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Peptidoglycan pathways: there are still more!
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The discovery of 3™ and 4™ generations of currently existing classes of antibiotics has not hindered bacterial

resistance, which is escalating at an alarming global level. This review follows WHO recommendations
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through implementing new criteria for newly discovered antibiotics. These recommendations focus on

abandoning old scaffolds and hitting new targets. In light of these recommendations, this review

DOI: 10.1039/c9ra04518j

rsc.li/rsc-advances reported chemical scaffolds.

1. Introduction

It is apparent that currently approved antimicrobials are losing
the anti-resistance battle against multidrug-resistant pathogens
(MDRP). Microbial resistance has extended to include reagents
once deemed to be last resorts, such as vancomycin,* linezolid,*
and even colistin.?

To avoid the rapid development of microbial resistance
against upcoming antibiotics, the World Health Organization
(WHO)* has set innovation criteria to maintain antibiotic clin-
ical efficacy over an extended period.* These criteria mainly
include hitting new microbial pathways through novel chemical
scaffolds.

This review sheds light on genuine bacterial pathways that
have not been targeted with any commercial antibiotics, and
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discusses seven bacterial proteins that no commercial antibiotics have targeted yet, alongside their

provides examples of those potential antibacterial leads
through a structure-based approach.

2. Targeting peptidoglycan

2.1. Biological importance

Peptidoglycan (PG) is a single macromolecule; however, it
surrounds bacterial bodies to grant them integrity along with
protection, resulting in it being a key player in the survival of all
prokaryotic pathogens.> Consequently, focusing on the PG
biosynthetic pathway is favorable for medicinal chemists, since
the peptidoglycan bacterial cell wall does not exist in mammalian
cells. Moreover, it is multilayered and thicker in Gram-positive
bacteria, weighing about half of the dry weight of some types of
Gram-positive bacteria.® On the other hand, PG is thinner in
Gram-negative bacteria, which are protected by an outer cell
wall.® The differences between Gram-positive and Gram-negative
bacteria in addition to their results in relation to inhibition and
resistance will be discussed below, respectively.
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2.2. Structure

Chemically, PG includes short chains of glycans and alternative
N-acetylmuramic acid (MurNAc) and B-1,4-N-acetylglucosamine
(GleNAc) components, connected via pentapeptides (MurNAc-
GlcNAc-pentapeptide).” The detailed biosynthetic pathway has
been covered in many reviews and articles previously.*** In
Fig. 1, we simplified the PG biosynthetic pathway with a focus
on the lipid carrier as a promising target for future antibiotic
development.

Remarkably, there are different steps in the PG biosyn-
thetic pathway take place at different cellular levels. The
process starts in the cytosolic region via the synthesis of
sugar-pentapeptide units, which then relocate through the
cytoplasmic membrane to polymerize with other sugars and
finally cross-link together to generate the PG molecule (Fig. 1).
Nevertheless, all existing antibiotics, perturbing the cell wall
synthesis, target either a cytosolic step™ or the growing pro-
PG." Except for the locally acting antibiotic bacitracin,
which interferes with the carrier lipid, this step of PG
biosynthesis has somehow been overlooked by medicinal
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chemists for decades. In the following section, we will discuss
targets within the carrier lipid that bode well for developing
novel antibiotics.

2.3. Extracytoplasmic steps

2.3.1. Targeting the lipid II pathway. The role of lipid II in
PG biosynthesis was explained in a recent review by Dr N.
Strynadka.' As noted in Fig. 2, the final step of PG biosynthesis
is ultimately carried out by two enzymes: the peptidoglycan
glycosyltransferase, which catalyzes lipid II polymerization to
form a linear chain, and a transpeptidase.'**®* Thus, lipid II
units are a target of glycopeptide antibiotics like vancomycin, to
pause further steps of polymerization.'®" As a result of the
bacterial resistance that has developed against all these cell wall
inhibitors, the need to target the glycosyltransferase (GT) has
surfaced. Despite the early discovery of this enzyme,* there is
no antibacterial compound for human use that inhibits the GT
directly.”

Moenomycin A 1
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Fig. 1 A diagram showing PG biosynthesis.
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Fig.2 A schematic illustration of some key steps of PG biosynthesis. Reprinted with permission from Mohammad H., et al., J. Med. Chem., 2017,

2425; copyright:*** American Chemical Society.

Moenomycin 1 is a natural product that inhibits the GT;**
therefore, it is considered one of the most active antibiotics
(MIC = 0.05 pg ml™" for S. aureus). Bacteria have shown no
resistance against moenomycin,*»** despite its use as a growth
promoter in animal feed, which was supposed to provoke
resistance.>** Moreover, resistance induction in vitro showed
slow rates of resistance development,” the absence of cross
resistance®® and a lack of transferable resistance.?® Nevertheless,
it is not used as an antibiotic as a result of its poor pharmaco-
kinetics profile by virtue of its lipophilicity leading to adverse
effects.’®®* Recent approaches for targeting the GT include:

e Moenomycin analogues that can bind to the donor part of
the receptor, but with better pharmacokinetic profiles. As
moenomycin is a pentasaccharide compound linked to a poly-
pernyl chain through a phosphoglycerate linkage, it mimics
lipid II through binding competitively to the GT. Hence, there
have been attempts to build moenomycin-like
structures.

several

This journal is © The Royal Society of Chemistry 2019

The first try included simplifying the polysaccharide part of
moenomycin via building a disaccharide derivative. This
approach resulted in some compounds with good ICs, values (the
concentration of an inhibitor where the response (or binding) is
reduced by half) on an in vitro scale; however, they did not show
in vivo activity, such as in the case of compound 2.>4'-34

The second try was to directly mimic lipid II** or ring F of the
moenomycin,* which resulted in low to moderate activity
compounds like compound 3 with an MIC (minimum inhibi-
tory concentration) of 60 uM against Bacillus cereus.*

Additionally, several articles relied on HTS (high throughput
screening) or in silico protocols to generate new leads. Despite
advances in obtaining novel leads with apparently potent in
vitro activities, none of the tested new structures were efficient
in in vivo models.*”*°

Furthermore,  monosaccharide-based  scaffolds (e.g
compounds 4 and 5) maintain the essential features of moe-
nomycin with better physicochemical properties and

RSC Adv., 2019, 9, 28171-28185 | 28173
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Disacharide moenomycin analog 2

o

F3C

cl 5

antimicrobial efficacies (MIC values of around 2 pug ml~" against
Gram-positive pathogens).”*

e A recent approach was to create a lipid II analogue in an
attempt to imitate the transition state of the GT catalyzed reaction;
hence, the compound could bind to the acceptor site of the
receptor.**

e Researchers managed to synthesize a pseudo-disaccharide
lipid II analogue, 6, to inhibit 70% of the GT enzyme activity,
advancing bacterial cell lysis.*®

2.3.2. Targeting MraY

2.3.2.1. The biological importance of MraY. Bristol-Myers
Squibb has shown that mraY (mra: murein synthesis gene
cluster-A) is an essential gene in Streptococcus pneumoniae via
a gene knockout approach.** Moreover, investigations through
genetic and biochemical methods have substantiated that mraY
and murG gene products in E. coli are essential for cell growth
and survival.*>* This discovery originated from an influx of data
about translocase I, a lipid I precursor, dating from the year
1965. However, a leap in knowledge occurred in 1991 when
Ikeda et al.** were able to solve the mystery of the MraY gene
sequence, which was officially attached to lipid I production 20
years later.”**

Ultimately, MraY has gained its importance as a result of it
not only being a prime molecular enzyme intervening in the
prokaryotic cellular envelope, but also because it has no twin in
mammalian cells.* Therefore, it is deemed to be an attractive
target for antibiotic development. Here, we focus on related
discoveries, as well as the implications and challenges related to
developing such inhibitors.

28174 | RSC Adv., 2019, 9, 28171-28185
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2.3.2.2. Mray inhibitors. So far, only a few classes of MraY
inhibitors have been studied, due to difficulties in adminis-
tering antibacterial compounds through membranes.* Inter-
estingly, these inhibitors can be classified, according to their
chemical nature, into nucleosides, peptides and non-nucleo-
side-non-peptides.

Nucleoside MraY inhibitors. These arrays of small molecules
have effectively inhibited MraY, for example mureidomycin
A,* the first-in-class, muraymycin, tunicamycin and mur-
eidomycin.”***  Chemically, these peptidyl-nucleoside
compounds share a common structural feature: a uridine or
dihydrouridine skeleton. This particular sub-structure is
a key element in their MraY inhibitory properties, which are
backed by their ability to recognize and competitively bind to
UDP-Mpp binding sites on MraY.**»*>*%5 For further infor-
mation, the SAR details of this group have been reviewed by T.
D. Bugg et al*® Unfortunately, the poor physicochemical
properties are a perennial limitation that has prevented any
further clinical development.

Peptide MraY inhibitors. Amphomycin is a lipopeptide anti-
biotic that was isolated following the fermentation of Strepto-
myces canus in 1953. It is a non-competitive inhibitor of Mray,
forming a complex with the undecaprenyl phosphate in the
presence of calcium ions; hence it prevents the enzymatic
reaction.”” Notably, amphomycin is active against Gram-
positive cocci with MICs, values ranging between 2 and 4 pg
ml~" against MSSA and MRSA.

This journal is © The Royal Society of Chemistry 2019
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The second member of this family is protein E, which is
produced by the bacteriophage ¢X-174, and amassed mainly
from lipophilic amino acids.*®* Both peptide inhibitors have
no clinical value as a result of their unsuitable physicochemical
and pharmacokinetic behaviors.

Others (non-nucleoside-non-peptide MraY inhibitors). Unlike
nucleoside and peptide inhibitors, articles reporting small
molecule MraY inhibitors are very scarce. Bristol-Myers
Squibb published the results of a program it launched,
intending to screen a large internal library against purified
MraY and MruG.*® The results, in general, were not encour-
aging enough to escalate this project to the pre-clinical phase.
Briefly, two compounds, BMS-185937 and BMS-187979, dis-
played antimicrobial potency but with considerable cytotox-
icity, which disqualified them from further consideration.
Additionally, a third lead, BMS-190134, was an analogue to the
undecaprenyl phosphate substrate of MraY; however, its lack
of antibacterial activity in vitro led to the termination of this
lead as well. Furthermore, the natural product isolate BMS-
304245 also suffered from the same drawback; i.e. a lack of
sufficient antimicrobial activity.

2.3.2.3. Remarks. Notably, the MraY enzyme belongs to
a superfamily of proteins called PNPTs (polyribonucleotide
nucleotidyltransferases), which also includes a mammalian
protein (called GPT), which is used as a post-translational
glycosylation catalyst and shares some structural similari-
ties with MraY. Therefore, cross-toxicity against both bacte-
rial and host cells is highly expected with all MraY inhibitors.
Consequently, tunicamycin is a useless antibiotic because of
its powerful inhibitory activity against human GPT.*"*
Likewise, amphomycin can complex with eukaryotic lipid
carriers.®® Thus, differences in binding features, as estab-
lished by G. Bridndén's group, have to be taken into
consideration.®*

2.4. Targeting cytoplasmic steps

2.4.1. Biological importance. The biosynthetic pathway of
peptidoglycan is an intricate two-stage process. The first stage,
which happens in the cytoplasm, is the construction of the
monomeric building block N-acetylglucosamine-N-acetylmur-
amyl pentapeptide. The first step in this pathway is the transfer
of an enolpyruvate residue from phosphoenolpyruvate to posi-
tion 3 of UDP-N-acetylglucosamine. This reaction is catalysed by
MurA, which existed as one copy in Gram-negative bacteria and
two copies in Gram-positive as a result of gene duplication.®
This reaction is followed by the MurB-catalysed reduction of the
enolpyruvate moiety to p-lactate, yielding UDP-N-acetylmur-
amate. A sequence of ATP-dependent amino-acid ligases (MurC,
MurD, MurE and MurF) catalyse the stepwise addition of the
pentapeptide side-chain to the newly reduced D-lactyl group,

resulting in the formation of UDP-N-acetylmuramyl
pentapeptide.
2.4.2. Inhibitors of enolpyruvyl transferase MurA

2.4.2.1. Natural product leads. ® Cnicin 7 is isolated from
artichoke and blessed thistle.®® While it exerts its activity

This journal is © The Royal Society of Chemistry 2019
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through covalently binding to the thiol group of Cys115, it is
thought that the unsaturated ester side chain is essential to
its activity from a structure-activity relationship (SAR)
study.®”

HO
o]
o]
O OH
o}
OH
7

e Fosfomycin 8 is a phosphoenolpyruvate analogue
produced by Streptomyces fradiae; moreover, it alkylates the
active site Cys115 of MurA, causing bactericidal activity.®®

Tuliposide B 9 is a secondary metabolite occurring in tulip
anthers. The hydroxyl group of these compounds was found to
be crucial for the anti-bacterial activities of tulipaline B and its
analogues.®

2.4.2.2. Structure-based design. e By screening a chemical
library from the Johnson Pharmaceutical Research Institute,
a pyrazolopyrimidine, (RWJ-110192) 10, and a purine
analogue, (RWJ-140998) 11, were found to be active against
Escherichia coli, with ICs, values ranging from 0.2 uM to 0.9
uM, and showed lower inhibitory activity against Staphylo-
coccus aureus.”®

Cl
N
= X

N-N A
H

10

o)
CN NH
S/QN\ N\/\’io
H

11

e 5-Sulfonoxy-anthranilic acid derivatives were obtained
using HTS. T6361 12 and T6362 13 are known as competitive
inhibitors of MurA, with a K; value of 16 uM.”*

RSC Adv., 2019, 9, 28171-28185 | 28175
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e The 2-aminotetralone 14 demonstrated antibacterial
activity against Staphylococcus aureus and Escherichia coli, with
MICs of 17 and 3.13 pug ml ™', respectively. a-Aminoketone is
responsible for the inhibitory activity and evidence has been
provided to support its covalent mode of action, involving the
C115 thiol group of MurA/MurZz.”

o K\N/\/OH

MeO N\)

MeO
14

e The di-bromo substituted nitrovinylfuran 15 has broad-
spectrum antibacterial activity, via the inhibition of MurA in
E. coli, P. aeruginosa and S. aureus, in the low micromolar
concentration range.”

5 / \ Br
r —
o) NO,

15

e The benzothioxalone series was found to have potent
MurA inhibitory activity, with ICs, values between 0.25 uM
and 18.54 pM. Compound 16 has an ICs, value towards MurA
of E. coli of 0.28 uM. This inhibition of MurA was
irreversible.”*

Cl

0
=0

HO S

Cl

16

2.4.2.3. Remarks. 1t should be noted that, because they
have one copy of the MurA gene, Gram-negative bacteria are
more susceptible to MurA inhibitors, unlike Gram-positive
bacteria, which may show resistance as a result of gene
duplication.

2.4.3. Inhibitors of the reductase MurB

2.4.3.1. Structure-based design. e The imidazolinone 17
showed antibacterial activity against S. aureus.”

28176 | RSC Adv., 2019, 9, 28171-28185
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e 3,5-Dioxopyrazolidine inhibitors of MurB were obtained (18
and 19) with IC5, values of 4-10 pM. Antibacterial activities were
shown by these compounds against Gram-positive bacteria,
including methicillin-resistant S. aureus, vancomycin-resistant
Enterococcus faecalis, and penicillin-resistant Streptococcus
pneumonia.”®

cl
H .
N N‘Qm
[ I 0
cl c®
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cl
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Cl N
H N
feasta
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cl al©
19

e A 4-thiazolidinone derivative, 20, was synthesized and
evaluated for its ability to inhibit the bacterial enzyme MurB.
Compound 20 has an ICs, value of 7.7 uM.””

COOH

S
20

e A series of pyrazolidine-3,5-dione (21) and 5-hydroxy-1H-
pyrazol-3(2H)-one inhibitors of E. coli MurB have been synthe-
sized. The 5-hydroxy-1H-pyrazol-3(2H)-ones showed low micro-
molar ICs, values versus E. coli MurB and sub-micromolar
minimum inhibitory concentrations (MICs) against Staphylo-
coccus aureus, Enterococcus faecalis, Streptococcus pneumoniae,
and E. coli. Docking studies produced several binding orienta-
tions for these molecules at the MurB active site. Improvements
in MIC values towards MurB are correlated with the increasing
lipophilicity of the C-4 substituent of the 5-hydroxy-1H-pyrazol-
3(2H)-one core.”

This journal is © The Royal Society of Chemistry 2019
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e Phenylthiazolyl urea and carbamate derivatives were
synthesized for evaluation as new inhibitors of bacterial cell-
wall biosynthesis. Many of them demonstrated good activity
against MurA and MurB in Gram-positive bacteria such as
MRSA, VRE and PRSP. 3,4-Difluorophenyl 5-cyanothiazolylurea
22 with a clog Pvalue of 2.64 demonstrated antibacterial activity
against both Gram-positive and Gram-negative bacteria.””

F CN
RO $4
N“ONTON
H H
22
2.4.4. Inhibitors of the ATP-dependent ligase MurC
2.4.4.1. Results of high-throughput screening (HTS). e A series

of benzofuran acyl-sulfonamides was identified as a potential
lead. Compound 23 inhibited Escherichia coli MurC with an ICs,
value of 2.3 puM, exhibiting time-dependent partially reversible
inhibition.”

0 9
)~
® °

23

e The quinoxaline inhibitor 24 competes with ATP; experi-
ments indicated that it was a competitive inhibitor of ATP,
binding to the MurC enzyme.*

pZ
N (6]

24

e Benzylidene rhodanines inhibit MurC with ICs, values
ranging from 12 uM to 27 uM, with whole-cell activity against
Gram-positive MRSA but not against Gram-negative E. coli.
Compound 25 showed the best MIC value against MRSA of 31
LLM.SI

c
s
s
NH
O,N =
0
25
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e N-Benzylidenesulfonohydrazide-based compounds, e.g.
compound 26, possess inhibitory activity against both
MurC and MurD enzymes, with ICs, values of 27 pM and
43 uM.%2

O,N

HN Y
(0] /N
HN
26

e Compounds with an N-acylhydrazone scaffold were
characterized as a new class of inhibitors of MurC and MurD
from E. coli. Compound 27 has ICs, values of 123 pM and 230
uM against MurC and MurD, respectively, and 28 is selective
against MurC with an ICs, value of 32 uM.*?

HN-N

OH
HO OH
s AN
N Il H
N
28

2.4.5. Inhibitors of the ligase MurD. Peptides from
phage-display libraries against MurD and MurE were found
to inhibit both enzymes, with ICs, values ranging from
140 uM to 1.5 mM, respectively. These peptides represent
a starting point for the design of peptidomimetic lead
compounds. Furthermore, 9H-xanthene derivative inhibitors
have been discovered through the structure-based virtual
screening of 1990 compounds from the National Cancer
Institute.®*

e Glutamic acid surrogate-benzene-1,3-dicarboxylic acid
derivatives were discovered through virtual screening.
Compound 30 is the most potent, with an ICs,
value of 270 uM.**

RSC Adv., 2019, 9, 28171-28185 | 28177
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30

e Naphthalene-N-sulfonyl-p-glutamic acid derivatives were
synthesized and screened against MurD from E. coli because of
the high binding affinity of o-Glu toward MurD. They displayed
IC5, values ranging from 80 to 600 mM.?¢

e 5-Benzylidenethiazolidin-4-ones (31 and 32) with low-
micromolar affinity against MurD have been discovered.
Remarkably, the thiazolidine-2,4-dione heterocyclic ring binds
at the site where the uracil ring of the natural substrate UDP-
MurNAc-Ala binds.*”

COOH

HOOC™ 'NH

ZT

S
X >;S
g NH
31, 32

e Phosphinate compounds were designed and synthesized as
inhibitors of the p-glutamic acid-adding enzyme MurD from
Escherichia coli. Compounds 33 and 34 both had ICs, values
near 100 pM.*®

COOH
H
HO. COO
9 o
S NH
ISR
O,N o]
33
COOH
O,
HOOC
Lo >
0~ T x 0
0}
34

2.4.6. Inhibitors of MurE. e As a natural product, 3-
methoxynordomesticine (an aporphine alkaloid) 35, which is
isolated from a Columbian plant, acts as an inhibitor of Myco-
bacterium tuberculosis MurE.*®

28178 | RSC Adv., 2019, 9, 28171-28185
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e Phosphinates also could inhibit MurE via MurD, with an
IC5, value of 1.1 pM.*®

e Peptide inhibitors were discovered; the protein MurEp,
could inhibit MurE with an I1Cs, value of 500 uM. This inhibition
proved to be time-dependent and was reversed via the addition
of UDP-MurNAc-Ala-Glu during the pre-incubation step.**

e Sulfonamides that are similar to inhibitors of MurD can
inhibit MurE; e.g., compound 36 has an ICs, value of 181 uM.

s~ L__cooH

O 2 J\/\ o0 COOH
S. 7
N
H

36

2.4.6.1. Remarks. There is a variation between Gram-
positive and Gram-negative bacteria regarding the MurE
substrate. In most Gram-positive bacteria, the MurE
substrate should contain r-lysine as the third amino acid in
the peptide, while it could be meso-A,pm in Gram-negative
bacteria.®*** As MurE is highly sensitive to the amino acid,
this difference between the two types of bacteria will change
the nature of MurE inhibitors regarding how each bacteria is
targeted.

2.4.7. Inhibitors of MurF. e
compounds were discovered via
screening with MurF and subsequent hit optimization, e.g
compound 37.*

1,3,5-Triazine-based
structure-based virtual

OH

37

o A thiazolylaminopyrimidine series of MurF inhibitors from

E. coli was identified in 2006 by Johnson & Johnson, with the use

of an Mpl-based in vitro assay. The most potent compound from
this series was compound 38, with an ICs, value of 2.5 pM.*

NH

o} dNHQ
s N
—

2.4.8. Targeting undecaprenyl pyrophosphate phosphatase
(UppP)

2.4.8.1. The biological importance of UppP. Unlike Gram-
negative bacteria, undecaprenyl pyrophosphatase phosphate
(UppP) is the sole enzyme attributed to the biosynthesis of
undecaprenyl phosphate (Up OR C55-P) in Gram-positive
bacteria, except in Bacillus subtills where the protein BcrC
shares this function.®® Unfortunately, in Gram-negative
bacteria, it is not just UppP but 3 other genes that are the
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Fig. 3 A diagram emphasizing the essential role of UppP.

chief architects of Up biosynthesis: pgpB, ybgG and IpxT. This
makes UppP a less potent target for Gram-negative bacteria.®”
Up is deemed a vital lipid carrier, as with MraY and MurG, which
produce lipid I and lipid II, respectively.

Interestingly, the phosphatase enzyme is essential for the
two paths of Up production, synthesis and recycling, which
suggests that phosphatase is a necessity for cell viability.”® To
generate the monophosphate form of Und-P, the cell imple-
ments the following system: de novo synthesis through the
condensation of 8 molecules of isopentenyl pyrophosphate and
farnesyl pyrophosphate using the undecaprenyl pyrophosphate
synthetase to form undecaprenyl pyrophosphate. This is fol-
lowed by the cell using the phosphatase enzyme to generate the
monophosphate Up.”” Moreover, Upp released during vital
processes in the cell is recycled to Up using the phosphatase
enzyme. Hence, UppP is one of the key enzymes in peptido-
glycan biosynthesis, as shown in Fig. 3.
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I am also called C55-P, the critical

lipid carrier

‘Undecarenl
Phosphate

2.4.8.2. UppP inhibitors. Recently, UppP became a new
potential target for antibiotic development, including a focus
on the multi-drug resistant S. aureus. This was started by
GlaxoSmithKline who, for the first time, discovered UppP
inhibitors via utilizing an enzyme-based assay system that
measured the inorganic phosphate (Pi) released in the enzy-
matic reaction of the UppP system, and a cell-based assay which
analyzed the incorporation of *C isopentenyl pyrophosphate
(IPP). However, their active structures were undisclosed.’® The
Novartis group studied a pharmacophore model of a co-crystal
structure of UppP with a natural substrate at the active site of
the enzyme, which successfully led to the discovery of the tet-
ramic acid derivative 39 as a potent inhibitor of Staphylococcus
pneumonia Upp synthase.' Kuo C. et al.'® also conducted
virtual screening based on the crystal structure of Helicobacter
pylori Upp synthase and discovered the bis-sulfonyl-containing
compound BTB06061 40, a potent and selective inhibitor of H.

Cl
NY@
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1 @N NH
HN | N SN
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pylori Upp synthase.'®> Furthermore, Durrant et al. studied
a docking model of substrates/inhibitors of Upp synthase based
on the X-ray structures of Upp synthase-substrate (for example,

farnesyl diphosphate)/inhibitor (such as bisphosphonate drugs)
complexes, which led to the development of the non-
bisphosphonate derivative HTS04781 41, which has potent
inhibitory activity against S. aureus Upp synthase.'®® Recently, the
same group reported two new structurally related compounds
named spirohexaline (42) and viridicatumtoxin (43) as UppP
inhibitors isolated from the culture broth of Penicillium brasilia-
num FKI-3368.''** These compounds have a hexacycline struc-
ture, with a tetracyclic ring fused with a spirobicyclic ring.
Others have reported the discovery of several inhibitors of
UppS, comprising bisphosphonates such as BPH-629 44'* and
tetramic acids such as 45,'°* as well as diketoacids such as 46,'*®
and benzoic acids such as 47.'°” Based on HTS,'*” Durrant et al.
produced a series of benzoic (48-51), phosphonic acid (52), and
diketoacid (53) compounds with activity against UppS.
Furthermore, they discovered several potent cationic inhibitors
54-56, which was unexpected from both a computational and
experimental perspective, as these compounds do not mimic
the (anionic) FPP substrate and the UppP mechanism is not
thought to involve carbocation intermediates.**® Therefore, they
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tried to explain how these inhibitors could bind to the UppP
target through obtaining crystal structures of 47-54 and 56
bound to Escherichia coli UppP.
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2.4.8.3. Phenylthiazoles as a novel class of dual UppP and
UppsS inhibitors. Phenylthiazoles were reported as a new scaffold
with wide antimicrobial activity against multidrug-resistant
Gram-positive strains, including MRSA, VRSA and VRE.' This
class of antimicrobials exhibited a selective advantage over
vancomycin in terms of the rate of elimination of MRSA
cells.’***° This criteria is clinically important, as it would affect
the size of the dosing regimen necessary for patients.'*"'*?

Through the more than 400 published phenylthiazole
derivatives,"******¢ the SAR of this class of compounds has
become well defined (Fig. 4). In brief, the presence of a lipo-
philic tail and a cationic nitrogenous head is essential for the
antimicrobial activities.

The main drawbacks of the earliest discovered phenyl-
thiazoles were their ultra-short half-lives,"*® which did not
exceed the limit of 30 min, and rapid hepatic elimination rates.
Incorporating the imine bond of 1°* generation phentylthiazoles
within a pyrimidine ring yielded 2™ generation analogues with
enhanced metabolic stability (¢,/, > 8 h)."** So far, the promising
antibacterial potencies of 1% and 2" generation

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 The SAR of phenylthiazole antibiotics.

phentylthiazoles has been offset by their limited activity against
intracellular bacterial pathogens, similar to vancomycin and
linezolid. Fine tuning the size and polar surface area of the
linking heteroaromatic ring provided 3™ generation PTs with
balanced properties that allow them to cross cell barriers and
accumulate intracellularly in sufficiently lethal concentrations,
while maintaining the metabolic stability and rapid bactericidal
attributes (Fig. 5)."*

Later on, a detailed metabolite analysis was completed and
this indicated the presence of an additional metabolic soft spot
at the butyl benzylic carbon.” Addressing this limitation,
replacing the methylene soft spot with oxygen'® or acetylenyl***
moieties or undergoing replacement with ¢-butyl,"*” has yielded
phenylthiazoles with even more pronounced stability with
respect to the hepatic metabolism (Fig. 6).

Interestingly, at the time of the first discovery of phenyl-
thiazoles, the antibacterial mechanism of action was unknown.
Later on, transposon mutagenesis studies conducted by our
group suggested three possible antibacterial targets: YubA, YubB
(undecaprenyl diphosphate phosphatase (UppP)) and YubD.
Using a direct biochemical assay, the lead phenylthiazole
inhibited UppP with an ICs, value of 6 uM. It also inhibited
another enzyme involved in PG biosynthesis called undecap-
renyl diphosphate synthase (ICs, = 19 puM)."** More impor-
tantly, the inhibitory activity of the phenylthiazole lead
compound was tested against human FPPS (HsFPPS) and there
was no inhibition of HsFPPS.

2.4.8.4. Remarks. The multitarget inhibition mode of action
exhibited by phenylthiazoles for both UppP and UppS, the two
adjacent proteins in the cell wall biosynthetic pathway (Fig. 3),
may contribute to the inability of MDR-bacterial cells to develop
rapid resistance to many members of the phenylthiazole family,
even after 14 passages."'>"71?¢

This journal is © The Royal Society of Chemistry 2019
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3. Conclusions

The pharmaceutical industry is still relying on hitting the same
bacterial targets over and over. This strategy has strengthened
the resistance pathways of pathogenic bacteria. Therefore, in
order to limit bacterial resistance and increase the survival rates
of newly developed antibiotics, the WHO recommends hitting
new bacterial pathways using novel chemical cores that are not
recognized yet by any resistance machinery of microorganisms.
This review illuminates seven potential targets, all participating
in peptidoglycan biosynthesis, that may be considered as highly
potent and selective targets for future antibiotics in the global
fight against increasing microbial resistance. Following WHO
criteria, we recommend that medicinal chemists and medical
research centers should discard old scaffolds and targets that
are already used in the commercial sphere. Additionally, we
urge researchers to investigate more novel microbial targets to
enable humanity to face microbial resistance waves.
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