a gene abrogates the
antibacterial potential of a drug and this phenomenon was
strategized for the chemical library screening in E. coli which
revealed the targets of 2,4-diaminopyrimidine,
2,4-diaminoquinazoline (DHFR) and MAC13243 (LolA).>*"*"
Similarly, in M. tuberculosis, GSK-710 was found to target
decaprenylphosphoryl-B-p-ribose  oxidase (Mt-DprE1) by
applying the aforementioned multicopy suppression
approach.”™  Additionally, another functional genomic
platform of cosmid- or plasmid-sequencing (Cos-Seq or Plas-

Seq) has been beneficial in investigating resistance
mechanisms, new targets and the action of novel
inhibitors.>> This gene enrichment method couples

functional cloning through genomic library transformation
in pathogens with next-generation sequencing (NGS). The
Cos-Seq is well developed as an HTS strategy for the
protozoan parasite Leishmania.>'® On the other hand, Plas-
Seq has paved the way for elucidating antibacterial drug
resistance patterns like ftsI overexpression in ceftriaxone
resistance, sidA overexpression in tetracycline and ceftriaxone
resistance.”"”

LOF mutations, as opposed to multicopy suppression,
hypersensitize the bacteria to drug toxicity due to depletion
in the copies of cognate drug targets and thus enhance the
drug efficacy.>'® The construction of single gene deletion
libraries in various bacterial species has empowered the
functional genomics for hypersensitive screens.?®’>'972%2
Target-based whole-cell screening in M. tuberculosis revealed
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Fig. 11 Schematic representation of the effect of gene dosage perturbations on the antibacterial activity of a drug. (a) Changes in the gene
dosage of the target protein limit or increase the available binding sites of the respective target. (b) Perturbations in the gene dosage are reflected
in the antibacterial efficacy of a drug. Overexpression of a target protein requires a higher number of drug molecules, whereas a lower target
protein concentration requires a lower number of drug molecules as compared to the wild-type background.
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the hypersensitivity of the mutants of pantothenate
synthetase (panC) and isocitrate lyase (icl1) to their specific
inhibitors.>** However, hypersensitivity screens for essential
genes, although successful for yeast models, are rather
challenging in bacteria due to their haploid nature.*****’
Consequently, techniques, like CRISPRi, protein degradation
tags, antisense RNA and transposon mutagenesis via
promoter replacement, have emerged for tunable target gene
expression.”*® CRISPR interference (CRISPRi) has been a well-
established genetic tool for the generation of LOF genome-
wide mutants.**”**® This strategy has successfully led to the
creation of knockdown libraries in several bacterial species,
including E. coli, Streptococcus pneumoniae, and B.
subtilis.***>*' The application of CRISPRi on a genome-wide
scale enables the study of gene essentiality, bacterial fitness
under antibiotic stress and the identification of potential
drug targets.”*”* Similar to CRISPRi, the utility of
transposon mutagenesis integrated with sequencing
techniques (TnSeq) has been harnessed in the generation of
LOF mutants.>*®***>3® Transposon mutagenesis can be
accomplished by random transposon insertions or defined
locations in the whole genome to generate mutant
libraries.”” Transposon mutagenesis for defined insertions
can be carried out through promoter replacement or gene/
promoter disruption.** In the case of essential genes, gene
disruption by transposon mutagenesis suffers from the same
predicament as knockout single gene deletions for their
inability to recover essential gene mutants.>**>*> However,
variable strength or inducible promoter replacement of
essential genes allows the growth of the mutants.**
Therefore, the application of Tn-Seq and CRISPRi on
titratable gene expression and probing essential genes have
been found to be favourable in screening for therapeutics
against essential genes.>** For example, FtsZ was revealed as
the target of molecule C109 based on the hypersensitivity
profile when screened against a transposon mutant library.***
Transposon mutagenesis has also been applied for gene
overexpression by using a transposon cassette with an
outward-facing promoter in S. aureus.>*® A transposon library
of both inactivation and overexpression mutants was created
which contained 690000 unique insertions and it was
integrated with a complementary machine-learning approach
and lipid II was identified as the target of lysocins. Similarly,
Gingras et al. employed two whole-genome screening
strategies in S. pneumoniae coupled with NGS known as Int-
Seq and Mut-Seq and validated both of the approaches in
trimethoprim resistance with difr mutations.>®” The Hung
group executed a conditional proteolysis approach for
controlled target protein expression levels and created an
essential gene-depleted mutant library of M. tuberculosis.**®
They fused protein degradation tags to the C-terminal of
essential genes and by implementing the PROSPECT (primary
screening of strains to prioritize expanded chemistry and
targets) approach, they identified inhibitors targeting
essential bacterial pathways. Collectively, these genome-wide
perturbation screens permit the recognition of potential drug
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targets, gene functions,
synergistic drug interactions.

A good example of gene dosage perturbations used in the
screening of cell wall inhibitors is the screen against LpxC
protein present in the OM. LpxC is an another LPS
biosynthesis related protein which has been assayed for novel
inhibitors. Considering the metalloenzymatic nature of the
protein, Clements et al. screened a library of metal-chelators
against a hypersensitive E. coli strain carrying [pxC101
mutation with compromised LpxC activity and increased OM
permeability.>*> To further confirm LpxC as the target, the
antibacterial hits were tested against a purified LpxC enzyme,
leading to the identification of sulfonamide derivatives of
o-(R)-amino hydroxamic acids - BM-78484 and BM78485.
Resistance to BM-78484 was mapped to mutations in the fabZ
gene and, to a lesser extent, in the lpxC itself. FabZ is a fatty
acid biosynthesis enzyme which shares a common precursor
(R-3-hydroxy myristoyl) with LpxA, the first enzyme in LPS
biosynthesis. So, the loss in FabZ activity compensates for
the loss in LpxC activity by feeding more substrate for LpxC
in the LPS biosynthesis.>>*>® These derivatives were potent
against a wide range of Gram-negative pathogens; however,
antibacterial activity against Gram-positive bacterial cells was
not observed as expected.

Several inhibitors of LpxC have been discovered with or
without HTS to date; however, none have made it to clinics
yet. This is attributed to the fact that they are metal chelators
(hydroxamate compound) and possess associated side-effects.
ACHN-975 is the only candidate drug that entered clinical
trials but the trials were halted due to cardiovascular
toxicity.>*" Recently, a non-hydroxamate molecule TP0586532
was discovered as an LpxC inhibitor with broad-spectrum
activity.>”> TP0586532 showed efficacy against carbapenem-
resistant bacterial pathogens in murine infection models.
The absence of hydroxamate in TP0586532 makes it a good
LpxC inhibitor drug with minimum toxic effects; however, it
has yet to be studied further for potential -clinical
implications.

essentiality and

Stress response

The importance of cell-based assays in the discovery of cell
wall targeting antibacterials has already been implicated in
this review. One of the rarely used approaches in screening
large chemical libraries for cell wall inhibitors is stress
response-related reporter genes. Bacterial biosensors or cell-
based reporter assays harness the induction of the gene
response under stressful situations.*****” Various kinds of
stresses like the presence of pollutants, toxins, antibiotics,
nutrient availability, and change in temperature can be
sensed by bacteria, which elicits a response inside the cell by
modulating specific gene expressions.>*®**° Reporter genes
like green fluorescent protein (gfp), beta-galactosidase (lacZ),
and luciferase operon (lux) genetically fused downstream to
the stress-responsive gene have been used as powerful tools
to detect such stress faced by bacterial cells.>*°°* This
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strategy has been developed for DNA-damaging agents by
utilizing SOS response-related genes like recA and suld.”®
This detection method using biosensors has also been

employed for other antibiotics like tetracyclines,
azithromycin, macrolides and other translation
inhibitors.>**2°® While most of the biosensors have been

focused on single-reporter genes, a dual reporter system has
also been developed.”®® This dual fluorescent protein reporter
system, pDualrep2, aims at identifying potential
antibacterials that induce the SOS response via DNA damage
(red) and those that can cause ribosome stalling (far-red).
The red and far-red fluorescent protein genes (rfp and
katushka2S) are translationally fused under the control of a
sulA promoter and tryptophan attenuator, respectively.
Further, screening platforms using reporter genes have been
implemented to discover antibacterials. The pDualRep2
system leads to recognize and characterize the mode of
action of tetracenomycin and klebsazolicin as protein
synthesis inhibitors.”’">”> Another HTS for DNA metabolism
inhibitors from an AstraZeneca compound library was
undertaken using recA-GFP fusion.””? Four
phenylcyclohexylacetic acid analogs active against E. coli DNA
gyrase were identified from the screen. The effectiveness of
the cell reporter assay in HTS for cell wall inhibitors has also
been described.””*

The action of B-lactams using whole-cell biosensors was
reported in the study by exploiting the B-lactamase resistance
mechanism of the bacterial cell. Valtonen et al. utilized the
B-lactam antibiotic responsive element ampC/ampR from
Citrobacter freundii.>”* The AmpR protein acts as a
transcriptional repressor of ampC in the presence of UDP-
pentapeptides under normal conditions.?”” The accumulation
of cell wall breakdown products (muropeptides) due to the
antimicrobial action of B-lactam antibiotics and their binding
to ampR results in transcriptional activation of ampC by
AmpR.>’®?”7 This transcriptional regulation of ampR/ampC
was utilized in the construction of the luminescent cell
biosensor to assess the f-lactam action. The luciferase
operon from Photorhabdus Iluminescens was used as the
reporter under the control of the AmpR inducible ampC
promoter. The bioluminescence produced as a result of the
ampR/ampC regulation was measured using a luminometer
which helped in the analysis of the antibacterial mode of
action of cell wall biogenesis inhibitors. It has also been
reported that ampC expression is induced in the presence of
not only B-lactams but other cell wall active compounds as
well due to the presence of several other regulatory
proteins.””***' Therefore, the ampR/ampC cell reporter assay
in a high throughput manner resulted in the discovery of
sulfonyl piperazine and pyrazole compounds which target
LpxH and LolC or LolE, respectively, in the cell wall synthesis
machinery in E. coli.*®>

The c® and Res envelope stress responses are also known
to be induced upon inhibition of different pathways involved
in the biosynthesis of the OM. A screen for molecules which
were antibacterial to the efflux deficient hyperpermeable
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strain and induced a c® stress response identified molecule
G0507  (pyrrolopyrimidinedione  compound). Resistant
mutations to G0507 were mapped to amino acid changes in
lolC, lolD and IolE genes. Additionally, mutations were also
observed in the lpp gene that encodes Braun’s lipoprotein,
the most abundant OM protein in E. coli. Inhibition of the
LolCDE complex leads to the accumulation and defective
linkage of PG to Braun's lipoprotein trapped in the inner
membrane and hence deletion of [pp alleviates the toxic
effect of LolCDE inhibition."*> G0507 analogues with
modifications in the thiophene ring were assessed and the
derivative G0793 showed better antibacterial activity than
G0507. The antibacterial potential of these molecules was
still weak (MIC = 16 pg ml™", E. coli MG1655). Furthermore,
high resistance development against Lol pathway inhibitors
discourages the lead optimization of such molecules.
However, novel entities discovered with screening efforts may
solve this problem. Another screen based on both c* and Res
envelope stress systems was conducted to screen for OM
permeabilizers using fluorescent reporter assays.”®® The
mNeonGreen (mNG) reporter protein was translationally
fused downstream of the promoters of rpoE and rpra, key
regulators of 6* and Rcs envelope stress systems, respectively.
The plasmid constructs PrpoE-mNG and PrprA-mNG were
used in the reporter strains for HTS along with PgroES-mNG
(heat shock response) for negative response. From the library
of 316953 compounds, 5 molecules showed positive c* and
Res stress responses. Further experimental validation led to
BamA inhibitory activity of two structurally diverse
compounds - 2 and 14. However, both of these compounds
were toxic against the HEK293 cell line with ICs, values lower
than the MIC values against E. coli.

These stress response-based reporter systems offer the
advantage of screening large libraries which provide results
in a smaller time-frame and simultaneous assessment of cell-
based activity. For envelope stress in bacteria, five stress
response systems, O'E, Bae, Cpx, Res and Psp, are present. All
these response systems are stimulated when the cell counters
any kind of stress which can affect the cell envelope integrity
or biogenesis. However, this strategy may not be useful for
general stress responsive factors like ¢® which gets activated
on the action of multiple antibiotics. Hence, specific stress
response genes should be included in such studies.

Conclusions

Antimicrobial resistance is a well-recognized worldwide
health problem. Various antibacterial drug targets like
metabolic, nucleic acid or protein biosynthesis inhibitors
have been recognized in bacteria. Screening for novel
inhibitors that target a cytosolic process is limited by a
complex membrane structure that restricts the entry of
molecules that otherwise prove active against Gram-positive
and Gram-negative bacteria. It is daunting to target Gram-
negative than Gram-positive bacteria due to the additional
LPS layer in the membrane architecture of the former.

This journal is © The Royal Society of Chemistry 2023
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Identifying surface-exposed proteins such as LptD and BamA
on the bacterial surface as antibacterial targets has opened
new possibilities for small molecule inhibitors. These
inhibitors do not need to cross the membrane, hence making
them unaffected by the permeability and efflux barriers. The
proven role of bacterial polymers, LPS and WTA, in bacterial
virulence implies their relevance as antibacterial drug targets.
The conditional essentiality of some biosynthetic proteins,
like those belonging to the rod complex and WTA synthesis
pathway, has allowed cell-based screening for pathway-
specific inhibitors. As these targets are underexplored and
largely wunutilized, the developed antibiotics have the
potential to evade existing resistance mechanisms in play.
The importance of these drug targets combined with the
unparalleled demand for novel antibiotics in clinics denotes
the need to screen cell wall synthesis inhibitors. Various HTS
strategies have been designed and validated to screen large

Review

compound libraries against OM and PG proteins. These
strategies have utilized both cell-based phenotypic and
reverse genetic approaches. However, not all of the
aforementioned HTS assays have been applied for screening
cell wall inhibitors. One such example is the high throughput
microscopic imaging technique. High content imaging
platforms have been developed and the success of cytological
profiling using microscopy can be implemented to screen
novel scaffolds. Similarly, multiple low and high-throughput
assays have been developed to probe the activity of
MraY.>**~*%¢ still, none have been adopted so far in HTS for
novel inhibitors. Several cell-based and biochemical assays
have been discussed in this review which can be executed
individually or in combination to reveal bacterial cell wall
inhibitors, especially for assays based on purified proteins.
The purified protein-inhibitor binding is the most utilized
screening method for antibacterial molecules which is the

Table 2 Various chemical genetic approaches for the screening of compound libraries

Screening strategy Inhibitors [target] Advantages Disadvantages Ref.
Chemical-chemical interaction =~ MAC-0038968 [DHFR], Cell-based assay, ease of Assessment of unique 120
profiling MAC-0003199 [DNA gyrase] MOA identification, can be synergies is required as some
used for multiple essential synergistic interactions may
proteins not arise from similar MOA
Pathway-directed FtsZ Compounds 1-8 [MreB] Cell-based assay, combines Counter-screens required as it 131
or antagonistic suppression forward and reverse may result in FtsZ inhibitors,
whole cell screen screen for genetics, specific for rod cannot be used for other
anti-rod complex inhibitors protein inhibitors
system
compounds
Polymer Clomiphene [UppS], MAC-0547630  Cell-based assay, combines Counter-screens required 66 and
biosynthesis  [UppS] forward and reverse 294
inhibitor genetics, specific for WTA
screen synthesis inhibitors
Outer Liproxstatin-1 and MAC-0568743 Cell-based assay, combines Gram-negative specific 105 and
membrane [LPS], TBT-1 [MsbA] forward and reverse 140
disruptor genetics, enhances the
screen efficacy of large scaffold
antibiotics
Purified target protein-molecule  Feglimycin [MurA and MurC], Broad-spectrum Hit antibacterials may not 180, 184,
binding TBT-1, G592, G247 and G907 application, easy have cell-based activity, can 185 and
[MsbA] elucidation of the MOA of  only be used for proteins with 299
novel antibacterials measurable activity
Microscopic indications KM467 [025b O-antigen], Narrows down MOA Can only be used with 190, 193
NSC145612 [RpoB], SCH-79797 studies inhibitors that cause and 195
[DHFR and membrane integrity] morphological alterations,
costly, not for molecules with
multiple MOAs
Gene dosage perturbations 2,4-Diaminopyrimidine and 2,4- Cell-based assay, combines Costly as it requires genome 201, 214,
diaminoquinazoline [DHFR], forward and reverse libraries, some genes cannot 223, 245
GSK-710 [Mt-DprE1], [PanC], [Icl-1], genetics, time consuming  be used for LOF or GOF and 246
C109 [FtsZ], lysocins [lipid II] process studies as they may result in
lethal effects
Stress response G0507 [Lol CDE complex], sulfonyl = Broad-spectrum Multiple biological effects may 123,
piperazine [LpxH], pyrazole [LolC application, can be applied result in a similar stress 265-267,
or LolE], macrolides [MphR to multiple stress response 270-273
promoter activation], ketolides responsive genes, easy to and 282

[erm© induction], amicoumacin A
[protein synthesis inhibition], 2--
guanidino-quinazolines [translation
inhibition], tetracenomycin X and
klebsazolicin [peptide exit tunnel],
phenylcyclohexylacetic acids [DNA

gyrase|
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hallmark of reverse chemical genetics. Although useful in
primary screening, the major hurdle associated with this
technique is the lack or uncertainty of cell-based activity of
the hit molecules. A key example is the screens with purified
Mur enzymes which have identified several inhibitors that
were found to be active in vitro but exhibited weak to no
antibacterial activity in cell-based assays. The cell-based
screens are the most valuable in these scenarios as the
inhibitory phenotype is observed in the initial phase of drug
discovery. The use of these strategies in combination is
beneficial for identification of the molecular target and cell-
based active molecules which are the major hurdles faced
with forward or reverse chemical genetic approaches,
respectively. These approaches are also useful in screens for
antibacterials other than cell envelope inhibitors except for
pathway-directed screens. Chemical-chemical interaction
profiling, gene dosage perturbations, reporter assays and
purified protein assays have led to antibacterial molecules
active against DNA replication, protein translation, and folate
metabolism. The genetic approaches discussed in the review
are advantageous in solving the MOA but some disadvantages
are also associated with them (Table 2). Further, these
screens have not resulted in a clinically approved drug. This
may be attributed to the fact that most screens have been
recently developed. Though they have led to some novel
chemical scaffolds, not all displayed good antibacterial
potential and toxicity profiles. Hence, medicinal chemistry
efforts are required for development of potent and non-toxic
chemical scaffolds. The chemical genetic strategies
highlighted in this review offer great potential in the
discovery of novel antibacterials. While these help in
screening large libraries, validating the drug targets with
multiple techniques is always recommended. The discovery
of novel cell wall synthesis targeting molecules can help
alleviate the existing concern of AMR. In addition to being
used as stand-alone drugs, the cell wall targeting drugs can
potentiate the antibiotics that alter cytosolic pathways. This
allows for the repurposing of drugs that the OM barrier has
restrained.
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