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Abstract: A. baumannii exhibits resilience in harsh environments and progressively develops
resistance to diverse antibacterial agents over time. This adaptability poses a significant challenge
in treating an infection caused by this bacterium within healthcare settings. The presence of
peptidoglycan, a crucial precursor for cell wall synthesis, contributes to this challenge.
Peptidoglycan serves not only as a structural support in bacterial cells but also provides protection
against adverse environmental conditions. The synthesis of the peptidoglycan layer involves a
group of substrates such as N-acetylglucosamine (GlcNAc) and N-acetylmuramic acid (MurNAc),
within a three-partitioned process occurring in the membrane, periplasmic space, and cytoplasm of
each bacterium. Initiated in the cytoplasm and extending to the inner cell membrane, this synthesis
starts with the production of nucleotide precursors. The first step involves the synthesis of UDP-
GIcNAc, orchestrated by Glm (GImS, GImM, and GlmU) enzymes using fructose-6-phosphate.
Subsequently, enzymes from the Mur family, namely MurB, MurA, MurD, MurC, Murl, MurF, and
MurE, synthesize UDP-N-acetylmuramyl-pentapeptide (UDP-Mpp) from UDP-GlcNAc.
Concurrently, on the cytosolic side, the production of membrane-surrounded undecaprenyl
phosphate occurs, involving membrane-side proteins MraY and MurG in the biosynthesis of
peptidoglycan. This review emphasizes updated information on Mur family proteins,
encompassing physicochemical properties, nature of binding site, number and type of binding site
residues, functional domain details, three-dimensional structural aspects, and their functions within
bacterial cells. Special attention is directed towards their enzymatic role in peptidoglycan
biosynthesis due to the limited availability of precursors in the market. Additionally, the review
provides a comprehensive summary of existing inhibitors and ongoing efforts in identifying new
targeted inhibitors, recognizing these enzymes as potential candidates for antibacterial drug design
and discovery.
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1. Introduction

A. baumannii possesses virulence factors contributing to various infections. These factors include
the hydrophobic nature of the cell surface, enzymes within the outer membrane, toxic slime
polysaccharides, and toxins like verotoxins. These elements potentially enhance the pathogenicity of
the bacterium. Among these factors, the hydrophobic properties of the cell surface play a crucial role
in bacterial cohesion, preventing phagocytosis [1,2]. Pathogenicity is further facilitated by
extracellular enzymes present in A. baumannii, such as esterases, peptidases, phosphatases, and
various toxins, produced in the organism’s cytoplasm. Additionally, secreted substances significantly
impact the pathogenicity of A. baumannii in the host cell, particularly in the respiratory system. Due
to its multidrug resistance (MDR), extensive drug resistance (XDR), and biofilm-forming nature, this
organism is categorized as a critical and highly effective disease-causing bacterium, responsible for
hospital-acquired or nosocomial infections in admitted patients, according to the World Health
Organization (WHO) report [3]. Consequently, there is a pressing need to explore the
physicochemical, structural and functional properties of all members of the Mur family present in
this bacterium to showcase possible novel antibacterial candidate inhibitors [3].

In addition to Acinetobacter baumannii, Enterococcus faecium, Enterobacter, Pseudomonas
aeruginosa, Staphylococcus aureus, and Klebsiella pneumoniae are classified as ESKAPE pathogenic
microorganisms. These ESKAPE pathogens are commonly associated with hospital-acquired (or)
nosocomial infections. Among them, A. baumannii stands out as the foremost and most challenging
pathogen. Diseases attributed to Multidrug-Resistant A. baumannii (MDRAB) include bacteremia,
pneumonia, urinary tract infections (UTI), meningitis, and septicemia [4-6]. According to reports
from the World Health Organization (WHO), A. baumannii is designated as a critical and priority I
pathogen due to its capability for multidrug resistance across various drug groups (Figure 1) [3]. A.
baumannii accounts for 2-10% of infections caused by gram-negative bacteria in the USA and Europe.
In India, Acinetobacter baumannii, Klebsiella pneumoniae, Escherichia coli, and Pseudomonas
aeruginosa are classified as Indian priority pathogen developed by WHO country office for India in
collaboration with Department of Biotechnology, Government of India [7]. Numerous studies have
linked its MDR ability to an increase in infection and mortality rates [8,9]. Therefore, there is a
compelling and imperative need to explore drug target proteins and novel groups of promising
synthetic or phytochemicals that can effectively inhibit these targeted proteins.
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Figure 1. WHO priority pathogen list and A. baumannii as critical pathogenic bacteria.

The bacterial cell is encapsulated by a sturdy cell wall, comprised of a layered assembly called
murein, resembling a threads like structure. This protective barrier shields the organism from internal
and external factors, primarily safeguarding against cell turgidity and shrinkage. Among the Mur
enzymes, MurA catalyzes the initial biochemical reaction in murein synthesis [10]. Similarly, MurB
plays a pivotal role in synthesizing UDP-MurNAc in the murein biosynthetic pathway [10,11].
Subsequent involvement of Mur-ligase members (MurC, MurD, MurE and MurF) extends
polypeptide subunits to UDP-MurNAc, which is a crucial step. MurC facilitates L-alanine addition,
MurD participates in D-glutamate addition, and glutamate racemase switches L- to D-glutamate
interconversion [12]. MurE adds meso-diaminopimelate or L-lysine, while MurF enzymes attach D-
alanyl-D-alanine to UDP-N-acetylmuramic acid. Despite low sequence identities, all Mur ligase
enzymes exhibit structural similarities [13,14].

MraY, a transferase protein, aids in the transfer of phosphate-linked peptides to a phosphate
carrier lipid [15]. The peptidoglycan biosynthetic pathway’s final step is catalyzed by MurG,
transferring lipid intermediate-I to form lipid intermediate-II [16]. In the sequential process of
peptidoglycan synthesis, all Mur family enzymes contribute, constituting a distinctive pathway for
bacteria. Disruption of this vital cell wall component synthesis results in bacterial cell death and
eventual bursting. Currently effective antibiotics, such as -lactams and glycopeptides, target the
murein biosynthesis pathway. However, certain bacteria exhibit resistance to these drugs,
necessitating the exploration of new antibacterial molecules. Thus, a comprehensive understanding
of murein biosynthesis pathways, along with detailed insights into the sequential, structural and
functional aspects of drug target proteins as well as showcase drug candidate of synthetic and
phytochemical molecules, is crucial for addressing the challenge of multi-drug resistance A.
baumannii.

2. Peptidoglycan Biosynthetic Pathways in A. baumannii

Typically, in the biochemical reactions of a specific metabolic pathway, the output of the initial
reaction (product) serves as a reactant for the subsequent reaction. In bacteria, including A. baumannii,
a multitude of diverse pathways are operational within the microorganism’s cellular environment.
Among the numerous metabolic pathways present in bacteria, peptidoglycan biosynthetic pathways
hold particular significance and uniqueness in cell wall synthesis. Numerous enzymes within this
pathway play crucial roles (Figure 2) [17]. It has been considered as a target of antimicrobial drugs
because it is essential for the survival of the organism, has high accessibility for drugs and is present
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in bacteria but absent in the animal metabolic pathways. A bacterial cell wall is majorly made up of
murein (peptidoglycan). Murein is made up of large molecules, which are known as macromolecules.
Macromolecules of murein comprise the complicated system of linear glycan chains interconnected
with one another by moieties of small peptides [18]. Synthesizing of murein undergoes several steps,
and these steps are different in one another.
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Figure 2. Stepwise Peptidoglycan biosynthetic pathway.

This critical and very important pathway starts in the cytoplasm by synthesizing UDP-GlcNAc
and UDP-MurNAc pentapeptide. The later substrate formed in 6 steps, MurA (UDP-N-
acetylglucosamine 1-carboxyvinyltransferase) is used to perform the first step of the reaction, which
is starting from an enolpyruvate (PEP) to UDP-GIcNAc. UDP-N-acetylmuramate is then obtained
using UDP-N-acetylenolpyruvoylglucosamine reductase (MurB), by catalyzing PEP moiety to D-
lactate. Following this, 4 amino-ligases (ATP-dependent) catalyze consecutive addition of
pentapeptide chains to the D-lactate by using MurD, MurC, MurF and MurE enzymes [17,18]. The
final stage of the peptidoglycan biosynthetic pathways involves via the catalytic activities of two
crucial proteins, namely MraY and MurG, also known as membrane transferase enzymes. MraY
transfers phospho-N-acetylmuramoyl with pentapeptide onto undecaprenyl phosphate [15], while
MurG is utilized for the formation of lipid intermediate II [16]. All these proteins collaborate in a
chronological manner for peptidoglycan biosynthesis, a process unique to prokaryotic cells.

2.1. UDP-N-Acetylglucosamine Biosynthesis

Initially, fructose-6-phosphate serves as the precursor for the synthesis of UDP-GIcNAc in the
bacterial peptidoglycan biosynthetic pathway. This pathway involves four consecutive enzymatic
actions, namely glucosamine-6-phosphate synthase (GImS), phosphoglucosamine mutase (GlmM),
N-acetylglucosamine-1-phosphate uridyltransferase (GImU bifunctional enzyme), and glucosamine-
1-phosphate acetyltransferase (GImU bifunctional enzyme) (Figure 3). GIcNAc, a crucial component
of major biological macromolecules such as chitin and glycoproteins in eukaryotes, becomes a
potential antibacterial target pathways due to the dissimilarity between the prokaryotic and
eukaryotic pathways in UDP-GIcNAc formation [17]. The hexosamine breakdown is initiated by
GImS, an amido-transferase enzyme, representing the first dedicated phase of this process. GImM,
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the second enzyme in the pathway, catalyzes the isomers of glucosamine-6-phosphate and
glucosamine-1-phosphate during UDP-GIcNAc biosynthesis. In the transfer of GlcN-1-phosphate to
UDP-GIcNAc, GImU (bifunctional enzyme) plays a crucial role by catalyzing both acetyl transfer and
uridyl transfer processes [17].
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2.2. UDP-N-Acetylmuramic Acid Biosynthesis

Now that UDP-GIcNAc has been synthesized, the polymerization of murein requires another
precursor macromolecule known as UDP-MurNAc. The conversion of UDP-GIcNAc to UDP-
MurNAc is facilitated by two enzymes, namely MurB and MurA. MurA initiates the primary step,
followed by MurB catalyzing the second step. In the initial stage, the enolpyruvate moiety of
phosphoenolpyruvate (PEP) is transferred to the 30-hydroxyl of UDP-GIcNAc, resulting in the
formation of UDP-GlcNAc-enolpyruvate which is accompanied by the release of inorganic phosphate
(Pi). Subsequently, with the assistance of the MurB enzyme (Figure 3), this compound is reduced to
UDP-MurNAc. In the second reduction reaction, MurB undergoes the conversion using one
equivalent of NADPH and a solvent-derived proton, making this step a NADPH-dependent reaction
[17].

2.1.1. MurA

The specified enzyme exhibits two domains sharing a common folding pattern, complemented
by six bending repetitions of a beta motif (Figure 3). With 418 amino acids, it has a molecular weight
of 44.6 kDa. An isoaspartyl residue is situated near the hinge region, resulting from the post-
translational modification of typical residues. Upon substrate binding, the reaction adheres to the
induced fit model mechanism, involving significant conformational rearrangements within the two
domains [19]. The reaction, facilitated by MurA, follows the principle of an addition and elimination
mechanism. In theory, this reaction is unconventional because it involves the attack of
phosphoenolpyruvate (PEP) at the C-2 location, leading to the cleavage of the C-O bond. However,
PEP serves as a phosphoryl transfer agent in most PEP-dependent biochemical reactions utilizing
biological catalysts known as enzymes [10].

To disrupt this critical step, understanding the binding ability of drug like natural compound is
very important. Previously, fosfomycin, a naturally occurring broad-spectrum antimicrobial
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compound was considered as a promising inhibitor of MurA. The mechanism of action involves the
formation of a covalent adduct with a specific active site residue of the enzyme, rendering it an
irreversible inhibitor of MurA [20]. This inhibitory effect is particularly potent in the presence of the
substrate, UDP-GIcNAc, and displays time-dependent characteristics [21]. However, certain bacteria,
such as Chlamydia trachomatis, Mycobacterium tuberculosis, and Borrelia burgdorferi, exhibit intrinsic
resistance to these natural compounds through amino acid residue alterations. According to the
World Health Organization [3], A. baumannii, classified as a crucial and priority-I pathogen,
demonstrates resistance to currently available inhibitors. This resistance arises due to factors like (i)
reduced permeability, (ii) modification of the active site, and (iii) enzymatic adjustments to
fosfomycin itself. Consequently, there is an urgent need for an inhibitor with a distinct mechanism of
action and chemical structure compared to existing inhibitors [20].

2.1.2. MurB

UDP-N-acetylenolpyruvoylglucosamine reductase (MurB) derived from E. coli consists of three
distinct domains, encompassing 353 amino acids and a molecular weight of 39.7 kDa. The first and
second domains are responsible for facilitating FAD binding, while the third domain mediates the
binding of its substrate, namely UDP-GlcNAc-enolpyruvate (Figure 3). MurB activity has been
enhanced by cations such as NH*, Rb*, and K* [22]. In the enzymatic reaction catalyzed by MurB for
murein synthesis, two half-reaction steps occur. In the initial half-reaction, the enzyme-bound FAD
undergoes oxidation-reduction transition, with FAD being reduced to FADH? through the utilization
of NADPH. The release of NADP+ is accompanied by the binding of EP-UDP-GIcNAc. The
subsequent half of the reaction involves the formation of UDP-MurNAc through the reduction of EP-
UDP-GIcNACc [10].

In the peptidoglycan biosynthesis process, the second step, known as the reduction reaction,
occurs in the presence of MurB. This signifies that the products generated in the reaction catalyzed
by MurA serve as the inputs for the MurB reaction. In this step, UDP-GIcNAc-enolpyruvate
undergoes a reduction reaction catalyzed by MurB [17]. Like the preceding stage, this process is
crucial for peptidoglycan synthesis, and disrupting it leads to the inhibition of the respective
microorganism. According to literature surveys, certain synthetic and natural compounds have
demonstrated inhibitory effects on MurB, halting this essential murein synthesis step. The initial
report of a MurB inhibitor involves 4-thiazolidinone derivatives designed to mimic the diphosphate
moiety of enolpyruvate-UDP-GIcNAc [23]. Additionally, an imidazolinone derivative has exhibited
potent MurB inhibitory activity against Staphylococcus aureus, showing promising antibacterial
effects. Despite some literature reports lacking sufficient information on the antibacterial activities of
4-thiazolidinones [20], there is an urgent need for new inhibitors, both from natural sources and
synthetic compounds. These inhibitors should differ in their mechanism of action and chemical
structure from the 4-thiazolidinone derivatives.

Table 1. Sequential properties of Mur family proteins.

Sequential
Gene Properties
N .. o .
ame Length MW pl Hydropathicit NAS E.GA ( ./0 of VFA (hit SSC References
(kDa) y identity)  score)
. No hits
MurA 418 446 512 Hydrophobic 20 100 found Alpha-Beta [24-26]
MurB 353 39.7 6.18 Hydrophobic 16 99.65 54 Alpha-Beta [24,26]
No hits  Alpha-helix
MurC 482 52.8 5.64 Hydrophobic 25 100 found. and random  [24,26,27]
coil
. No hits
MurD 455 48.65 6.14 Hydrophobic 21 99.31 found Alpha-Beta  [24,26,28]
. No hits
Murl 266 29.03 5.40 Hydrophobic - 4147 o/ structure [26,29]

found.
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7
. No hits
MurE 499 5498 548 Hydrophobic 22 99.52 found Alpha-Beta [24,26]
No hits Alpha-helix
MurF 466 50.79 5.87 Hydrophobic 19 98.74 found and random  [24,26,30]
coil
. No hits .
MurG 365 39.35 9.02 Hydrophobic 14 86.03 found mixed af class  [24,26]
Alpha-helix
MraY 372 409 9.54 Hydrophobic 13 9247 53 and random  [15,24,26]

coil

Number of antigenic sites = NAS; Secondary structural class = SSC; Virulence Factors Alignment = VFA; Essential
Gene Alignment=EGA.

2.2. Biosynthesis of the UDP-MurNAc-Peptides Using the Mur Ligases

Mur ligase enzymes, MurC, MurD, MurE, Murl and MurF play a pivotal role in the stepwise
reactions of the peptide portion during murein biosynthesis pathways. These enzymes are
responsible for the sequential addition of D-glutamic acid, L-alanine, dipeptide D-Ala-D-Ala, and
diamino acid onto the UDP-MurNAc D-lactoyl group, facilitated by MurD, MurC, MurF, and MurE,
respectively. In these reactions, Mur ligase enzymes catalyze the concurrent formation of a peptide
or amid bond, along with the generation of ADP and Pi from ATP. Essential for this reaction are
cations such as Mg?* or Mn?. The functional and structural properties of these Mur ligase proteins
have undergone thorough examination through extensive biochemical and amino acid sequence
analyses (Figure 3). The common characteristics shared by these enzymes include a consistent
mechanism of action, sequential similarity of six residues, and similar structures with three functional
domains [17].

2.2.1. MurC

This enzyme falls outside the category of ribosomal peptide ligase and finds utility in murein
synthesis, specifically in the addition of L-alanine to UDP-N-acetylmuramoyl. In this step, UMA
(UDP-Nacetylmuramoyl-L-alanine), ATP and inorganic phosphate are required [10]. As per
biological and chemical reports on this enzyme, ATP serves as the initial substrate, followed by UDP-
MurNAc as the second substrate, and finally, L-Ala is utilized as the third substrate in this process
[31]. A crucial interaction takes place at the interface of the third and second domains, particularly
involving a and 3-phosphates and the adenine ring, which constitutes the ATP-binding site [32]. The
MurC enzyme exhibits various characteristics and forms a dimer interface through the interaction of
loops, with residues Phe223 and Tyr224; however, these residues are not universally conserved in all
bacteria [10,33]. Like other Mur ligase enzymes, MurC features three /3 domains. It has a total of
494 amino acid residues. The first functional domain occupies the N-terminal residue portion and
consists of a central five-strand structure. Conversely, domain II, recognized as the ATP-binding
domain and the largest among all MurC domains, encompasses seven central strands. The C-terminal
portion houses the final domain, or domain III, comprising one antiparallel, five parallel, and six
central [3-sheet strands [10,32].

MurC’s most potent inhibitor, with an ICso of 49 nM, appears to be a sequence of phosphinate
transition-state analogs synthesized and tested on the MurC E. coli enzyme. According to the
mechanism of action of this inhibitor, the UDP moiety plays a crucial role in inhibiting the specified
enzyme [34]. In the three enzyme substrates states, such as UDP-MurNAc, L-Ala and ATP, the
molecule act as a mixed type of inhibitor as per the compound biochemical characterization. This
suggested that phosphinate inhibitor creates a good complex to several states of MurC enzymes [35].
The second inhibitor of MurC E. coli involves analogs of L-alanine, demonstrating competitive
inhibition with L-alanine [31]. Another inhibitor, benzylidene rhodanines, exhibits significant ICso
inhibition against MurC. This compound displays specific whole-cell activities in methicillin-
resistant S. aureus but not in E. coli, a gram-negative bacterium. While it shows a significant minimum
inhibitory concentration against Methicillin-resistant Staphylococcus aureus (MRSA) (31 pM), a notable
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challenge is its antagonistic effects on animal cells. As a result, this compound is recognized for
having a nonspecific mechanism of action [36].

2.2.2. MurD

This enzyme, like other ligase biological catalysts, is situated in the cytoplasm and plays a role
in peptidoglycan synthesis within bacterial cells. MurD contributes to this pathway by adding D-
glutamate to UDP-N-acetylmuramoyl-L-alanine, a nucleotide precursor (UMA) [37]. As usual, MurD
also used as a target for different inhibitors to stop the synthesis of the cell wall and inhibit the growth
of the bacteria. The biochemical characteristics of MurD include a molecular weight of 49.3 kDa,
localization and expression in the cytoplasm, and a sequence of 496 amino acids [10]. The activity of
E. coli MurD has been extensively studied, particularly in the catalytic process of forming the peptide
bond between D-glutamate (D-Glu) and UDP-N-acetylmuramoyl L-alanine (UMA) [38,39]. The
carboxylic acid chain of UMA undergoes catalysis in the presence of MurD, marking the initial step
as an ATP-dependent reaction. Subsequently, the output is catalyzed to generate a tetrahedral
intermediate through the incoming D-Glu, resulting in the production of inorganic phosphate and
UMAG [10,39].

MurD is the first enzyme from the group of Mur ligase for which phosphinate inhibitors have
been developed for inhibiting peptidoglycan synthesis. This compound represents the pioneering
and paradigmatic instance of a mechanism-based inhibitor effectively disrupting UDP-N-
acetylmuramic acid-pentapeptide biosynthesis. The biochemical attributes of this inhibitor suggest
its close resemblance to the typical intermediate reaction and the preservation of the UDP moiety,
which is presumably crucial for attachment [38]. In general, this protein has served as a target for a
myriad of inhibitors, as documented in various studies. While a diverse array of inhibitors has been
identified and examined to date [17,40], the focus of scientific investigations has primarily centered
on both peptide and nonpeptide inhibitors, exploring their impact on E. coli’s MurD. Additionally,
small molecules have been categorized into inhibitors with and without glutamic acid-based motifs
[40].

Several MurD inhibitors, including potent macrocyclic, 9H-Xanthene derivatives, and polycyclic
compounds, have been identified through computational approaches against E. coli MurD,
demonstrating significant minimum inhibitory concentration levels [41,42]. However, the persisting
challenge lies in the inhibitory effects of previously discovered inhibitors being easily overcome by
bacteria, both gram-negative and gram-positive. Hence, the quest for new synthetic and natural
inhibitors remains imperative to overcome the resistance exhibited by pathogenic bacteria.

2.2.3. Murl

The conversion of L and D-glutamate is facilitated by the cofactor-independent protein
glutamate racemase (ordered locus name ABAYEQ082) [29]. Given that the Murl gene encodes the
Glutamate Racemase protein, playing a pivotal role in the initial phases of peptidoglycan synthesis,
it emerges as a promising target for drug design and discovery processes. The transformation of L-
to D-glutamate is a critical step in peptidoglycan synthesis, with glutamate racemase being a key
contributor to this vital process. Another significant role of glutamate racemase (Murl) is the
sequestration of the DNA gyrase enzyme. Naringenin and quercetin are currently recognized as
potent molecules for inhibiting the Murl protein [12].

2.2.4. MurE

In the MurE enzyme, the reaction varies between gram-positive and gram-negative bacteria. It
functions as an ATP-dependent ligase, incorporating amino acids like meso-diaminopimelic acid into
the murein synthesis and catalyzes the process in a species-specific manner [43]. The third amino acid
in the peptide during the reaction differs and can be L-lysine, L-ornithine, meso-A2pm, LLA2pm,
meso-lanthionine, L-homoserine, or L-diaminobutyric acid [43]. MurE exhibits high specificity, and
alterations in the third amino acid result in changes to MurE’s function. For instance, Bacillus
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sphaericus has two MurE enzymes, where one is active during bacterial vegetative growth, while the
other becomes active during spore cortex formation [10]. The gene, located between nucleotides
303,112 and 304,611, is responsible for the synthesis of the Mur ligase enzyme in A. baumannii,
specifically the MurE enzyme. This protein consists of 499 residues and has theoretical pI values of
9, with a molecular weight of 54.98 kDa [26]. MurE exhibits amino-terminal, central, and carboxyl-
terminal domains [17,44].

The initial potent inhibitor identified for the MurE protein was a phosphinate molecule [14]. In
many cases, ligase proteins share similar functions, and certain molecules can inhibit multiple
proteins. For instance, sulfonamides serve as inhibitors for both MurD and MurE proteins, exhibiting
an ICso of 181 pM [45]. The MurE proteins in S. aureus and M. tuberculosis were inhibited using 3-
Methoxynordomesticine molecules [46,47]. Additionally, a recently discovered potent inhibitor
against M. tuberculosis demonstrated an ICso of 75 pM [48].

2.2.5. MurF

Similar to other Mur enzymes, MurF is involved in catalyzing the biosynthetic pathways of
peptidoglycan. In this process, MurF adds D-Ala-D-Ala to the UDP-MurNAc-tripeptide, a product
of MurE enzymes [10,43]. All Mur ligase enzymes follow a comparable reaction mechanism,
occurring in the presence of ATP. MurF, like other members of the Mur family, lacks a human
complement, making it an attractive target for drug development. The predicated structure of MurF
ligase, along with other Mur ligase enzymes, exhibits similarities. MurF consists of 510 residues
organized into three domains. Interestingly, the three domains in gram-positive bacteria bear
resemblance to those in gram-negative bacteria; for example, the MurF domain in E. coli shares
similarity with M. tuberculosis and S. pneumonia [49].

As per Miller and colleagues’ findings, the initial inhibitors of MurF enzymes were tetra-peptide
and tripeptide. These compounds share a common structure of XLys-PO2H-Gly-Ala and function as
reversible competitive inhibitors in transition-state analogs, as determined through kinetic assays
conducted on MurF from E. coli [50]. Through affinity selection screening technology and subsequent
structure-based optimization, various compounds were identified against E. coli’s MurF [49,51].
However, even the most potent compound among these groups showed limited antimicrobial
inhibition activity against E. coli [52].

Recently, a potent lead compound based on cyanothiophene was obtained through systematic
modification of the original structure and tested on S. pneumoniae, S. aureus, and E. coli’s MurF.
Interestingly, all the compounds exhibited activity against S. pneumoniae but not against E. coli and S.
aureus. Presently, new MurF ligase inhibitors are being discovered through various in-silico
techniques, including virtual screening based on target and ligand structure, leading to the
identification of potent molecules from both natural and synthetic databases. For instance, the
moderately potent molecule 1,3,5-triazine was obtained based on the structure of the target protein
MurF [41]. Additionally, an inhibitor with active efficacy at the micro-molar level against E. coli and
S. pneumoniae MurF was identified through a ligand-based approach [53].

Table 2. Structural and functional properties of Mur family proteins.

Structural and Functional Properties
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domainI (1- Argl70, Gly20
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UDP-N-acetylglucosamine 1-carboxyvinyltransferase = MurA; UDP-N-acetylenolpyruvoylglucosamine

reductase = MurB; UDP-N-acetylmuramate--L-alanine ligase = MurC; UDP-N-acetylmuramoylalanine--D-
glutamate ligase = MurD; Glutamate racemase = Murl; UDP-N-acetylmuramoyl-L-alanyl-D-glutamate--2,6-
diaminopimelate ligase = MurE; UDP-N-acetylmuramoyl-tripeptide--D-alanyl-D-alanine ligase = MurF;
Phospho-N-acetylmuramoyl-pentapeptide-transferase = MraY; UDP-N-acetylglucosamine--N-acetylmuramyl-
(pentapeptide) pyrophosphoryl-undecaprenol N-acetylglucosamine =MurG.

2.3. Formation of Lipid Intermediates

Within the murein synthesis, the involvement of lipid intermediates constitutes a crucial stage
achieved through a two-step mechanism employing the MraY and MurG enzymes. In this dual-phase
process, MraY facilitates the transfer of the substrate derived from the prior step (phospho-MurNAc-
pentapeptide) to lipid I. Subsequently, MurG playing a role (Figure 3), the next stage unfolds with
the addition of N-acetylglucosamine subunits, ultimately resulting in the formation of lipid II [57,58].

2.3.1. MraY

MraY, a primary membrane protein, serves as a catalyst for the initial step in the membrane-
related processes of the murein biosynthetic pathways. The MurNAc-pentapeptide, an outcome of
the cytoplasmic reaction mediated by Mur ligase, undergoes transfer onto the undecaprenyl
phosphate carrier (C55-P/bactoprenol) in the presence of MraY, occurring on the bacterial
cytoplasm’s membrane side. This reaction involves a two-step process resulting in the formation of
Lipid I. The first step involves the UDP-MurNAc-pentapeptide B-phosphate nucleophilic attack
within the active site of the MraY protein, leading to the release of UMP and the formation of the
enzyme-phospho-MurNAc-pentapeptide intermediate [59]. The subsequent phase entails the attack
on the phosphate in the covalent intermediate by a C55-P oxyanion, resulting in the formation of
Lipid I. This contributes to the creation of the intermediate known as Lipid I, accompanied by the
release of UPM [15].

Regarding the MraY enzyme, sequence analysis and structure experiments conducted on both
gram-negative and gram-positive bacteria reveal specific characteristics: five loops on the
cytoplasmic side, ten transmembrane segments, and six loops in the periplasm. In this enzyme, the
cytoplasmic side of the membrane contains high sequence conservation, and the active site is
consistently oriented towards the cytoplasm [59,60]. To sum up, MraY plays a role in catalyzing a
membrane-linked step involving the transition of the MurNAc-pentapeptide moiety to the
undecaprenyl phosphate lipid carrier. It functions as a transmembrane protein, and its crystal
structure has been recently resolved [59].

Similar to the aforementioned Mur proteins, MraY serves as a targeted enzyme for the
development of promising molecules against it. However, despite ongoing efforts, only a few classes
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of MraY blockers have been considered thus far, and none have progressed to clinical studies due to
challenges associated with delivering these molecules across membranes. The study of MraY
inhibitors has historically employed two approaches: screening assays and the synthesis of molecules
mimicking those previously identified as MraY inhibitors [61].

The Uridyl peptide antibiotics (UPAs) family stands out as the most recognized and effective
group of small molecule inhibitors of MraY, featuring compounds such as muraymycin, tunicamycin,
mureidomycin, capuramycin, and liposidomycin [62-64]. These inhibitors share a common amino-
ribosyl-O-uridine skeleton crucial for their inhibitory activities, indicating their attachment to the
binding sites of MraY [62-64]. Another strategy in the development of novel MraY inhibitors involves
the structural modification of existing inhibitors [63].

2.3.2. MurG

MurG represents the final stage in the cytoplasmic segment of the murein biosynthetic
pathways. This enzyme primarily facilitates the transformation of lipids, specifically converting lipid
I to lipid II through the provision of UDP-activated N-acetyl D-glucosamine [65]. Following MraY,
MurG catalyzes an essentially irreversible reaction as a glycosyltransferase enzyme within the
membrane. The enzyme binds to GIcNAc derived from UDP-GIcNAc, leading to the transformation
into Lipid I, ultimately resulting in the production of Lipid II [63].

The exploration of MurG inhibitors has traditionally centered around two main strategies: (i) the
synthesis of molecules mimicking UDP-GIcNAc and (ii) the utilization of natural inhibitors to craft
analogous compounds. Another effective avenue for identifying new inhibitors involves screening
compounds from targeted libraries [63,66,67]. Notably, previous reports have highlighted a MurG
inhibitor, specifically a vancomycin derivative and the known antibiotic moenomycin. While
effective in inhibiting MurG, its in-vivo activities has been less optimal [63,68].

More recently, the discovery of murgocil, exhibiting narrow-spectrum properties, has emerged
as a MurG protein inhibitor [69]. Interestingly, the in-vitro activity of murgocil towards the isolated
and purified MurG of S. aureus is notably less than its bioactivity effect towards S. aureus. However,
further research is imperative to inhibit MurG activities across various gram-negative and gram-
positive bacteria [63,70].

2.4. Broad Spectrum Inhibitors of Mur Enzymes

In the bacterial cell, various stages unfold during murein synthesis, making studies on Mur
enzymes crucial and pertinent [57,71]. Given the multi-target hypothesis addressing multiple Mur
enzymes, the strategic design of a single effective inhibitor becomes vital, offering advantages in
terms of time, cost, and mitigating drug resistance concerns. Drawing on existing literature, pan or
broad-spectrum inhibitors within the Mur family encompass Naphthyl Tetronic Acid Derivatives,
Furan-based Benzene Mono and Dicarboxylic Acid Derivatives, N-acylhydrazones Derivatives, 5-
amido-1-(2, 4-dinitrophenyl)-1H-4-pyrazolecarbonitriles Derivatives, Thiazolidinone Derivatives,
and 5-amido-1-(2, 4-dinitrophenyl)-1H-4-pyrazolecarbonitriles Derivatives [57]. Among these multi-
target inhibitors, Mansour and colleagues specifically prepared and evaluated Naphthyl Tetronic
Acid family, identifying 11 derivatives within this family as potential inhibitors against multiple Mur
enzymes [72].

3. Conclusion

As per this review, A. baumannii stands out as a formidable pathogen exhibiting resistance to
inhibitors from various groups. Among the diverse pathways in bacteria, including A. baumannii, the
biosynthetic pathway of peptidoglycan emerges as the most crucial for bacterial survival
Recognizing the significance of enzymes in this biosynthetic pathway as potential drug targets,
efforts are focused on identifying compounds that disrupt their proper activity. Hence,
comprehensive structural and functional studies of Mur members (MurB, MurA, MurD, MurC,
MurF, MurE, MurG, and MraY) are of paramount importance to pinpoint promising lead molecules
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towards potential drug targets proteins of multidrug-resistant A. baumannii (MDRAB). The escalating
levels of multidrug resistance in A. baumannii strains contribute to severe mortality rates.
Consequently, a thorough structural and functional analysis of essential drug targets from this
menacing pathogen is imperative for uncovering novel antibacterial agents. The presented review
serves as a gateway to identifying diverse therapeutic molecules against MDRAB, employing both
computational and experimental approaches.
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