Journal of Inclusion Phenomena and Macrocyclic Chemistry (2020) 98:127-136
https://doi.org/10.1007/510847-020-01018-6

REVIEW ARTICLE q

Check for
updates

MurE inhibitors as antibacterial agents: a review

Niladri Saha' ® - Mohammed Afzal Azam'

Received: 23 April 2020 / Accepted: 31 July 2020 / Published online: 6 August 2020
© Springer Nature B.V. 2020

Abstract

Peptidoglycan, an essential component of the bacterial cell wall plays a critical role in protecting bacteria against osmotic
lysis. The ATP-dependent MurC-F ligases are crucial for the early stages of peptidoglycan biosynthesis. MurE ligase
is third in the series and catalyzes the addition of L-Lysine (L-Lys) in Gram-positive bacteria or meso-diaminopimelic
acid (meso-A2pm) in most Gram-negative bacteria to form UDP-N-acetylmuramoyl-L-Ala-p-Glu-L-Lys/A2pm. The high
substrate specific for L-Lys or meso-A2pm makes this enzyme an attractive target for the development of antibacterial
agents. Several MurE inhibitors have been reported including phosphinates, peptidosulfonamides, napthylfuran-2-ones,
benzene-1,3-dicarboxylic acids, phosphorylatedhydroxyethylamines, natural compounds, 5-benzylidenethiazolidin-4-ones,
N-alkyl-2-alkynyl-4(1H)-quinolones, rhodanine substituted p-glutamic acids, 2,5-dimethyl pyrroles, 2,5-disubstitued furans,
tetrahydroisoquinolines etc. In the present review we present an update status and structural information of MurE enzyme
inhibitors which may be utilized for the design of potent inhibitors against this enzyme.
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Abbreviations peptidoglycan synthesis [2]. Peptidoglycan of the bacterial
ATP Adenosine triphosphate cell wall is a linear polymer of sugars cross-linked by short
D-Glu D-Glutamic acid peptide bridges and plays a critical role in protecting bacteria
ICs, Half maximal inhibitory concentration against osmotic lysis [3]. A series of Mur enzymes (MurC-F)
L-Ala L-Alanine ensures the assembly of the pentapeptide part of the mono-
meso-A2pm meso-Diaminopimelic acid mer unit. Mur ligases constitute a family of enzymes with
MIC Minimum inhibitory concentration common mechanistic and structural features [4]. In spherical
MurE UDP-N-acetylmuramoyl-L-Ala:p-Glu Gram-positive bacteria such as the Streprococci and Staphy-
ligase lococci L-lysine residue appears at the third position of the

UDP Uridine-5'-diphosphate cell wall peptide moiety (UDP-N-acetylmuramoyl-L-Ala-p-
UDP-MurNAc UDP-N-acetylmuramic acid Glu-L-Lys), whereas in most Gram-negative bacteria such as
Escherichia coli and Bacillus subtilis meso-diaminopimelic

acid (meso-A2pm) appears at this position (UDP-N-acetyl-

Introduction muramoyl-L-Ala-p-Glu-meso-A2pm). Although L-Ala, L-Glu

and L-homoserine has also been identified at these position

Resistance to antimicrobials agent among the pathogenic
bacteria has emerged as a global threat in the past 20 years
and has increased in the past decade [1]. The conserved
underexploited antibacterial targets has enabled a search for
the advent of genomics era especially in the early stage of
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in other bacterial species. MurE enzymes have been shown
to discriminate between L-Lys and meso-A2pm and acts
as a gatekeeper to ensure that only the specific substrate
is incorporated in the peptidoglycan precursor. However,
this difference in specificity reveals no significant differ-
ence in the protein sequence as only 28 and 32% identity is
observed between the E. coli and S. pneumoniae or E. coli
and B. subtilis sequences, respectively [3, 5]. Through their
€-amino group, meso-A2pm and L-Lys establish cross-link-
age between the peptide units linked to the glycan chains.
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Hence they have a pivotal role in establishing cell shape and
the integrity of the bacterial cell [6, 7].

The substrate and product of the MurE reaction are also
known to be key components in the eukaryotic innate immu-
nity machinery [8]. The E. coli MurE crystal structure in the
presence of its product, UDP-N-acetyl-muramyl-tripeptide
[3] showed three distinct globular domains of which two
domains have similar topology as observed in the equivalent
domain found in MurD three-dimensional structure. Domain
1 comprises residues 1-88 made up of two a-helixes which
are surrounded to a five-stranded p-sheet. In Domain 2
seven a-helixes surrounded to a six-stranded central -sheet,
having similarity with MurD central domain and consists
90-338 residues. Whereas in domain 3 five a-helixes is sur-
rounded to a six-stranded B-sheet made up with five parallel
and one anti parallel strand and consists of 340—497 resi-
dues [9]. Across the four enzymes, domains 2 and 3 have
conserved three-dimensional structure and similar topol-
ogy. The Domain 2 also known as adenosine triphosphate
(ATP) domain exhibit the highest level of structural simi-
larity and sequence identities ranging from 22 to 26% [10].
This domain consists of essential structural motifs including
the P-loop (motif 1), along with glutamate (motif 2) and
histidine (motif 3) residues which are crucial for coordi-
nation with two magnesium ions and adenine specificity
pocket (motifs 3 and 5). Among four Mur-ligases the P-loop
(motif 1) is conserved where MurE consensus sequence is
TGTNGKTTTT and residues are invariant across known
MurE sequences [11]. Further, site-directed mutagenesis and
chemical rescue experiments reveled an invariant carbamate-
lysine derivative (lys-198) associated with MurD, -E, -F
presumably required for Mg?* binding and acyl phosphate
formation [12].

As established with other Mur ligases, the MurE reac-
tion proceeds by phosphorylation of the carboxyl group of
the nucleotide precursor by ATP to form an acyl phosphate
intermediate. The acyl phosphate is then attacked by the
a-amino group of meso-A,pm to produce product, ADP
and inorganic phosphate [13, 14]. In some of the bacte-
rial species tetrahydrodipicolinic acid is directly converted
into meso-A2pm by a dehydrogenase. In the peptidoglycan
pathway, MurE catalyzes the addition of this meso-A2pm to
UDP-MurNAc-dipeptide to yield UDP-MurNAc-tripeptide
[15-17]. Absence of A2pm pathway in mammals instigated
interest in the design and synthesis of A2pm analogues as
antibacterial agents [18, 19]. In this review we report we
present the most significant examples of MurE inhibitors
that exhibit antibacterial activities reported in literature.
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MurE inhibitors

The first transition-state analogue inhibitors of MurE ligases
were phosphinate substituted dipeptides linked to the uri-
dinediphosphate by hydrophobic spacer and displayed a
tetrahedral geometry [20-22]. The ICy, of compound 1
(Fig. 1) (700 + 50 uM) supports that MurE reaction follows
a similar mechanism to that of other ATP-dependent amino
acid ligases enzyme where the compound with structural
similarity with the corresponding tetrahedral intermediate
will bind tightly with the enzyme [23]. These works provide
a starting point for the rational design of even more potent
inhibitors of MurE [24].

In the search of new potent MurD inhibitor a series of
peptidosulfonamides were synthesized as transition-state
analogue, which turned out to be better inhibitor of MurE
[25]. In fact the biphenyl derivative 2 (Fig. 1) exhibited
inhibition of E. coli MurE as substrate analog with the ICs
value of 181 + 18 pM. The reason for the poor inhibitory
activity of peptidosulfonamides against E. coli MurE may
be due to the elongation of the pseudo peptide backbone
caused by the insertion of the additional methylene group,
which may disrupt the active conformation of the molecule.
Additional information from molecular modelling data has
shown that sulfonamido group forms a weaker coordination
bond with Mn?*, which might be the other reason for the
inactivity of these compounds.

Napthylfuran-2-ones has been prepared and screened to
identify multiple inhibitors of MurA-F enzymes [26]. This
strategy of multi-target hypothesis was to prevent the devel-
opment of drug resistance. In this series the compounds has
been tested against MurB, C, D, E of both Staphylococcus
aureus and E. coli and MurA of E. coli. Among them, com-
pound 3 and 4 (Fig. 2) exhibited inhibitory activity against S.
aureus (ICsy 55 and 65 pM, respectively) and E. coli (ICy, 13
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Fig. 1 Chemical structure of phosphinate derivative 1 and diphenyl-
peptidosulfonamide 2 as S. aureus MurE transition state inhibitor
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Fig.2 Chemical structures of napthyltetronic acid 3-7 as inhibitors of
S. aureus and E. coli MurE ligase

and 16 pM, respectively) MurE enzymes. Compounds 6 and
7 exhibited lower activity against both S. aureus (1Cs,> 64
in both cases) and E. coli (IC5,> 69 pM in both cases) MurE
enzymes. On the other hand compound 5 showed activity
against E. coli MurE with IC, value of > 72 uM. These com-
pounds are also evaluated in vitro against S. aureus and E.
coli strains. Compound 4 which showed lowest ICs, value
also exhibited lowest MIC value of 1-2 pg/mL against S.
aureus and 2 pg/mL against E. coli. Whereas compounds 3,
5, 6 and 7 displayed promising MIC value against S. aureus
(8, 8-16, 8 and 16-32 pg/mL, respectively) and E. coli (8,
16, 16, 8 ug/mL, respectively).

Benzene-1,3-dicarboxylic acids were identified as MurD
and MurE ligase inhibitors by pharmacophore-based virtual
screening [27]. From this virtual screening approach a series
of rigid analogues have been identified and tested in vitro
against E. coli MurD and MurE enzymes. Among these hits
only 2,5-dimethyl pyrrole analogue 11 (Fig. 3) exhibited
inhibitory activity against E. coli MurD (IC5, 270 uM) and
MurE (ICs, 32 uM) enzymes. Whereas furan analogue 12
displayed dual inhibitory activity against E. coli MurD (ICs,
270 uM) and MurE (ICs, 32 uM) enzymes, while compound
8 (IC50 79 uM), 9 (IC4, 104 uM), 10 (IC4, 97 uM) (Fig. 3)
displayed moderate inhibitory activity against E. coli MurE.
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Fig.3 Chemical structures of benzene-1, 3-dicaboxylic acid rigid
analogues 8-12 as E. coli MurE ligase inhibitors

Further, phosphorylatedhydroxyethylamine derivatives
have been developed to mimic transition-state analog for
Mur ligase enzymes [28]. Among these compound 18
(Fig. 4) was the best inhibitor against S. aureus MurE with
IC5, of 6 uM. Among the series electron donating group
with resonance at para-position of phenyl ring increases
the activity (compound 18), whereas electron withdrawing
group at the same position decreases the inhibitory activity
in compound 16 (S. aureus MurE IC5, 57 uM) and 17 (S.
aureus MurE ICs, 120 uM). The electron withdrawing group
at meta-position also decreased the activity in compound 15
(S. aureus MurE ICy, 160 uM).

From the Colombian plants species Ocotea macrophylla
(Lauraceae), Dugandiodendron argyrotrichum (Magnoli-
aceae), Piper hispidum (Piperaceae), and Piper eriopodon
(Piperaceae) natural compounds have been isolated and
screen against M. tuberculosis MurE ligase inhibitory activ-
ity [29]. Among these 3-methoxynordomesticine hydrochlo-
ride (21, IC5, 57 + 14 uM) (Fig. 5) showed highest activ-
ity against M. tuberculosis MurE, whereas austrobailignan
6-threo and erythro diastereoisomers (20, IC5, 286 +33 uM)
exhibited lowest activity against this enzyme. Gibbilimbol-B
(19, IC5 184 + 16 uM), 3-methoxynordomesticine (21, ICy,
67+ 11 uM), N-methoxycarbonyl-3-methoxynordomesticine
(22, ICs, 75 + 15 uM) displayed high to moderate M. tuber-
culosis MurE ligase activity. In vivo antibacterial screening
of compound 21 against M. tuberculosis-ATCC 27294 and
M. bovis ATCC 35734 showed MICs of 4 and 3 mg/L.

For further development, 5-benzylidenethiazolidin-4-ones
24-28 (Fig. 6) has been designed with the aim to inhibit

(13): 4-C,H; O
(14): 4-CH;

(15): 3-CF,

(16): 4-CF,

(17):4-F

(18): 4-OCH,

Fig.4 Chemical structure of phosphinate analogue 13-18 as MurE
ligase inhibitors
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Fig.5 Chemical structures

of naturally active compound
19-23 as M. tuberculosis MurE
ligase inhibitors

(19)

multiple Mur ligases [30]. It is observed that substituted
rhodanine scaffold can offer several hydrogen bond interac-
tions and this scaffold already has been reported act as MurD
product mimics and also employed as phosphate mimetic or
diphosphate surrogate. The ATP-binding and UDP-binding
pockets are highly conserved for most Mur ligase enzymes.
Based on these observations different derivatives has been
designed and synthesized. 5-Benzylidenethiazolidin-2,4-di-
one 26 (IC5, 3 uM) (Fig. 6) exhibited potent inhibitory activ-
ity against S. aureus MurE, whereas 5-benzylidenerhodanine
24 and 25 displayed inhibitory activity against S. aureus
MurE (ICs, 6 and 9 uM, respectively). N-substitution on the
rhodanine ring resulted in compound 27 and 28 with slightly
decreased MurE activity against S. aureus MurE (ICs, 39
and 19 pM, respectively).

In connection to the work on M. tuberculosis MurE inhib-
itors [31], five synthetic evocarpine-related quinolones has
been screened against MurE of slow- and rapid-growing
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(24): R'=R°=R'=OH, R'=R’=H, X=5
(25): R =R’=R"=0H, R’=R’=H, X=8
(26): R'=R°=R'=0H, R*=R’=H, X=0
(27): R' =R’=OH, R =CH,COOH, R'=R'=H, X=8
(28): R' =R’ =R"=OH, R’ =CH,COOH, R"=H, X=S

Fig. 6 Chemical structures of 5-benzylidenethiazolidin-4-ones 24-28

as S. aureus MurE ligase inhibitors
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(23)

Mycobacterial species i.e. M. tuberculosis H3TRv, M. bovis
BCG, M. smegmatis, M. bovis, M. fortuitum, M. phlei for
further development [32]. Among all the screened com-
pounds, compound 32 (Fig. 7) possessing cis-unsaturated
aliphatic side chain showed highest activity against M.
tuberculosis MurE with an ICs;, value of 36 + 16 uM. This
compound also displayed inhibitory activity against M.
tuberculosis ATCC 27294 (MIC 70.7 uM), M. bovis ATCC
35734 (MIC 28.3 uM), M. smegmatis ATCC 700084 (MIC
28.3 uM), M. fortuitum ATCC 6841 (MIC 1.41 pM) and M.
phlei ATCC11758 (MIC 1.4 uM). Compounds 29-31 with
trans-a,-unsaturated double showed slight decreased MurE
inhibitory activity along with decreasing length of the alkyl
side chain 29 (IC5, 52 +20 uM), 30 (IC;, 72 +23 uM), and
31 (IC5, 70 £25 uM).

In a further development new N-alkyl-2-alkynyl-4(1H)-
quinolones 34-39 (Fig. 7) has been synthesized and screened
against M. tuberculosis MurE ligase [33]. All the compounds

(29): Rl:undecane; n=0
(30): R1=decayl; n=0
(31): R =octayl; n=0
(32): Rlioctayl; n=4
(33): R1=nonane; n=3

(34): R1=methyl, R2=dodecayl, n=0
(35): R2=n_propyl, R2=decayl, n=0
(36): R1=methyl, R2=decayl, n=2
(37): Rlzmethyl, R2=decay1, n=0

1 2
(38): Rl=n-butyl, R ioctayl, n=2
(39): R =n-propyl, R =octayl, n=2

Fig.7 Chemical structure of N-methyl-2-alkynyl-4-quinolones 29-33
and 34-39 as M. tuberculosis MurE ligase inhibitors
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from this series showed inhibitory activity with ICs, values
more than 200 uM, while compound 32 (Fig. 7) exhibited
the lowest ICs, value of 200 uM. Further two more natural
products have been reported from Hypericum acmosepalum
species, namely Hypercalin B and HyperenoneA 40 (Fig. 8).
Hypernone A showed an ICs, value of 320 uM against M.
tuberculosis MurE.

For the development of multi-target Mur ligases against
Gram-positive and negative bacteria, rhodanine substituted
D-glutamic acid derivative has been designed. As there was
evidence that the thiazoledine-4-one act as weak multi-target
inhibitor compared to the rhodanine moiety and as the prod-
uct of MurD acts as a substrate in MurE. This evidence sup-
ports that residues important for p-glutamate acid binding in
MurD has a same counterpart in MurE. From this hypothesis
compound 41 (Fig. 8) is designed keeping rhodanine and
D-glutamic acid constant whereas the linker between them is
changed to more hydrophobic [34]. This resulted in activity
against S. aureus MurE (IC5, 17 +1.5 uM) and E. coli MurE
(IC5, 180+ 60 uM) inhibitors with additional MurD inhibi-
tory activity. This compound 41 was also tested against S.
aureus-ATCC29213 (MIC 8 pg/ml) and MRSA-ATCC43300
(MIC 8 pg/mL).

In another development benzene-1,3-dicarboxilic acid
possessing 2,5-dimethyl pyrrole nucleus [27] is further
investigated because of their dual MurD/MurE inhibitory
activity. From the virtual screening campaign benzene-
1,3-dicarboxylic acid analogue has been identified as a con-
formational rigid mimetic of glutamic acid. Further modifi-
cations has been done by linking the 1,3 dicarboxylic with
five member heterocyclic ring which was further linked with
five or six member rings through methelene bridge [35].
The first series, where compound 11 has been identified as
first dual MurD/MurE hits possess 2,5-dimethyl pyrrole moi-
ety, where the methelene group was attached with 1-phenyl
substituted dihydropyrimidine-4,6-dione and the other side
was linked with 1,3-dicarboxylic acid. This hit has been
optimized by placing various substitution at the benzene
ring which is substituted with dihydropyrimidine-4,6-dione

HO
o

Fig.8 Chemical structures of hyperenone-A 40 as M. tuberculosis
and rhodanine substituted p-glutamic acid derivative 41 as S. aureus
and E. coli MurE ligase Inhibitors

ring resulting in a series of active compounds. In this series
compound 42 (ICs, 330 uM), 43 (IC5, 311 uM), 44 (IC;,
330 uM) (Fig. 9) exhibited moderate inhibitory activity
against E. coli MurE ligase. Next the atomic level mecha-
nistic study has been performed using docking, molecular
dynamics studies and the free energy calculation by Lin-
ear interaction energy (LIE) method. Results revealed that
non-polar van der Waals interaction plays the major role in
binding.

The encouraging result from the 1,3-dicarboxylic acid
2,5-dimethylpyrrole derivative has led the search of new
series. From the previous series the dihydroprimidine-
4,6-dione moiety (Fig. 9) from the parent scaffold has
been replaced with rhodadine moiety [36]. With para-
substitution has lend this series most successful one,
where compound 45 (ICs, 406 uM), 46 (IC5, 494 uM),
47 (IC5, 245 pM), 48 (IC5, 303 uM), 49 (IC5, 93 uM), 50
(ICso 89 uM) (Fig. 9) showed low to moderate inhibition
of E. coli MurE ligase along with other MurC, D, F ligase
inhibition. Among all compounds, 49 exhibited inhibi-
tion in low micro molar range (41-93 uM) against all four
enzymes and also the steady-state kinetic study with MurD
has been performed. In further modification dihydroprimi-
dine-4,6-dione and rhodadine moiety attached to benzene
ring has been replaced with other groups and 1,3-dicar-
boxylic acid from the other end has also replaced. But
unfortunately none of the resultant compounds was found
to be active except compound 51 (Fig. 10). Compound 51
exhibited activity against E. coli MurE ligase (IC5, 44 uM)
having dihydroprimidine-4,6-dione moiety.

Further investigation on furan based 1,3-dicarboxylic
acid linked with rhodadine derivative have been carried out
and resulted in a novel series of MurC-E multiple inhibitors
[36]. Among the synthesized compounds 52—56 belonging
to the first series, 52 showed activity against E. coli MurC,
D, E, F (MurE ICy, 272 pM) in micro molar range, while
compounds 53 (ICs, 251 uM), 54 (ICs, 147 uM), 55 (ICs,
233 uM) displayed activity only against E. coli MurE. For
further insight into the mechanistic aspect classical SAR
analogues-based medicinal chemistry approach has been
used as non-availability of structural information about the
binding mode of discovered compound 52 hindered the most
optimal way of optimization. From MD simulation data it is
observed that one carboxylic group established interaction
with the ATP-binding site of MurD. In this way the optimi-
zation of this series from di to mono-carboxylic acid has
been used and resulted in compounds 56-59. This modifica-
tion revealed potent activity of compounds 56 (ICs, 10 uM),
57 (ICs, 11 uM), 58 (ICs, 16 uM), 59 (IC5, 16 uM) against
E. coli MurE, while a decrease in activity against other Mur
ligases enzyme was observed (Fig. 11).

In another report tetrahydroisoquinolines (THA) has been
prepared synthetically for screening against M. tuberculosis

@ Springer
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Fig. 9 Chemical structure

of 1,3-dicarboxylic acid
2,5-dimethylpyrrole derivative
linked with dihydroprimidine-
4,6-dione 42—44 and rhodadine
moiety 45-50 as E. coli MurE
ligase inhibitors

R
(42): R=4-C,Hj;, X=0
(43): R=2F, X=S
(44): R=4-Br, X=0
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(52): 3-NO,.C¢Hy r\|11
(53): 2,5-di-CH5-C¢H;
(54): CH»-4-F-C4H,
(55): N-(3-chlorophenyl)ethylamide

Fig. 10 Chemical structures of dihydropyridine-2,4-dione-1H-indole
derivative 51 and 1,3-dicarboxylic acid-furan derivatives linked with
rohdadine moiety 52-55 as E. coli MurE ligase inhibitors

2
= 4-COOHE- C6H4
—4 Cl-3-COOH-C ¢H;

(56): R1 — 4NO,-C¢H,, R
(57):R' = 4-NO,-C¢H,, R
(58): R — 3-NO,-CgHy, R
(59):R' = 4-NO,-C¢H,, R

= 4-C1-3-COOH-C 4Hj
= 3-COOH-C4H,

Fig. 11 Chemical structure of mono-carboxylic acid-furan derivative
linked with rhodadine moiety 5659 as E. coli MurE inhibitors
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of MurE [37]. Among the thirty nine tested compounds, thir-
teen compounds displayed activity against M.tuberculosis
MurE. A Bischler-Napieralski-mediated synthesis to ortho-
cyclized tetrahydroisoquinolines resulted in compounds
60-62 with moderate to good inhibitory activity against M.
tuberculosis MurE (ICs,, 300, <111 and 165 uM, respec-
tively) (Fig. 12). All synthesized compounds were tested
in vitro against M. tuberculosis Hy; Rv-ATCC 27294 and M.
bovis BCG-ATCC 35734 and their MIC values have been
reported. Compounds 63-71 were prepared by phosphate-
mediated pictet-spengler condensation between phenylethyl-
amine and aldehydes and showed activity against M. tuber-
culosis MurE. Among these compounds 63 (IC5, <111 uM),
64 (IC5,> 1000 uM), 65 (ICs, 148 uM), 66 (IC5, 471 uM),
67 (IC5,< 111 uM), 68 (IC5,> 1000 uM), 69 (ICs;, 186 uM),
70 (IC5, 237 uM), 71 (IC5, 837 uM) (Fig. 12) exhibited
activity against M. tuberculosis MurE ligase. The alkaloid
(S)-leucoxine 72 (Fig. 12) isolated from the Colombian
Lauraceae tree Rhodostemonodaphnecrenaticupula madri-
nan exhibited ICs, value of 820 uM when tested against M.
tuberculosis MurE [37].

As all Mur ligases contain ATP-binding site, targeting
this domain makes them vulnerable for multi target inhibi-
tor. Inhibitors 73-76 (Fig. 13) against E. coli MurC-F ligase
have been identified by targeting the ATP-binding site with
known kinase inhibitors [38]. Each identified compound
represents different structural classes. Among all the tested
compounds, 73 a 4,6-bis-anilino-1H-pyrrolo[2,3-pyrim-
idine] analogue showed inhibitory activity at the lowest
concentration (ICs, 58 uM). Phenoxypyrimidine 74 (ICs,
139 uM) andaza-stilbene 76 (IC5, 79 uM) (Fig. 13) displayed
moderate inhibitory activity against E. coli MurE, while
alkynyl pyrimidine 75 showed inhibitory activity against
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Fig. 12 Chemical structures

of synthesized tetrahydroiso-
quinolines 60-71 and natural
tetrahydro-isoquinoline 72 as M.
tuberculosis MurE inhibitors.
Chemical structure of 4,6-bis-
anilino-1H-pyrrolo[2,3-pyrim-
idine] derivative 73 as E. coli (60)
MurE inhibitors

this enzyme at the highest concentration (ICs, 157 uM).
These compounds also inhibited other Mur ligases at micro
molar concentration. The kinetic study of compound 76 is
reported. The MIC values of these compounds against S.
aureus ATCC 29213 and E. coli ATCC 25922 has also been
determined.

Approaches for the design of MurE
inhibitors

These are several strategies employed to design novel class
of MurE inhibitors. MurE enzyme consists of three distinct
globular domains: A UDP-binding N-terminal domain,
The ATP-binding central domain and the p-glutamic acid
binding C-terminal domain. At the beginning the catalytic
mechanism was targeted by assuming that MurE reac-
tion resembles with many of the well characterized ATP-
dependent ligases and this led to the design of peptide based
phosphinate inhibitor [25, 39-53]. Based on this assumption

G P ST

(61) (62) (63) Br

X

A N (1)

(66)
HO
O H O OH
o NH N
; ”
0 OH
(70) (71)
~o0
N_ _NH
[
N

(73)

compounds were designed with dipeptide analog linked by
a hydrophobic linker to uridinediphosphate. This paved the
way for the rational design especially targeting the catalytic
mechanism by mimicking the structure of p-glutamic acid
substrate in tetrahedral transition state. This strategy helped
in the development of some novel scaffolds like analogues of
hydroxyethylphosphinate, peptide-sulfonamides and napth-
yltetronic acids. Then later on 1,3-dicarboxylic acids were
shown as tetrahedral analogues of p-Glu by steady-state
kinetic study, where 1,3-dicarboxylic acid was mimicking
the p-glutamic acid structure. Following this strategy two
more novel scaffold has been discovered. One of them is
1,3-dicarboxilic acid-2,5-dimethylpyrrole derivatives linked
with dihydropyrimidine-2,4-dione or rhodanine moieties the
other one is 1,3-dicarboxylic acid linked with furan moiety.

The next approach used was to design nucleotide analogues
by blocking the UDP-binding domain. As the UDP-binding
domain of all Mur-ligases have very conserve residues which
makes them as multi-target inhibitor. 5-benzylidenethia-
zolidin-4-ones were the first of this kind reported. These
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Fig. 13 Chemical structures of phenoxypyrimidine derivative 74,
alkynyl pyrimidine 75 and aza-stilbene 76 as E. coli MurE inhibitors

compounds were active in micro molar range and interactions
with the binding pocket residues were observed by flanking the
UDP-binding site. Another strategy employed for the design
of MurE ligase inhibitors was by targeting the ATP-binding
domain which is having the highest structural and sequence
identity [8, 54] and presenting the shortened version of the
classical P-loop consensus [11, 17] sequences whose confor-
mation differs from the classical ATP-binding loop. Moreo-
ver, this domain has no similarity with ATP-utilizing human
enzyme. Recently in silico virtual screening approach with
known kinase inhibitors has been employed targeting the ATP-
binding pocket. From this strategy several E. coli MurE inhibi-
tors have been identified [38].

Further by exploiting the conformational changes in Mur
ligases after substrate binding to form a potent active site may
also be employed to identify MurE inhibitors. Specifically,
this strategy may be employed for the strain specific design
of MurE inhibitors. By developing a compound which can
trap the enzyme in ‘open’ in an active form or capture them
in topologically compact state where substrate can no longer
access their binding sites may also be one of the strategy for
the development novel MurE inhibitors. However, inhibitor of
this type has not been reported yet for Mur ligases [50]. The
penetrations of synthetic compounds remain elusive [55] and
one of the biggest challenges to deal with antibacterial ther-
apy based on Mur ligases enzyme. This can alternatively be
achieved by conjugating to a stable moiety which can improve
uptake via active bacterial transport [56] mechanism or can
be used in synergy with different permeabilizers of bacterial
envelopes like polymyxin B and cationic peptides [56—60].

Conclusions

MurE is an ATP dependent enzyme, act by adding L-lysine
for Gram-positive bacteria and meso-DAP for Gram-neg-
ative bacteria to growing peptidoglycan strand of UDP-
MurNAc-p-Glu. As it is involved in the early stage of cell
wall synthesis and plays a crucial role in differentiation of

@ Springer

Gram positive and negative bacteria’s cell wall. Though it
has specificity for both L-lysine and meso-DAP, depending
on the availability. This features makes an attractive target
for the development of novel antibacterial agents as inactiva-
tion of these enzyme will led in hindrance of cross-linking
at the later stage of cell wall synthesis. Several scaffolds like
phosphinates, peptidosulfonamides, napthylfuran-2-ones,
benzene-1,3-dicarboxylic acids, phosphorylatedhydroxy-
ethylamines, 5-benzylidenethiazolidin-4-ones, N-alkyl-
2-alkynyl-4(1H)-quinolones, rhodanine substituted p-glu-
tamic acids, 2,5-dimethyl pyrroles, 2,5-disubstitued furans
and tetrahydroisoquinolines have been investigated as MurE
inhibitors. But unfortunately none these inhibitors exhib-
ited potent activity against both Gram-positive and Gram-
negative bacteria. For combating bacterial resistance multi-
target oriented antibacterial agent may solve the problem
for long term as the resistance due to mutation would have
to occur in many target genes in a single bacterial genera-
tion. For multi-target Mur ligase inhibitor can be designed
by targeting the UDP or ATP-binding site or mimicking the
tetrahedral intermediate structure or by trapping the enzyme
in ‘open’ inactive form. The most difficult aspect of model-
ling and synthetic chemical optimization of identified MuE
inhibitors is frequent lack of biological activity. This may
be due to the permeability barrier and efflux capabilities of
bacteria [61]. One more possibility for the lack of activity
for most MurE inhibitors in vivo is related to the action of
the Mur pathway where the active sites being inaccessible to
inhibitors perhaps by cancelling the intermediates and acting
as a multi enzyme complex [63].
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