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a r t i c l e i n f o a b s t r a c t
Article history:
Available online 2 April 2014

Keywords:
Peptidoglycan
Mur enzymes
Enzyme inhibitors
Antibiotics
Drug discovery
Multiple inhibitors
The widespread emergence of resistant bacterial strains is becoming a serious threat to public health.
This thus signifies the need for the development of new antibacterial agents with novel mechanisms
of action. Continuous efforts in the design of novel antibacterials remain one of the biggest challenges
in drug development. In this respect, the Mur enzymes, MurA-F, that are involved in the formation of
UDP-N-acetylmuramyl-pentapeptide can be genuinely considered as promising antibacterial targets. This
review provides an in-depth insight into the recent developments in the field of inhibitors of the MurA-F
enzymes. Special attention is also given to compounds that act as multiple inhibitors of two, three or
more of the Mur enzymes. Moreover, the reasons for the lack of preclinically successful inhibitors and
the challenges to overcome these hurdles in the next years are also debated.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

Bacterial peptidoglycan is a major component of the bacterial
cell wall, and it provides rigidity and enables bacteria to survive
in hypotonic environments. The peptidoglycan biosynthesis path-
way is one of the best known processes in bacteria. According to
the location of its biochemical reactions, peptidoglycan biosynthe-
sis can be divided into three major stages: intracellular, membrane,
and extracellular. As intact peptidoglycan is essential for bacterial
survival, all of the peptidoglycan biosynthesis steps are considered
to be important targets for the discovery of new antibacterial
agents [1–3].

In the history of antibacterial drug discovery, the attention has
mostly been focused on the late stages of peptidoglycan biosynthe-
sis that are catalyzed by transpeptidases and inhibited by impor-
tant antibiotics, such as penicillins and cephalosporins [4–6].
However, attention has recently shifted also towards the cytoplas-
matic steps of peptidoglycan biosynthesis, and especially towards
the Mur enzymes [2,3,7,8].

The Mur enzymes, MurA-F, catalyze the last six steps in the for-
mation of the final cytoplasmic peptidoglycan biosynthesis precur-
sor uridine 50-diphosphate (UDP)-N-acetylmuramyl-pentapeptide
(Fig. 1). MurA and MurB catalyze the formation of UDP-N-acetyl
muramic acid (UDP-MurNAc) from UDP-N-acetyl glucosamine
(UDP-GlcNAc). First, MurA catalyzes the transfer of enolpyruvate
from phosphoenolpyruvate to UDP-GlcNAc. The resulting product,
UDP-GlcNAc-enolpyruvate then undergoes a reduction that is cat-
alyzed by MurB. In the next steps, the Mur ligases (MurC-F)
catalyze the sequential addition of L-Ala, D-Glu, and meso-diamino-
pimelic acid (in Gram-negative bacteria) or L-Lys (in Gram-positive
bacteria), and the dipeptide D-Ala-D-Ala to UDP-MurNAc, to form
the target UDP-MurNAc-pentapeptide [9,10].

The enzyme specificities, kinetic and catalytic mechanisms, and
three-dimensional structures of all of the Mur enzymes are well
described and have been thoroughly reviewed [2,9–15]. In this
paper, we will present a comprehensive overview of small-mole-
cule inhibitors that have been discovered in the field of the Mur
enzymes. All of the most important inhibitors are presented here,
with the emphasis on inhibitors that have been developed in the
last decade. Hopefully, this careful insight will help those who
are active in the antibacterial field to channel their inhibitor-dis-
covery strengths in the correct direction, and hence towards the
discovery of novel lead inhibitors of these important enzymes.

2. Inhibitors of MurA

The naturally occurring broad-spectrum antibiotic fosfomycin
(compound 1, Fig. 2) is a well-known inhibitor of MurA. It can form
a covalent adduct with the active site residue (Cys115) of
MurA, and thereby provide irreversible inhibition of MurA [16].
This inhibition of MurA by fosfomycin is time-dependent and it
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Fig. 1. Cytoplasmic steps of peptidoglycan biosynthesis catalyzed by the Mur enzymes.

Fig. 2. Structures and biological activities of some structurally diverse inhibitors of MurA.
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is enhanced in the presence of the nucleotide substrate UDP-GlcNAc
[16]. Some pathogenic bacteria are intrinsically resistant to fosfomy-
cin, such as Mycobacterium tuberculosis, Chlamydia trachomatis and
Borrelia burgdorferi, as their corresponding Cys residue is changed
into Asp [17]. In addition, fosfomycin resistance frequently occurs
due to its reduced permeability, or to modification of the antibiotic
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active site, or enzymatic modification of the fosfomycin itself [17].
Therefore, the development of structurally different inhibitors with
new mechanism(s) of action is urgently needed.

First, by screening a chemical library of Johnson Pharmaceutical
Research Institute, compound 2 (RWJ-3981, Fig. 2), pyrazolopyrim-
idine (RWJ-110192) and a purine analog (RWJ-140998) were iden-
tified as inhibitors of Escherichia coli MurA, with IC50 values from
0.2 lM to 0.9 lM. Ultrafiltration and mass spectrometry suggested
that these compounds bind tightly to MurA at or near the active
site, but not covalently. All three of these compounds showed min-
imum inhibitory concentrations (MICs) of 4 lg/mL to 32 lg/mL
against Staphylococcus aureus; however, they also showed nonspe-
cific inhibition of DNA, RNA and protein biosynthesis [18]. In a
whole-cell peptidoglycan synthesis assay, compound 3 (Cpd1;
Fig. 2) inhibited MurA in the low micromolar range. This inhibition
of MurA activity by compound 3 required pre-incubation in the
presence of UDP-GlcNAc, similar to fosfomycin. Compound 3
shows modest antibacterial activity against several microorgan-
isms (MIC, 8.1–32.3 lg/mL) [19].

Two derivatives of 5-sulfonoxy-anthranilic acid (compound 4:
T6361 (Fig. 2) and T6362) with IC50 values in the low micromolar
range were discovered using high-throughput screening (HTS).
The steady-state kinetics of MurA revealed that this inhibition by
compound 4 is competitive with respect to UDP-GlcNAc. The crys-
tal structure of the MurA-T6361 complex, together with the fluo-
rescence data, demonstrate that compound 4 blocks the
transition from the open to the closed form of MurA, which is
essential for its catalysis (Fig. 3A) [20]. By using phage display
technology, a dodecapeptide inhibitor (HESFWYLPHHQSY) of MurA
from Pseudomonas aeruginosa with an IC50 of 200 lM was identi-
fied. Kinetic analysis confirmed its competitive inhibition with
respect to UDP-GlcNAc [21].

Two sesquiterpene lactones, cnicin (compound 5, Fig. 2) and
cynaropicrin, have been shown to be potent, irreversible inhibitors
of MurA from E. coli and P. aeruginosa [22]. The crystal structure of
MurA with cnicin revealed that MurA catalyzes the formation of a
covalent adduct between cnicin and UDP-GlcNAc, thus forming a
noncovalent ‘suicide’ inhibitor [23]. Although the antibacterial
properties of sesquiterpene lactones are well known, it cannot be
concluded that their antibacterial activities are exclusively due to
inhibition of MurA, as there are numerous nucleophilic binding
sites within the cell that can react with the electrophilic functional
groups of these inhibitors. Furthermore, in the same study of Stein-
bach et al. [23], they identified 1-tuliposide B (compound 6, Fig. 2)
and lactonized aglycon (±)-tulipaline B as potent inhibitors of E. coli
Fig. 3. (A) Binding mode of compound 4 (the MurA-T6361 complex, pdb code 1YBG) to M
code 3KR6).
MurA. This inhibition is time-dependent, and the hydroxyl group of
these compounds was found to be crucial for inhibition. Addition-
ally, antibacterial activities of tulipaline B and its analogs have also
been reported [24]. Recently, nitrovinylfuran derivatives and bro-
monitromethane (compound 7, Fig. 2) were shown to have broad
spectrum antibacterial activities, and were found to inhibit MurA
from E. coli, P. aeruginosa and S. aureus in the low micromolar con-
centration range. However, enzymatic, antibacterial, cytotoxic and
glutathione-reactivity data have indicated that these compounds
interact with numerous proteins via their cysteine residues, thus
making their further development unlikely [25].

Using HTS of a Novartis chemical library, two different classes
of compounds were identified. First, 2-aminotetralone derivatives
(e.g., compound 8, Fig. 2) were found to be good inhibitors of
E. coli and S. aureus MurA, with IC50 values in the low micromolar
range, and to have antibacterial activity, with MICs between 8 lg/
mL and 128 lg/mL. Based on structure–activity relationship (SAR)
studies, it was proposed that its a-aminoketone moiety is respon-
sible for either covalent binding or very tight noncovalent binding
[26]. Moreover, a benzothioxalone series (e.g., compound 9, Fig. 2)
was found to have potent MurA inhibitory activity, with IC50 values
between 0.25 lM and 18.54 lM. This inhibition of MurA was irre-
versible, and a radiolabeled inhibitor showed stoichiometric bind-
ing to MurA, which suggested covalent binding to Cys115. Some of
these inhibitors show antibacterial activity against S. aureus, with
MICs between 4 lg/mL and 128 lg/mL [27].

Novel inhibitors of Haemophilus influenzae MurA were identified
using HTS of a chemical library from the Korea Chemical Bank.
First, there were three inhibitors with IC50 values in the submi-
cromolar range: ebselen (compound 10, Fig. 2), thimerosal and thi-
ram. These compounds covalently modify the active Cys177 in the
open conformation of MurA, to induce a conformational change to
a ‘compact conformation’ that might block the binding of UDP-
GlcNAc to the active site. These inhibitors can effectively inhibit
the growth of several Gram-negative bacteria and of Gram-positive
S. aureus [28]. Furthermore, compounds with quinoline (compound
11, Fig. 2) or naphthoquinone scaffolds inhibited MurA in the low
micromolar and submicromolar ranges. These inhibitors also
formed covalent interactions with the cysteine residues in MurA;
however, they do not show any antibacterial activity [29].

Terreic acid (compound 12, Fig. 2) was shown to be a covalent
inhibitor of Enterobacter cloacae and E. coli MurA. This inactivation
of MurA is time-dependent and strongly depends on the presence
of UDP-GlcNAc. The crystal structure of the MurA dead-end com-
plex with terreic acid revealed that the quinone ring is covalently
urA. (B) Binding mode of fosfomycin (compound 1) in the active site of MurA (pdb
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attached to the thiol group of Cys115. Contrary to the MurA-fosfo-
mycin complex, this MurA-terreic acid structure is in an open,
UDP-GlcNAc-free state, and has the Cys115-terreic acid adduct
exposed to the solvent [30]. Compound 12 is known to have anti-
bacterial activity; however, it was recently demonstrated that
MurA is not the molecular target of terreic acid, and its antimicro-
bial effect acts through a different mechanism of action [31].
3. Inhibitors of MurB

Only a few inhibitors of MurB have been reported in literature
to date. The 4-thiazolidinone derivatives (e.g., compound 13,
Fig. 4) were among the first reported MurB inhibitors, and these
were designed to mimic the diphosphate moiety of enolpyru-
vate–UDP-GlcNAc [32]. As their heterocyclic bioisosteric replace-
ment, imidazolinone derivatives (e.g., compound 14, Fig. 4) were
synthesized and shown to have potent MurB inhibitory activity,
and promising antibacterial activity against S. aureus [33]. Using
HTS two structurally diverse inhibitors of S. aureus MurB were
found (compounds 15 and 16, Fig. 4), with Kd values in the submi-
cromolar range [34].

Alkyl pyrazolidinedione analogs (e.g., compound 17, Fig. 4)
were identified as good inhibitors of S. aureus and E. coli MurB,
and were shown to have modest antibacterial activity against
Gram-positive bacteria, and particularly against penicillin-resis-
tant Streptococcus pneumoniae (PRSP) [35]. In addition, a series of
related pyrazolidinediones (e.g., compound 18, Fig. 4) inhibit S.
aureus and E. coli MurB in the low micromolar range, and also mod-
erately inhibit MurA and MurC [36,37]. The crystal structure of one
Fig. 4. Structures and biological activities of the Mur
of these MurB-inhibitor complexes revealed the binding mode of
these compounds in the MurB active site [37]. Moreover, these
compounds inhibit peptidoglycan biosynthesis, as assessed by
measuring the amount of soluble peptidoglycan accumulation
after incubation of bacteria with these inhibitors [36]. All of these
synthesized derivatives showed antibacterial activity against
Gram-positive bacteria; however, when they were tested in the
presence of 4% bovine serum albumin, their activity was lost, indi-
cating their high protein binding properties [35–37].

A series of phenyl thiazolyl urea (e.g., compound 19, Fig. 4) and
carbamate derivatives were synthesized as inhibitors of MurA and
MurB, with IC50 values in the low micromolar range. Many of these
have demonstrated antibacterial activity against Gram-positive
bacteria, including methicillin-resistant Staphylococcus aureus
(MRSA), vancomycin-resistant Enterococcus (VRE) and PRSP. How-
ever, when tested in the presence of 4% bovine serum albumin,
their MICs increased significantly [38].
4. Inhibitors of MurC

The first MurC inhibitors were phosphinate transition-state
analogs, and the most potent (compound 20, Fig. 5) inhibited MurC
with an IC50 of 49 nM. It was established that the UDP moiety was
crucial for this potent enzyme inhibition [39]. The precise bio-
chemical characterization of this phosphinate inhibitor, compound
20, showed that it acts as a mixed-type inhibitor with respect to all
three of its enzyme substrates (i.e., ATP, UDP-MurNAc, L-Ala).
In addition, it has been suggested that compound 20 forms
dead-end complexes with multiple MurC enzyme states [40].
B inhibitors, and the dual MurA/MurB inhibitors.



Fig. 5. Structures and biological activities of the MurC inhibitors.
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Benzylidene rhodanines inhibit MurC with IC50 values ranging
from 12 lM to 27 lM. These compounds have shown selective
whole-cell activities against the Gram-positive MRSA, but not
against the Gram-negative E. coli. Unfortunately, although com-
pound 21 (Fig. 5) showed the best MIC against MRSA (31 lM), it
was cytotoxic to mammalian CHO cells (IC50, 29 lM), which indi-
cates that it has a nonspecific mechanism of action [41]. Two pep-
tide inhibitors of MurC from P. aeruginosa were discovered using a
phage-display selection technique. However, these are weak inhib-
itors, with IC50 values of only 1.5 mM and 0.9 mM [10].

In 2004, AstraZeneca performed HTS of their chemical library
and discovered a series of benzofuran acyl-sulfonamides as inhib-
itors of MurC. The most potent derivative (compound 22, Fig. 5)
showed time-dependent, partially reversible, low micromolar inhi-
bition of MurC from E. coli (IC50, 2.3 lM). However, it also showed
high affinity binding to bovine serum albumin, which is most prob-
ably due to its highly lipophilic character [42]. As further studies
on this type of compound have not been published since, it can
be assumed that the problems of nonspecific off-target protein
binding were never successfully resolved. A very promising effort
in the development of potent MurC inhibitors was reported by
Pfizer. They used HTS on MurC from E. coli, through which they
identified a small-molecule reversible inhibitor (compound 23,
Fig. 5). Inhibition of MurC from E. coli by compound 23 (IC50,
30.2 lM) was confirmed using nuclear magnetic resonance prod-
uct detection and a kinetic-coupled enzyme assay. In competition
assays, it was shown that compound 23 is a competitive inhibitor
of ATP binding to MurC, with a Ki of 8.2 lM. Unfortunately, the
activity of compound 23 was shown to be limited to MurC
enzymes from enterobacterial species closely related to E. coli
(e.g., Proteus mirabilis, IC50, 41.4 lM; Klebsiella pneumoniae, IC50,
26.4 lM), and not to be effective against MurC enzymes from more
distant Gram-negative species (H. influenza, Acinetobacter baylyi, P.
aeruginosa). Moreover, compound 23 had no effect on E. coli growth
in a standard in vitro MIC assay [43].
Some other structural classes have also been explored as
potential MurC inhibitors, such as acyl-sulfonohydrazide-based
compounds. The design of these compounds was based on a
hypothesis that an acyl-sulfonohydrazide moiety represents a
potential diphosphate analog. In the assays, the majority of these
compounds were poor MurC inhibitors. The most active from the
series is shown in Fig. 5 (compound 24; IC50 [E. coli MurC],
245 lM); however, this compound showed no antibacterial activ-
ity on two different E. coli strains [44].

There have been several examples in the literature where
simultaneous inhibition of MurC and another Mur enzyme was
observed. For instance, based on the work by Sim et al. [41], novel
N-benzylidenesulfonohydrazide-based compounds were designed
that showed concurrent MurC and MurD inhibitory activities. The
best performing of these dual inhibitors was compound 25
(Fig. 6), with IC50 of 30 lM against both MurC and MurD. Unfortu-
nately, the kinetic characterization and their high Hill coefficient
indicated that the inhibitory activity of these N-ben-
zylidenesulfonohydrazides most probably acts through nonspecific
binding and/or aggregate formation [45].

On the basis of an in-house library screening, a series of com-
pounds with an N-acylhydrazone scaffold were characterized as a
new class of inhibitors of MurC and MurD from E. coli. A typical
dual inhibitor is shown in Fig. 6 (compound 26), which has IC50 val-
ues of 123 lM and 230 lM against MurC and MurD, respectively.
On the other hand, compound 27 (Fig. 6) is a potent and selective
inhibitor of MurC, with an IC50 of 32 lM. Although the antibacterial
activities of these N-acylhydrazones were moderate (128 lg/mL), a
correlation between their Mur ligase inhibition and in vitro antimi-
crobial activities was reported [46].

Recently, in a virtual screening study for potential ATP-compet-
itive dual MurC/MurD inhibitors, a protocol of consecutive hierar-
chical filters yielded some weak dual inhibitors (e.g., compounds
28 and 29, Fig. 6). Nevertheless, the new scaffolds that were dis-
covered in this virtual screening provide solid starting points for



Fig. 6. Structural formulae of the dual MurC/MurD inhibitors, and feglymycin, a dual MurA/MurC inhibitor.
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further development and optimization [47]. The group of Süss-
muth identified feglymycin (compound 30, Fig. 6), a 13-mer pep-
tide, as a reversible inhibitor of MurA and MurC. The precise
kinetic characterization of the feglymycin-based enzyme inhibition
showed that it is a noncompetitive inhibitor of MurA from E. coli
(Ki, 3.4 lM) and S. aureus (Ki, 3.5 lM). The antibacterial activity
studies showed no activity against E. coli; most probably due to
difficulties with the diffusion of feglymycin through the outer
bacterial membrane [48].
5. Inhibitors of MurD

MurD has been targeted in several studies, and many structur-
ally diverse inhibitors have been discovered and reviewed [9,49].
Peptides and several classes of nonpeptide inhibitors have been
reported to date. Two cyclic nonapeptides were described with
the amino-acid sequences CPAHWPHPC and CSAWSNKFC, which
were shown to inhibit MurD from E. coli [50]. Small-molecule
inhibitors can be divided into glutamic-acid-based inhibitors and
inhibitors without a glutamic-acid motif [49]. These latter consist
of several structural classes, as shown in Fig. 7.

The most potent macrocyclic inhibitor of MurD was discovered
through computer-based molecular design: compound 31, with an
IC50 of 0.7 lM [51]. 9H-Xanthene derivatives and polycyclic inhib-
itors were discovered through structure-based virtual screening.
Compound 32 was the most potent representative of these, as it
inhibited E. coli MurD with an IC50 of 10 lM [52]. Benzene-1,3-
dicarboxylic acid derivatives were also discovered through virtual
screening, with compound 33 being the most potent (IC50,
270 lM). In addition, compound 33 inhibited MurE from E. coli
with an IC50 of 32 lM [53]. N0-Benzylidene-sulfono-hydrazides
were designed and synthesized as diphosphate mimetics of the
MurD nucleotide substrate UDP-MurNAc-L-Ala. When E. coli MurD
was incubated with 500 lM of the best inhibitor from this series
(compound 34, Fig. 7), the MurD still retained 56% residual activity
[44]. The sulfonohydrazone motif is the feature of another class of
MurD inhibitors, where compound 35 is the most potent, with an
IC50 of 30 lM [45].

The next class of MurD inhibitors are the glutamic-acid-based
inhibitors. The early inhibitors that contained the glutamic acid
motif were phosphinate transition-state analogs [54]. These still
represent the series with the most potent inhibitors of MurD that
have been published to date (e.g., compound 36, Fig. 8). Further
development of the phosphinate transition-state analogs resulted
in simplified compounds with the phosphinodipeptide Ala-
W(PO2-CH2)-Glu structural motif [55]. The inhibitory activities of
these compounds (e.g., compound 37, Fig. 8) are in the micromolar
range [55], and compound 37 also inhibited MurE [56].

As the glutamic acid moiety was determined to be the key
structural motif for inhibition of MurD, variations to other parts
of the transition-state have been thoroughly investigated, with sul-
fonamides being introduced here as another important class of
MurD inhibitors. As with the phosphinate moiety, the sulfonamide
moiety was integrated into the target compounds in order to
mimic the MurD tetrahedral transition-state [57–59]. The early
naphthalene sulfonamides were N-substituted glutamic acid deriv-
atives [58,59], and compounds 38 (containing D-Glu) and 39 (con-
taining L-Glu) both inhibited MurD from E. coli. However, the
potency of the inhibitor containing the L-Glu enantiomer (com-
pound 39) was significantly lower than that of the D-Glu derivative
(compound 38) [58]. An important achievement of these thorough
investigations into the inhibitory mechanisms here was the
solution of the X-ray co-crystal structures of each of the L-Glu
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and D-Glu derivatives in the active site of MurD [58]. Optimization
of these early naphthalene sulfonamides resulted in new inhibi-
tors, among which the most potent (compound 40, Fig. 8) for inhi-
bition of MurD had an IC50 of 85 lM [59]. Binding energies of the
naphthalene sulfonamides were calculated using the linear inter-
action-energy method and the calculated energies correlated very
well with the experimentally obtained free energies [60]. Further
analysis of the interactions between naphthalene sulfonamides
and MurD were performed using NMR followed by molecular
dynamics, which takes into account the ligand flexibility and its
effects on particular ligand-enzyme contacts, thus explaining
potential arguments for moderate inhibitory activities [61].

Further improvements to the naphthalene sulfonamides
resulted in replacing the D-Glu moiety with more rigid cyclic coun-
terparts, as shown for compounds 41 and 42 (Fig. 8, Fig. 9B) [62].
Incorporation of these more rigid mimetics in the position of
D-Glu improved the inhibitory activities against MurD when com-
pared to the parent compounds, thereby confirming the advantage
of this conformational restriction [62]. The co-crystal structure of
MurD with the more rigid inhibitor compound 41 revealed that
both of the carboxylic acid groups occupy exactly the same binding
sites as the D-Glu of the parent compound 40 (Fig. 8) [62]. These
carboxylic groups of the more rigid glutamic acid mimetic form
the typical interactions with Ser415, Leu416 and Phe422, and
Lys348 and His183. The 2-cyano-4-fluoro phenyl ring occupies
the uracil binding pocket of the nucleotide substrate, with a hydro-
gen bond between the cyano group and Thr36. Naphthalene sul-
fonamide inhibitors in a complex with MurD were also
investigated by NMR, using 1H/13C hetero-nuclear single quantum
correlation. The conformational and dynamic properties of these
bound ligands and their binding interactions were examined using
the transferred nuclear Overhauser effect, saturation transfer dif-
ferences, and molecular dynamics. The discoveries here provided
insights into the dynamic behavior of these ligand–MurD com-
plexes and its influence on the ligand–enzyme contacts [61].

The benzylidene-2,4-thiazolidin-dione and 2-thioxothiazolidin-
4-one substituted glutamic acids represent another large family of
MurD inhibitors. Representative compounds are shown in Fig. 8. It
was discovered that the most potent MurD inhibitor of the first of
these series did not lose significant activity when D-Glu (compound
43, Fig. 8) was replaced with L-Glu (compound 44, Fig. 8) [63].
These benzylidene-2,4-thiazolidin-dione and 2-thioxothiazolidin-
4-one substituted glutamic acids were further developed, with
the substitution of the aromatic rings altered; this resulted in an
E. coli MurD inhibitor (compound 45, Fig. 8) with an IC50 of
45 lM [64]. Fine-tuning of the structures of these benzylidene-
2,4-thiazolidin-dione and 2-thioxothiazolidin-4-one substituted
glutamic acids also produced compound 46 (IC50, 3 lM) [65,66].
Further optimization of this class of compounds then resulted in
the introduction of a shorter linker between the glutamic acid part
and the 2,4-thiazolidin-dione or 2-thioxothiazolidin-4-one parts of
the molecule, although the inhibitory activity against MurD was
not improved, as the most potent of these (compound 47, Fig. 8)
inhibited MurD from E. coli with an IC50 of 10 lM. An interesting
concept around this series is that the most potent compound
(42) contained L-Glu, while the D-Glu-containing derivative, com-
pound 48, was less active (IC50, 45 lM) [67].

An important milestone in the development of these benzyli-
dene-2,4-thiazolidin-dione and 2-thioxothiazolidin-4-one inhibi-
tors was the solution of several X-ray crystal structures of MurD
with some of these inhibitors in the active site, which thus
revealed their binding modes [64–66,68]. The binding modes of
all of the benzylidene-2,4-thiazolidin-dione and 2-thioxothiazoli-
din-4-one inhibitors are very similar. The representative binding
mode of compound 49 is shown in Fig. 9B [69]. This binding mode
revealed that the 2,4-thiazolidin-dione and 2-thioxothiazolidin-4-
one rings are bound into the uracil binding site, for interactions
with Arg35, Thr36 and Asp37. The carboxylic groups of the D-Glu
part of the inhibitor occupy exactly the same positions as the car-
boxylic groups of UDP-MurNAc-L-Ala-D-Glu. The terminal carbox-
ylic group of the D-Glu moiety interacts with Ser415, Leu416 and
Phe422, while the a-carboxylic group is held in position through
interactions with Thr321 and Lys348 directly, or with Lys115 and
Lys348 via water molecules. No polar contacts between MurD
and the central linker part of the inhibitors are seen. Only the p-
p stacking of the aminophenyl ring with Phe161, and the hydro-
phobic interactions of the benzylidene ring with Gly73, are worth
mentioning. A comparison of the crystal structures of a thiazolidin-
dione inhibitor (PDB entry: 2X5O) [64] and UDP-MurNAc-L-Ala-D-
Glu (PDB entry: 4UAG) [70] with E. coli MurD reveals that this
thiazolidin-dione inhibitor is bound to the binding site of the prod-
uct. In addition to the crystal structure, the main feature of com-
pound 49 is its dual inhibitory activity against MurD and MurE
from both E. coli and S. aureus, as well as its antibacterial activity
against MRSA [69].

The MurD enzymes from different bacterial species share con-
served residues that are essential for their catalytic activity; how-
ever, the overall similarities of their amino-acid sequences are very
small. Therefore, it is not surprising that only a few compounds can
inhibit MurDs across different species. For example, compounds 42
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and 45 (Fig. 8) can inhibit MurD from S. aureus, S. pneumoniae, B.
burgdorferi and M. tuberculosis in the micromolar concentration
range [71].
6. Inhibitors of MurE

A phosphinate inhibitor was the first inhibitor of MurE (com-
pound 50, Fig. 10), with an IC50 of 1.1 lM [72]. Some sulfonamides
that are similar to the inhibitors of MurD described above can
inhibit MurE (e.g., compound 51, Fig. 10; IC50, 181 lM) [57]. A cyc-
lic peptide with the amino-acid sequence CQANLRSQC inhibited
MurE from S. aureus [49]. Peptide inhibitors of MurE were also
discovered, as the protein MurEp1 inhibited MurE with an IC50 of
500 lM [73]. 3-Methoxynordomesticine was discovered as an
inhibitor of MurE from M. tuberculosis (compound 52, Fig. 10)
[74], and another inhibitor of MurE from M. tuberculosis (com-
pound 53, Fig. 10) was recently discovered, with an IC50 of
75 lM [75].
7. Inhibitors of MurF

The first MurF inhibitors were reported in 1998, by Miller et al.
These were pseudo-tri-peptide and pseudo-tetra-peptide aminoalkyl-
phosphinic acids, with the general structure of X-Lys-PO2H-Gly-Ala.



Fig. 9. (A) Binding modes of compounds 40 (blue) and 41 (magenta) in the active site of MurD. (B) Binding mode of compound 49 in the active site of MurD.
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Kinetic assays with MurF from E. coli revealed that these transition-
state analogs act as reversible competitive inhibitors, with Ki values
from 200 lM to 700 lM [76].

One of the most encouraging sets of MurF inhibitors was pub-
lished by Abbott Laboratories. Initially, using affinity selection
screening technology, two very promising MurF hits (compounds
54 and 55, Fig. 11) were identified, with IC50 values of 8 lM and
1 lM [77]. The binding modes of compounds 54 and 55 were con-
firmed with the determination of their co-crystal structures [78],
and these data represented the basis for subsequent structure-
based optimization that yielded compound 56 (IC50, 22 nM) as
the most potent MurF inhibitor [79,80]. Unfortunately, even the
most potent compounds from this series did not show significant
antibacterial activity, even in the presence of cell permeabilizers.
Moreover, no activity was observed in E. coli AcrAB efflux-pump
mutants. This all pointed to the possibility that MurF does not cat-
alyze a rate-limiting step in this biosynthetic pathway [79]. It is
also possible that compounds of this structural type bind nonselec-
tively to other proteins inside the bacterial cell. Despite the lack of
antibacterial activity of these compounds, several very recent
attempts to obtain novel and more potent cyanothiophene-based
leads have been described. Systematic structural modifications of
the parent compounds 55 and 56 resulted in a comprehensive ser-
ies of nanomolar inhibitors of MurF from S. pneumoniae, and micro-
molar inhibitors of MurF from E. coli and S. aureus (e.g., compound
57, Fig. 11). The antibacterial activities of these compounds were
also determined, and some of them showed antibacterial activities
against S. pneumoniae at concentrations from 16 lg/mL to 64 lg/
mL. Unfortunately, none of these were active against E. coli and S.
aureus [81]. Very recently, a second generation of cyanothioph-
ene-based derivatives with increased polarity was designed. The
most potent inhibitors from this series have well-balanced inhibi-
tory properties against both MurF from S. pneumoniae and MurF
from E. coli. (e.g., compound 58, Fig. 11). Compound 58 also has
promising antibacterial activities against selected Gram-positive
and Gram-negative strains (Fig. 11); however, at least a part of
its antibacterial action is a consequence of membrane-damaging
effects, as shown in an assay used to assess membrane integrity
[82].

Several computational approaches were also initiated to dis-
cover new MurF ligase inhibitors. For example, extensive quantita-
tive (Q)SAR modeling was used in the search for new inhibitors
with modified physico-chemical properties [83]. In a similar
attempt, new inhibitors were designed using a de novo approach.
The activities of these promising hits were subsequently predicted
using the established QSAR models; the predicted results could
not, however, be confirmed experimentally [84]. In 2008, a phar-
macophore modeling approach using a set of 39 known inhibitors
led to the identification of three structurally novel micromolar
inhibitors of MurF from P. aeruginosa that were retrieved from
the NCI database. However, due to their nondrug-like structural
properties, these do not represent promising starting points [85].

Structure-based virtual screening with MurF [52], and subse-
quent hit optimization, led to the discovery of a moderately potent
1,3,5-triazine (compound 59, Fig. 11) [86]. Recently, a ligand-based
approach led to the discovery of a MurF inhibitor with micromolar



Fig. 11. Structures and activities of the MurF inhibitors.
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activities against MurF from S. pneumoniae and E. coli (compound
60, Fig. 11) [87]. A thiazolylaminopyrimidine series of MurF inhib-
itors from E. coli was identified in 2006 by Johnson & Johnson, with
the use of an Mpl-based in vitro assay. The most potent from this
series was compound 61, with an IC50 of 2.5 lM (Fig. 11). Unfortu-
nately, none of these synthesized compounds showed antibacterial
activity [88]. Through the use of a MurF binding assay, a series of 8-
hydroxyquinolines was identified that bound to the E. coli enzyme
and inhibited its activity. One of these inhibitors (compound 62,
Fig. 11) also showed notable antibacterial activity [89]. Addition-
ally, a pharmacophore model was constructed on the basis of these
compounds, and this generated two diarylquinolines (e.g., com-
pound 63, Fig. 11) that can disrupt cell-wall biosynthesis via MurF
inhibition. Compound 63 also has a MIC of 8 lg/mL against tested
strains of Enterococcus faecalis, Enterococcus faecium, and S. aureus
(both methicillin susceptible and resistant) [90].
8. Multiple inhibitors of the Mur enzymes

It is widely recognized that multiple ligands can be more bene-
ficial therapeutically than single-target-specific ligands. The design
of compounds that bind to more than one target is a demanding
challenge, where the appropriately balanced affinities for the dif-
ferent targets and the preservation of the drug-like properties are
necessary [91,92]. The efforts of several drug discovery programs
to design multiple Mur inhibitors has yielded some compounds
that show balanced inhibitory activities against the Mur enzymes.
The Wyeth bacterial cell-wall program yielded more than 20
derivatives of 2-phenyl-5,6-dihydro-2H-thieno[3,2-c]pyrazol-3-ol
(e.g., compound 64, Fig. 12). These were prepared and evaluated
as multiple inhibitors of S. aureus MurB, MurC and MurD. The
compounds of this structural type also demonstrated promising
antibacterial activities against Gram-positive bacteria, including



Fig. 12. Multiple inhibitors of the Mur enzymes.
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MRSA, VRE and PRSP. However, their MICs increased to above
128 lg/mL in the presence of 4% bovine serum albumin [93].

Another effort to obtain a potent cell-wall biosynthesis inhibitor
was based on a Wyeth in-house screening campaign of the Mur
enzymes. In this way, a pulvinamide was discovered (compound
65, Fig. 12; IC50 [MurC], 8 lg/mL) and this compound represented
a basis for the preparation of more than 180 pulvinones for evalu-
ation as inhibitors of MurA-D. Several derivatives showed Mur
enzyme inhibition with IC50 values in the 1 lg/mL to 10 lg/mL
range; in particular, the inhibition of MurC was in general more
pronounced, whereas MurA and MurB were inhibited to lesser
extents. Compound 66 (Fig. 12) showed inhibition that was well
balanced for all of the Mur enzymes (IC50 values from 1 to 6 lg/
mL). The majority of these derivatives also have antibacterial activ-
ities against Gram-positive organisms, including MRSA, VRE and
PRSP strains [94].

In addition, Wyeth studies also identified the naphthyl tetronic
acids as multiple inhibitors of Mur enzymes. These were demon-
strated to be MurA-E inhibitors, with IC50 values in the micromolar
range [95]. Moreover, the crystal structure of one of these com-
pounds in the MurB active site was resolved, and thus their binding
pattern has been carefully studied. Compound 67 (Fig. 12) showed
the most balanced inhibitory activities against a panel of nine Mur
enzymes. This compound also showed notable antimicrobial activ-
ities against E. coli and S. aureus species, with MICs of 2 lg/mL and
1–2 lg/mL, respectively.

In 2009, phosphorylated hydroxyethylamines were developed
as inhibitors of MurC-F, and these represented promising hit com-
pounds for further structural optimization of multiple Mur ligase
inhibitors. These compounds inhibited the activities of the Mur
ligases MurC-F at micromolar concentrations, and among these,
compound 68 showed the most balanced inhibition of all four of
these Mur enzymes (Fig. 12) [96].

Recently, several hydroxy-substituted 5-benzylidenethiazoli-
din-4-ones were synthesized and characterized as multiple
inhibitors of the Mur ligases. The most potent of these (compound
69, Fig. 12) was active against the MurD-F ligases, with well-bal-
anced IC50 values, between 2 lM and 6 lM. Unfortunately, com-
pound 69 and the other similar derivatives were found to be
weak (>128 lg/mL) inhibitors of bacterial growth in vitro [68].
9. Discussion and concluding remarks

Due to the widespread emergence of bacterial resistance to
antibiotics, it has become clear that new drugs with new mecha-
nisms of action have to be developed rapidly [97–99]. In this con-
text, attention has recently focused on some so-far under-
exploited antibacterial drug discovery targets: the Mur enzymes.
We have presented here in this review many of the inhibitors that
have been developed. Significant scientific data gathered during
the past two decades clearly suggest good reasons why the Mur
enzymes should be used in antibacterial inhibitor discovery: (i)
they are genetically essential for bacterial survival; (ii) their X-
ray crystal structures are available, they show similarities across
bacterial species, and they are amenable for structure-based inhib-
itor design; (iii) they have no structural homology with the mam-
malian enzymes; (iv) their complex substrates and biochemical
assays have become easily available also for academic groups;
and (v) many inhibitors that have been developed to date demon-
strate that the Mur enzymes are druggable [2,9,14].

The validity of MurA for antibacterial drug discovery has been
clearly demonstrated by a small-molecule antibiotic in clinical
use: fosfomycin. However, there are some important issues related
to the other Mur enzymes that need to be kept in mind during the
development of inhibitors, and that need be overcome in the future
[100]. To date, to the best of our knowledge, there have been no
reports of MurB-F inhibitors with antibacterial activity that have
a clearly demonstrated mode of action (i.e., in terms of intracellular
Mur inhibition). The reason for this is most probably related to the
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poor bacterial cell-wall penetration properties of most inhibitors
and/or their rapid extrusion from bacteria by the efflux pumps.
Recently, possible solutions to enhance drug uptake across the bac-
terial cytoplasmic membrane have been suggested; e.g., by creat-
ing inhibitors that are in the form of zwitterions, or by using
siderophores attached to compounds, to enable their delivery into
bacteria (the ‘Trojan horse’ strategy) [101]. However, other possi-
bilities to enhance bacterial penetration should also be investi-
gated thoroughly. For example, it is still not known what
physico-chemical properties are required for compounds to be able
to penetrate into bacteria passively, which makes the design of
intracellular inhibitors more difficult.

It has been speculated that the Mur enzymes are organized in a
multi-enzyme complex in vivo, which allows for the channeling of
intermediates and restricts the accessibility of inhibitors to the
active sites of these enzymes. Also, it is known that the Mur
enzymes are prone to feedback inhibition by the downstream
products of their pathway. This all suggest that the goal of obtain-
ing Mur inhibitors with good antibacterial activity has not been
reached yet because more potent inhibitors of the Mur ligases
(MurC-F) are needed to achieve this goal [100]. Indeed, drug-like
(i.e., corresponding to the Lipinski Rule of 5) and potent nanomolar
inhibitors have so far only been found for MurF. In addition, irre-
versible inhibitors are known only for MurA, and so the design of
such compounds should be considered for the other Mur enzymes.

It is known that single-enzyme-targeting by inhibitors can be
prone to development of resistance by bacterial mutations that
alter the inhibitor binding site. To avoid this problem, inhibitors
that simultaneously target two, three or even more of the Mur
enzymes have been developed. At present these compounds are
very early proof-of-concept molecular tools, but we believe that
their further optimization and development will yield multiple
Mur inhibitors with good antibacterial properties [91,92].
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