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Since the advent of penicillin, humans have known about and explored the 

phenomenon of bacterial inhibition via antibiotics. However, with changes in 

the global environment and the abuse of antibiotics, resistance mechanisms 

have been selected in bacteria, presenting huge threats and challenges to the 

global medical and health system. Thus, the study and development of new 

antimicrobials is of unprecedented urgency and difficulty. Bacteria surround 

themselves with a cell wall to maintain cell rigidity and protect against 

environmental insults. Humans have taken advantage of antibiotics to target 

the bacterial cell wall, yielding some of the most widely used antibiotics to date. 

The cell wall is essential for bacterial growth and virulence but is absent from 

humans, remaining a high-priority target for antibiotic screening throughout 

the antibiotic era. Here, we review the extensively studied targets, i.e., MurA, 

MurB, MurC, MurD, MurE, MurF, Alr, Ddl, MurI, MurG, lipid A, and BamA in 

the cell wall, starting from the very beginning to the latest developments to 

elucidate antimicrobial screening. Furthermore, recent advances, including 

MraY and MsbA in peptidoglycan and lipopolysaccharide, and tagO, LtaS, LspA, 

Lgt, Lnt, Tol-Pal, MntC, and OspA in teichoic acid and lipoprotein, have also 

been profoundly discussed. The review further highlights that the application 

of new methods such as macromolecular labeling, compound libraries 

construction, and structure-based drug design will inspire researchers to 

screen ideal antibiotics.
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Introduction

An important feature that distinguishes bacteria from mammalian cells is the cell wall; 
its mechanical strength depends on the existence of peptidoglycan (PG), providing bacteria 
with a rigid structure (Sibinelli-Sousa et al., 2021). Lipopolysaccharides (LPS) is the main 
component of the outer membrane (OM) of gram-negative (G−) bacteria, and plays an 
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important role in the generation of drug resistance, the 
transportation and folding of extracellular proteins, nutrient 
absorption, and various signal transductions (Kutschera and Ranf, 
2019; Simpson and Trent, 2019). Teichoic acid (TA) is an anionic 
carbohydrate polymer that accounts for 30 to 60% of the dry 
weight of the cell wall in gram-positive (G+) bacteria (Wu et al., 
2021). According to the different binding sites, it can be divided 
into wall teichoic acid (WTA) that is bound to peptidoglycan n-n 
acetyl muramic acid (N-acetyl muramic acid) residue through 
phosphodiester bond and lipoteichoic acid (LTA) embedded in 
cell membrane through lipid anchoring (Wu et al., 2021). Different 
G+ bacteria have species-or strain-specificity in the WTA (Brown 
et al., 2010). Lipoproteins are lipid-anchored proteins that play an 
important role in obtaining nutrients and certain ions, the 
generation of drug resistance, and the transport and folding of 
extracellular proteins (El Rayes et al., 2021).

The complex polymers listed above that comprise the cell wall 
provide bacteria with strength and a barrier to the outside world, 
allowing them to thrive in a multitude of environments, including 
the human body (Brown et al., 2020). With the announcement 
that many major pharmaceutical companies will no longer fund 
research programs in this critical area, the influential and 
conscientious researchers need to identify new opportunities to 
combat the situation (Hu, 2018). Meanwhile, as a strategic object 
of research, the bacterial cell wall remains at the core of 
experimental practices, scientific narratives, and research funding 
appeals throughout the antibiotic era. Thus, the research 
laboratory was dedicated to the screening of new antibiotics while 
remaining the site at which the mode of action of new substances 
was investigated.

This article reviews and summarizes the iterative studies of the 
bacterial cell wall and the corresponding antibiotics to promote 
both mechanistic insights and translational applications, laying a 
solid foundation for finding more effective antibiotics.

Peptidoglycan

PG is an important component of the cell wall that provides 
bacteria with a rigid structure and enables them to survive in 
hypotonic environments, which makes it a reliable target for 
antibiotic screening.

The peptidoglycan synthesis

PG synthesis can be  roughly divided into three stages 
(Figure  1). (1) Stage 1, in the cytoplasm, the PG precursor 
UDP-MurNAc-pentapeptide is formed. N-acetyl-L-phosphate 
glucosamine uracil transferase (GlmU) catalysis was used to 
produce uridine diphosphate N-acetylglucosamine 
(UDP-GlcNAc) from glucosamine-1-phosphate. The enol 
pyruvate group is then transferred from phosphoenol pyruvate 
(PEP) to the 3′-hydroxyl of UDP-GlcNAc by UDP-GlcNAc enol 

pyruvate transferase (MurA) to form UDP-GlcNAc-enol 
pyruvate (Wanke and Amrhein, 1993). Then UDP-GlcNAc is 
enolized and reduced to UDP-MurNAc by UDP-N-acetyl 
allylacetone glucosamine reductase (MurB) catalysis (Benson 
et al., 1993). L-Ala, D-Glu, m-DAP, or L-Lys, and D-Ala are 
subsequently treated by a series of ligases (MurC, MurD, MurE, 
MurF), and D-Ala forms UDP-MurNAc-pentapeptide with the 
participation of ATP (Green, 2002). (2) Stage 2, at the 
membrane, the assembly of the precursor to form lipid I and 
lipid II on the cytoplasmic side of the cell membrane. Phospho-
MurNAc-pentapeptide was transferred from UDP-MurNAc-
pentapeptide to undecaprenyl phosphate by UDP-MurNAc-
pentapeptide phosphotransferase (MraY) catalysis to form lipid 
I, and GlcNAc combines with lipid I  to form lipid II via 
decadecenyl diphosphate-MurNAc-pentapeptide-UDP-
GlcNAcGlcNAc transferase (MurG; Anderson et  al., 1967). 
After lipid II assembly is completed, the intermediate is flipped 
from the cytoplasmic surface of the membrane to the external 
surface which is mediated by SEDS (shape, extension, division, 
and spore formation) proteins or MOP (Multi-drug/
oligosaccharide-lipid/polysaccharide) outputs (van Dam et al., 
2007; Mohammadi et  al., 2011; Ruiz, 2015). (3) Stage 3, 
polymerization and cross-linking of PG occurs on the surface 
of the cell membrane. MurJ and Class I PBPs transfer class II 
lipids through the cytoplasmic membrane, resulting in 
polymerization of glycan components. In addition, Class II 
PBPs catalyze crosslinking between adjacent stem peptides and 
then hydrolyze UndPP by undecaprenyl pyrophosphate 
phosphatase(s) to regenerate UndP (Goffin and Ghuysen, 1998; 
Ruiz, 2008). The lipid-linked disaccharide pentapeptide is 
converted into PG through transglycosylation and transpeptide 
to complete peptide cross-linking, which maintains the shape 
of the bacteria and guarantees the toughness of the PG.

Considering the key enzymes in PG synthesis, some 
potentially feasible candidates have been found to inhibit its 
synthesis (Figure 2; Supplementary Table S1).

MurA

As the first key enzyme in catalyzing PG synthesis, MurA has 
been conducted to screen or design developable inhibitors 
(Tiwari et al., 2021). Fosfomycin has been discovered as the first 
irreversible inhibitor of MurA by the phenotypic screening (Diez-
Aguilar and Canton, 2019), which blocks the PEP site by 
alkylating the thiol of Cys115, thereby blocking the PEP’s 
connection to the 3′-hydroxyl group of UDP-GlcNAc. In 
addition, Fosfomycin can enter bacteria through two uptake 
routes, namely L-α-glycerophosphate and hexosan-6-phosphate 
transporter systems, facilitating their functioning, at least in 
Escherichia coli (E. coli). Finally, Fosfomycin inhibits platelet 
activator receptors in respiratory epithelial cells, thereby reducing 
the adhesion of Streptococcus pneumoniae and Haemophilus 
influenzae (Wanke and Amrhein, 1993; Falagas et  al., 2016). 
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Further, it has been successfully used to treat urinary tract 
infections caused by E. coli, Pseudomonas aeruginosa 
(P. aeruginosa), and vancomycin-resistant Enterococcus faecalis 
(Lopez-Montesinos and Horcajada, 2019; Zhanel et al., 2020). 
Although new MurA inhibitors have been persistently discovered 
by screening, not all of them can covalently and irreversibly bind 
to MurA like Fosfomycin, i.e., RWJ-3981, RWJ-140998, 
RWJ-110192 (Baum et  al., 2001). Through macromolecular 
labeling, it has been found that the above inhibitors do not 
promote the uptake of propidium iodide, thus the antibacterial 
effect may not be related to the cell damage (Silver, 2013). In 
recent years, more MurA inhibitors, including IN00152, IN00156, 
allylpyrocatechol derivatives, and heterocyclic electrophiles, have 
been discovered (Keeley et al., 2018;Kurnia et al., 2020; Raina 
et  al., 2021), which highlighted the involvement of computer 
simulation and screening in future research. Among these, 
IN00152, IN00156, and allylpyrocatechol derivatives can 
non-competitively inhibit substrates UDP-GlcNAc and PEP, and 
the effectiveness increases along with the substrate concentrations 
(Kurnia et  al., 2020; Raina et  al., 2021). Furthermore, by 
combining IN00152 and IN00156 with antibiotics (carbenicillin, 
ciprofloxacin, gentamicin, and tetracycline), the additive 
interaction between them has been elucidated (Raina et al., 2021).

MurB

In the synthesis progress of PG, MurB reduces the 
UDP-GlcNAc enol to UDP-MurNAc, which is a nucleotide sugar 
attached to the pentapeptide stem and a strong feedback inhibitor 
of MurA. Thus, MurB inhibitors can completely prevent inhibitory 
feedback from MurA. As Sulfadoxine (−7.3 kcal/mol) and 
Pyrimethamine (−7.8 kcal/mol), they possessed stable interactions 
with MurB of M. tuberculosis (Rani et al., 2020). Subsequently, 
purine-connected piperazine derivatives were synthesized, which 
had an inhibitory effect on Mycobacterium tuberculosis H37Rv 
(Konduri et al., 2020). A study has shown that 4-thiazolidinone is 
an inhibitor of diphosphate mimics with no antibacterial activity, 
but its core could be modify to Imidazolinone to have an effect 
(Andres et al., 2000). However, apart from its correlation with 
structure, there is no direct evidence showing the antibacterial 
activity depends on its inhibition of MurB (Bronson et al., 2003). 
As inhibitors of MurB, 3,5-Dioxopyrazolidines have antimicrobial 
activities against methicillin-resistant Staphylococcus aureus 
(MRSA), vancomycin-resistant Enterococcus, and penicillin-
resistant Streptococcus pneumoniae, which also exhibits inhibition 
effects on MurA and/or MurC (Yang et al., 2006). However, since 
serum might bind to 3,5-Dioxopyrazolidines to reduce the 

FIGURE 1

Peptidoglycan biosynthesis pathway. UDP-GlcNAc, uridine diphosphate N-acetylglucosamine; PEP, phosphoenol pyruvate; MurA, UDP-GlcNAc 
enol pyruvate transferase; MurB, UDP-N-acetyl allylacetone glucosamine reductase; MurG, decadecenyl diphosphate-MurNAc-pentapeptide-
UDP-GlcNAcGlcNAc transferase; MraY, UDP-MurNAc-pentapeptide phosphotransferase; PBP, penicillin-binding proteins.
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antibacterial activity by influencing their interaction with the 
bacterial targets (Merrikin et al., 1983), there are difficulties in 
evaluating the efficacy and safety of 3,5-Dioxopyrazolidines-
derived compounds in vivo. For P. aeruginosa, fragments of 
pyrazole derivatives were identified through differential scanning 
fluorimetry and X-ray crystallography, which were synthetically 
modified to enhance their binding affinities. Based on those 
fragments, the inhibitors of MurB can be designed in the future 
against P. aeruginosa (Acebron-Garcia-de-Eulate et  al., 2022). 
Furthermore, molecular docking suggested that the S atom of 
thiazole in the sulfur ether part is connected to the amino acid 
residue in the MurB enzyme by hydrogen bonding, which implied 
that by increasing the sulfur ether part could assist new MurB 
inhibitors screening (Sanad et  al., 2020). In addition, studies 
showed that thiazolyl urea-like structures can inhibit bacterial 
respiration, but the mechanism remains unclear (Proctor et al., 
2002; Francisco et al., 2004).

MurC

MurC is responsible for adding the L-alanine (L-Ala) to the 
nucleotide precursor UDP-MurNAc, and its inhibitors usually 
competitively inhibit the MurNAc binding site. For example, 
Compound C-1 shares similar ATP binding sites as MurC; it can 
inhibit MurC of E. coli and those intestinal bacteria that are closely 
related to E. coli. Although H. influenzae shares the highly 
conserved ATP binding region of MurC with E. coli, Compound 
C-1 showed no effect on Haemophilus MurC and the growth of 
other G-bacteria (Zawadzke et  al., 2008). Therefore, the 
development of MurC inhibitors still needs further exploration. 
In addition, MurC and MurD shares a similar binding site as the 
UDP-Nacetylmuramyl moiety. Meanwhile, MurE and MurF 

possess different binding sites. This property might direct the 
inhibitors’ screening direction.

MurD

MurD is responsible for adding ATP-dependent D-glutamic 
acid to UDP-MurNAc-L-Ala and is involved in acylphosphate and 
tetrahedral intermediates in PG synthesis. MurD inhibitors can 
be roughly divided into two types: peptides and non-peptides. 
Two cyclic none-residue peptides were found to inhibit MurD of 
E. coli, i.e., Cys-Pro-Ala-His-Trp-Pro-His-Pro-Cys and Cys-Ser-
Ala-Trp-Ser-Asn-Lys-Phe-Cys, with 1.5 and 0.62 mmol/l as IC50 
values, respectively (Bratkovic et al., 2008).

Non-peptide inhibitors can be  further divided into two 
categories according to whether they are based on glutamate or 
not, and glutamate-based inhibitors account for the vast majority, 
including the following subcategories: Phosphonates, 
Sulfonamides, 5-benzyliminoazoalkyl-2, 4-dione/5-benzylidene 
mantaneamine, and 5-benzylidenethiazolidin-4-one. Phosphonate 
transition state analogs are the earliest-found MurD inhibitors. 
The MurD of E. coli can be inhibited by replacing the MurNAc 
part with a suitable length of hydrophobic linker (Tanner et al., 
1996). Sulfonamides are another important class of MurD 
inhibitors, which are like Phosphonates in that their amide 
functional group is incorporated into the target compound to 
simulate MurD tetrahedral intermediates (Kotnik et  al., 2007; 
Humljan et al., 2008). Its L-and D-glutamic acid components are 
in the same position as the glutamic acid component of 
UDP-MurNAc-L-Ala-D-Glu, and its inhibitory effect is 
competitive with that of D-glutamic acid. 5-benzyliminoazoalkyl-
2,4-dione and 5-benzylidene amantadine, which are MurD 
inhibitors, still possess activities after replacing D-Glu with L-Glu 

FIGURE 2

Potential inhibitors target peptidoglycan. UDP-GlcNAc, uridine diphosphate N-acetylglucosamine; PEP, phosphoenol pyruvate; MurA, UDP-
GlcNAc enol pyruvate transferase; MurB, UDP-N-acetyl allylacetone glucosamine reductase; MurG, decadecenyl diphosphate-MurNAc-
pentapeptide- UDP-GlcNAcGlcNAc transferase; MraY, UDP-MurNAc-pentapeptide phosphotransferase; PBP, penicillin-binding proteins.
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(Tomasic et al., 2009). The inhibition effect even become better 
through a slight change of the ring substituent and the linker 
region between the two benzene rings (Tomasic et al., 2012). The 
most powerful change is achieved by designing and synthetizing 
a NH-CH2 group to connect the two inverted benzene ring 
compounds, which can greatly increase hydrophobic interactions 
and hydrogen bonds through water molecules. It can also inhibit 
MurE as well and showed antibacterial activity against MRSA 
(MIC, 8 μg/ml; Tomasic et al., 2012). 5-benzylidenethiazolidin-
4-one can inhibit MurD, based on which several different 
compounds were designed and optimized. These compounds 
showed strong inhibitory activities against E. coli MurD ligase 
with an IC50 of ~28 mM (Zidar et al., 2011). In addition, some 
compounds also showed antibacterial activities against G+ bacteria 
including S. aureus and Enterococcus faecalis. In addition, studies 
on X-ray crystal structure reveals the structure–activity 
relationship, showing a new direction on the design and 
development of new inhibitors of MurD (Zidar et  al., 2011). 
Although many types of E. coli MurD inhibitors have been 
discovered, MurD orthologs from other pathogens, such as 
S. aureus, showed low sensitivity to some types of inhibitors 
(Barreteau et al., 2012). The overall similarity of the amino acid 
sequences of MurDs in different bacteria was low, while sharing 
conserved residues closely related to catalytic activity. This low 
sensitivity may be related to the slow growth characteristics of 
bacterial species, which suggest the difference in active site 
topology plays a crucial role in the identification process 
(Barreteau et  al., 2012). Therefore, the structure of MurD 
orthologs must be taken into consideration for screening better 
MurD inhibitors.

MurE

MurE is responsible for linking L-lys or mDAP to 
UDP-MurNAc-L-Ala-D-Glu, which plays an important role in 
stemming the peptide in the third position. Since MurE follows 
MurD in the cascade of amino acid additions in PG synthesis, 
there is a similar structure between the transition state analogue 
inhibitor of MurD and the substrate of MurE. β-sulfonamido 
peptide is a moderate inhibitor of S. aureus MurE (El Zoeiby et al., 
2003). The phosphonates that inhibit MurD also act as inhibitors 
of MurE. As a benzene, 1,3-dicarboxylic acid can dually inhibit 
MurD and MurE through the modification of certain chemical 
groups (Perdih et  al., 2009). By virtual screening, molecular 
dynamics, and in vitro studies, some researchers have found that 
Lead molecules can effectively inhibit the growth of S. aureus, and 
the activity is related to the exposure-response relationship. The 
bactericidal effect of a Lead molecule works quite similarly to 
Vancomycin, both of which can inhibit the growth of S. aureus in 
a dose-dependent manner (Zaveri and Kiranmayi, 2017). 
Vancomycin acts on the D-Ala-D-Ala part of the NAM and NAG 
cross-linked on the cell surface, while the Lead molecule targets 
the cytoplasmic MurE. Because of the difference in targets, Lead 

molecules are used as new antibiotics to replace Vancomycin to 
deal with the clinical Vancomycin-resistant bacteria, including 
Vancomycin-resistant S. aureus (VRSA), Vancomycin 
intermediate S. aureus (VISA), and heterogeneous Vancomycin-
intermediate S. aureus (hVISA; Appelbaum, 2007). Recent studies 
showed that Lifitegrast (−10.5 kcal/mol) and Sildenafil (−9.1 kcal/
mol), which have been approved by the FDA, can combat MurE 
of Mycobacteria spp. (Rani et al., 2019), which provides a new 
research direction for tuberculosis treatment.

MurF

MurF catalyzed the addition of D-Ala-D-Ala to the nucleotide 
precursor UDP-MurNAc-L-Ala-G-D-Glu-meso-diaminopimelate 
(UMtri-mDAP). Transition state Pseudotripeptide and 
Pseudotetrapeptide aminoalkyl phosphinate mimetics were the 
earliest reported MurF inhibitors. Subsequently, Sulfonamide 
inhibitors were discovered and could be crystallized together with 
MurF (Longenecker et al., 2005). Later, Thiazolylaminopyrimidine 
series were identified as the MurF inhibitors, of which the lowest 
IC50 was 2.5 μM (Baum et  al., 2006). However, none of the 
inhibitors had antibacterial activity, which may be related to their 
poor permeability of the cell wall (Baum et al., 2009). Based on the 
release of the crystal structure of Streptococcus pneumoniae MurF, 
a new MurF inhibitor, NSC 209931, was screened virtually, with 
IC50 of 63 μM and MIC of 128 μg/ml, respectively (Turk et al., 
2009). In addition, the series of 8-hydroxyquinoline, 
4-phenylpiperidine derivatives, and Diarylquinoline can inhibit 
MurF of E. coli (Baum et al., 2007, 2009). Furthermore, based on 
the previously released inhibitors, nanomolar inhibitors of 
S. pneumoniae MurF (MurFSp), micromolar inhibitors of E. coli 
(MurFEc) and S. aureus (MurFSa) have been modified by Lead 
compounds to produce new effective inhibitors (Hrast et  al., 
2013). The discovery and evolution of these inhibitors provide a 
new spark for creating novel antibacterial candidates.

Alr and Ddl

Alr (alanine racemase) and Ddl (D-Ala-D-Ala ligase) are 
enzymes required to produce D-Ala from L-Ala and link two 
D-Ala parts. In M. tuberculosis, Alr and Ddl are both essential and 
are inhibited by Cycloserine (Sassetti et al., 2003; Bruning et al., 
2011), the second line of antituberculosis drugs. Although the 
main target of Cycloserine in M. tuberculosis remains 
controversial, the results showed that both required targets can 
be inhibited by a single entity (Feng and Barletta, 2003; Bruning 
et al., 2011). In Streptococcus spp., Cycloserine has been shown to 
inhibit Alr and Ddl in vitro through mutations (Reitz et al., 1967; 
Noda et al., 2004). In addition, Roche designed a synthetic Alr 
inhibitor, Alaphosphin, which is taken up by peptide transport. 
However, the loss of permease (in this case, tripeptide permease, 
tpp) leads to drug resistance (Atherton et al., 1979).
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MurI

MurI is a glutamate racemase that produces enough D-Glu to 
be  linked to UNAM-L-Ala through MurD. The structure and 
function of MurI are regulated by a variety of factors. D-Glu 
transferase cannot be replaced in S. aureus and S. pneumoniae, 
since MurI is essential (Zhang et al., 2004). In Listeria spp. and 
Bacillus spp., there is another enzyme, pyridoxal 5 phosphate 
aminotransferase, that can produce D-Glu (Barreteau et al., 2008), 
and there are two unique biosynthetic pathways for D-Glu in 
Staphylococcus hemolyticus (Pucci et al., 1995). A study showed 
that D-Glu analogues can inhibit MurI of S. pneumoniae with a 
MIC of 0.2 μg/ml, and many of them possess good correlations 
between enzyme inhibition and the MIC (de Dios et al., 2002). 
Researchers have found that Pyrazolopyrimidine dione (Lundqvist 
et  al., 2007) and Pyridiazepines (Geng et  al., 2009) have 
anti-H. pylori effects, which can interact with the allosteric active 
site of MurI. They can reduce the amount of D-Glu in the 
glutamate pool when combined with serum proteins. However, 
the two compounds have a high drug resistance property and 
showed no protective effect in the H. pylori-infected mouse model. 
Therefore, the pharmacokinetic characteristics of the two 
compounds need to be  further studied, and the issue of drug 
resistance also needs to be taken into consideration (Lundqvist 
et al., 2007; de Jonge et al., 2009; Geng et al., 2009).

MraY

Phosphate-MurNAc-pentapeptide transpotentator (MraY) is 
involved in the first step of catalyzing the lipid lipoligacy. It 
transfers phospho-MurNAc-pentapeptides into undecyl 
phosphate with the participation of Mg2+, producing undecylene-
P–P-MurNAc-pentapeptide (lipid intermediate I) and uridine 
monophosphate (UMP). Members of the natural nucleoside 
antibacterial family (Tunicamycin, Moreomycin, Carpramycin, 
etc.), the antibiotic E protein of phage φX174, and some small-
molecule compounds can all effectively inhibit MraY, exhibiting 
antibacterial activities.

Compounds in the nucleoside antibiotic family can recognize 
and competitively bind to the UDP-N-acetylmuramyl-
pentapeptide (UDP-Mpp) binding site of MraY. These molecules 
all contain the same aminoribosyl-O-uridine backbone, which is 
very important for their inhibitory effects (Dini et al., 2000; Bugg 
et al., 2006; Tanino et al., 2011; Rodolis et al., 2014a,b). Although 
it can combine with the uracil part of the nucleoside inhibitor, 
uridine itself cannot act as an inhibitor of MraY. We can target the 
medicinal hot spots (the uridine adjacent, TM9b/Loop E, 
Caprolactam, Hydrophobic, Mg2+ cofactor, and Tunicamycin 
binding pockets) near the uridine binding site on the cytoplasmic 
surface to inhibit MraY (Mashalidis et al., 2019). The antibiotic E 
protein of phage φX174 affects the function of MraY in E. coli and 
blocks the PG synthesis; however, this phenomenon does not 
occur in G+ bacteria. By gene analysis, it was found that 29 amino 

acids from the N-terminal constitute the transmembrane domain 
of protein E. When the N-terminal rather than C-terminal 
hydrophobic residue is replaced by leucine, it loses its bioactivity. 
Thus, 29 amino acids from the N-terminal constitute the key 
sequence for the inhibition of MraY. Furthermore, by site-directed 
mutagenesis, researchers found out that the proline at position 
21 in the transmembrane domain of protein E is also crucial for 
the inhibition of MarY (Witte et al., 1990; Bernhardt et al., 2001; 
Mendel et al., 2006; Zheng et al., 2008; Tanaka and Clemons Jr., 
2012). Through the study of Bacillus subtilis, Chen et al. (2016) 
found that the first two amino acids of the Park’s nucleotide 
oligopeptide chain are very important for recognition of 
MraY. Thus, Park’s nucleotides, their analogs, and the C4-OH 
configuration play important roles in substrate specificity. Further 
studies discovered that modification at the 5-position of uracil can 
severely damage the activity of its substrate, which provides a 
direction for the design and development of MraY inhibitors. At 
present, significant progress has been made in the development of 
detection methods suitable for high-throughput screening. 
Researchers have been able to screen low-molecular-weight MraY 
inhibitors so far (Fer et al., 2018).

MurG

MurG belongs to the glycosyltransferase family and connects 
the GlcNAc of UDP-GlcNAc to lipid I after MraY catalysis and 
lipid II production (Chen et  al., 2002). There are three main 
methods for MurG inhibitors screening currently. The first one is 
to use existing inhibitors to synthesize similarly designed 
molecules. The second method is to synthesize UDP-GlcNAc 
mimics by modifying the nucleotide groups. The last one is to 
construct compound libraries and use purified enzymes to screen 
lead compounds that competitively bind to MurG (Helm et al., 
2003; Hu et al., 2003, 2004).

Through the synthesis and determination of MurG transition 
state analogues, Amy et al. (Trunkfield et al., 2010) prepared a 
library of 19 analogues of E. coli MurG, most of which can inhibit 
MurG that contain a 2-methoxyphenyl R1 substituent. In vitro, 
Vancomycin derivatives containing N-chlorobiphenyl-N-
methylleucine and Monomycin were reported as the effective 
inhibitors of MurG (Terrak et al., 1999; Liu et al., 2003), but none 
of them could penetrate the cell wall, nor could they exert MurG-
inhibiting activity in vivo. As a newly discovered steroid-like 
molecule, Murgocil can also specifically bind to MurG, which can 
effectively inhibit the PG synthesis in S. aureus and has synergistic 
activity with β-lactam. In addition, studies have proved that the 
synergistic activity of Murgocil and Imipenem is mediated by the 
localization of MurG-dependent PBP2 in the division interval. 
Through the study of several murgocil-resistant Staphylococci, the 
possible sites of its resistance were found, which depends on 
certain unique amino acid residues in S. aureus MurG, 
unfortunately. Thus, the antibacterial activity of Murgocil in the 
body is limited to Staphylococcus spp.; it is ineffective against other 
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G+ and G-bacteria (Mann et al., 2013). Therefore, the discovery of 
MurG inhibitors still needs further exploration.

Lipopolysaccharide

Lipopolysaccharide (LPS), also known as endotoxin, is the 
main component of the outer membrane (OM) of all G-bacteria. 
It maintains the structural integrity of the bacteria and protects 
the bacteria membrane from attack by certain chemicals. However, 
it is also the cause of various biological effects associated with 
G-sepsis. LPS can alter the morphology, metabolism, and gene 
expression of nearly all eukaryotic cells, as well as stimulate the 
uncontrolled expression of host cytokines and cause severe 
infection (Kutschera and Ranf, 2019; Simpson and Trent, 2019). 
LPS consists of three parts: lipid A, core polysaccharide, and 
O-specific polysaccharide. Lipid A is the basis for its production 
of toxic substances (Kawahara, 2021), core polysaccharide is 
composed of heptose, galactose, and 2-keto-3-deoxyoctanoic acid, 
and O-specific polysaccharide is a polymer formed by end-to-end 
repeating units of a specific length. G-bacteria’s membrane 
barriers include a phospholipid inner membrane and an 
asymmetric OM that is primarily composed of LPS (Osborn et al., 
1972a,b; Kamio and Nikaido, 1976). Although membrane proteins 
and fibrous structures such as pili and flagella also help maintain 
the morphology of the bacterial membrane surface, the change of 
OM is lethal to bacteria (Lu et al., 2014). Therefore, developing 
new antibacterial agents targeting LPS is a highly strategy 
(Figure 3;  Supplementary Table S2).

Uridine diphosphate-(3-O-(R-3-hydroxydanoyl))-N-acetylglu 
cosamine deacetylase (LpxC) is a cytosolic zinc-based 
deacetylatase that catalyzes the first step of lipid A biosynthesis 
and is a validated antibiotic target. (Wyckoff et  al., 1998). 
Therefore, inhibiting LpxC can interfere with the membrane 
stability of G-bacteria, such as how 2-(1Shydroxyethyl) imidazole 
achieves inhibition of LpxC through the imidazoly chelated zinc 
ion domain, with 4 μg/ml as the MIC against P. aeruginosa 
(Yamada et al., 2020). The most thoroughly studied inhibitor of 
LpxC is CHIR-090, which has inhibitory effects on most 
G-bacteria (Zhang et al., 2012).

In the host, cluster of differentiation (CD) 14 (Ulevitch and 
Tobias, 1995) and Toll-like receptor (TLR)-4/Myeloid 
differentiation (MD) 2 complex (Kim et al., 2007; Ohto et al., 2007; 
Zimmer et  al., 2007) are responsible for the recognition of 
LPS. CD14 presents LPS to TLR-4/MD2 to trigger the synthesis of 
various inflammatory mediators, such as interleukin (IL)-1, IL-6, 
and tumor necrosis factor-α (TNF-α), and the production of 
costimulatory molecules that are needed to activate the adaptive 
immune response (Raetz and Whitfield, 2002; Brandenburg and 
Wiese, 2004; Miyake, 2004; Munford and Varley, 2006). During 
the whole course, the interaction between lipid A and TLR-4/MD2 
is very critical. There is a study that shows that natural or synthetic 
lipid A derivatives, such as E5564 (Lynn et al., 2003), can be used 
as an antagonist of site-specific competition for lipid A receptors 

on the TLR-4/MD2 complex. LPS not only plays an important role 
in the TLR4-MD2 pathway, but also participates in pathogen-
related molecular patterns (Rietschel et al., 1994; Snyder et al., 
1999), and can help antimicrobial peptides or complement (Raetz, 
1990). These are closely related to the immune response, which 
shows the feasibility and superiority of LPS as a new antibiotic.

Polymyxin B is a lipopeptide antibiotic isolated from Bacillus 
polymyxa (Storm et al., 1977), which can interact with the LPS 
through electrostatic force by its polycationic peptide ring. When 
polymyxin are close to OM, the branched alkyl tail of Polymyxin 
B will be drawn into the hydrophobic core of the OM to solubilize 
the inner membrane (Oh et  al., 2017). Like Polymyxin, 
Darobactin, discovered in recent years, may also act on 
LPS. Darobactin is a heptapeptide that has antibacterial activity 
against a series of G-bacteria, including drug-resistant pathogens 
(Imai et  al., 2019). Intriguingly, by sequencing, BamA was 
confirmed as the only OM protein that causes Darobactin 
resistance (Imai et al., 2019), and the direct inhibitory effect of 
Darobactin on BamA was further observed through in vitro 
protein renaturation experiments (Imai et al., 2019). Furthermore, 
the inhibition of Darobactin on BamA and the destruction of the 
formation of the OM is consistent. In addition to inhibiting the 
synthesis of bacterial proteins, the aminoglycoside antibiotics, 
including Gentamicin, Tobramycin, and Amikacin, can also 
inhibit the synthesis of LPS (Davis, 1987). The underlying 
mechanism may be  related to inhibiting the accumulation of 
guanosine 5′-triphosphate-3′-diphosphate (PppGpp) and 
guanosine 5′-diphosphate 3′-diphosphate (ppGpp; Cortay and 
Cozzone, 1983).

The inner membrane ABC transporter MsbA belongs to the 
ABC transporter superfamily, which reversely transports LPS 
from the intima leaflet synthesis site to the intima outer leaflet 
(Doerrler et al., 2004; Ward et al., 2007). Studies have found that 
MsbA utilizes the ATP to bind and hydrolyze through an open 
inward (cytoplasmic) and open outward (periplasmic) 
conformation during the LPS transport cycle (Mi et al., 2017; Ho 
et al., 2018). Mutations that prevent conformational changes in the 
transmembrane domain can disrupt the hydrolysis of ATP (Doshi 
et al., 2013). Thus, molecules that can inhibit the conformational 
changes required for MsbA transport activity may also inhibit 
ATPase activity. Many Quinoline compounds (such as G592, 
G913, and G332 (Alexander et al., 2018)) with bactericidal activity 
were screened and were proven to selectively inhibit 
MsbA. Recently, researchers have discovered that certain 
compounds can stimulate the ATPase activity of MsbA while 
separating it from the LPS translocation, thereby interrupting the 
transport function (Zhang et al., 2018). This mechanism shares a 
similar phenomenon as inhibitors of ABC transporters. For 
example, G0507 (Nickerson et  al., 2018) inhibits LolCDE (a 
protein that ensures the normal transport of lipoproteins from the 
inner membrane to the outer membrane) and tariquidar (Loo and 
Clarke, 2014) inhibits P-glycoprotein (an excretion pump in 
mammalian cells that expels the drug). In addition, MsbA 
inhibitors were found to be more effective against strains lacking 

https://doi.org/10.3389/fmicb.2022.952633
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Zhou et al. 10.3389/fmicb.2022.952633

Frontiers in Microbiology 08 frontiersin.org

TolC efflux pumps (Alexander et al., 2018). In general, the study 
of MsbA provides a leading basis for the development of 
new antibiotics.

Teichoic acid

Teichoic acid is an important component of the vast majority 
of G+ bacterial cell walls. It is a polymer composed of 
polyphosphate glycerides or polyphosphate ribositol that plays an 
important role in maintaining ionic homeostasis in the cell wall, 
protecting bacteria from antibiotic and lysozyme damage, division 
and autolysis, and recognition and interaction with host cells. 
Glycosylated WTA plays an important role in cell morphology, 
bacterial colonization, biofilm formation, phage infectivity, 
bacterial resistance, and interaction with the host (Manara et al., 
2018). The net charge of WTA and LTA is one of the important 
factors affecting the sensitivity of S. aureus and many other G+ 
bacteria to cationic anti-microorganism peptides (CAMPs). To 
reduce the highly negative net charge in the cell envelope, WTA 
was modified with D-Ala. Peschel et  al. (Peschel et  al., 1999) 
proposed that D-Alaized WTA is involved in mediating S. aureus 
antimicrobial peptide resistance. The dltABCD operon encodes 

the enzyme required for the D-Alaization of WTA. By biochemical 
characterization, researchers designed an inhibitor of DltA: 
d-alanyl-aminoaminoadenide (May et  al., 2005), which could 
block d-Ala adenosine of DltA in vitro. When combined with 
vancomycin in vivo, the growth of Bacillus subtilis was significantly 
inhibited. Although this inhibitor has a high affinity for DltA of 
B. subtilis, the MIC is rather high, which may relate to its 
degradation in cells or limited permeability. This inhibitor also 
inhibits DltA in MRSA, which is also more effective when 
combined with β-lactam antibiotics, especially with imipenem 
(Coupri et  al., 2021). In addition, D-Alanylation-deficient 
E. faecalis is more sensitive to β-lactam antibiotics (Coupri et al., 
2019). D-Alaization is very important for the virulence of bacteria 
as well as for infection. For example, S. aureus lacking dltA are 
more sensitive to neutrophils and host-produced phospholipase-
degrading bacterial membrane lipids (Hunt et al., 2006). Although 
it has been reported to inhibit dltA in vitro (May et al., 2005), 
Amsacrine is the only molecule that has been shown to inhibit 
D-Alaization in cells and restores D-Alaization in mutants 
expressing the resistant dltB allele. Thus, DltB is a target for 
Amsacrine (Pasquina et al., 2016).

The susceptibility of S. aureus to CAMPs and Glycopeptide 
antibiotics, such as Vancomycin or Teicoplanin, has increased 

FIGURE 3

Potential inhibitors target lipopolysaccharide. BamA, the central component of the BamABCDE complex, it catalyzes both folding and insertion of 
nascent porins; MsbA, belongs to the ABC transporter superfamily, which reversely transports LPS from the intima leaflet synthesis site to the 
intima outer leaflet.
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(Brown et al., 2012), and is obviously fatal to S. aureus. Orivancin 
bound to lipid II can prevent the regeneration of the shared lipid 
transporter C55 that is required for the PG and WTA biosynthesis, 
and WTA inhibition takes precedence over PG inhibition (Singh 
et  al., 2017). In addition, WTA β-GlcNAc glycosylation 
modification is essential for MRSA to maintain β-lactam 
resistance (Brown et al., 2012).

Park et al found that human mannose-binding lectin (MBL) 
binds to S. aureus cells by recognizing the cell surface sugar 
polymer WTA, and this binding activates the lectin complement 
pathway, which can induce deposition of C4 on S. aureus. The 
S. aureus tagO mutant lacking WTA cannot bind to purified 
human MBL (MBL/MASP complex), but re-introduction of the 
plasmid-encoded tagO gene can restore binding (Park et al., 2010). 
This makes the tagO gene a potential target for new antibacterial 
agents. The tagO gene, which encodes TagO, is a key enzyme that 
catalyzes the first step in WTA biosynthesis, and can be inhibited 
by a natural product, tunicamycin (Zhu et al., 2018). Knocking out 
the tagO gene, S. aureus is highly sensitive to autolysis (Soldo et al., 
2002; Atilano et al., 2010; Schlag et al., 2010), and mutation in 
tagO increases the hydrophobicity of the bacterial membrane 
surface and reduce the adhesion ability (Holland et al., 2011). 
TagO possesses a high homology with MraY in Bacillus subtilis, 
suggesting that it may be involved in the synthetic reaction of 
peptidoglycans (Soldo et al., 2002). Recently, a new inhibitor of 
LTA, HSGN-94/189 (Naclerio et al., 2020), has been identified to 
have antibacterial activity on MRSA and VRE, especially when 
combined with tunicamycin. Opoku-Temeng et al. found that the 
active group in HSGN-94/189 contained N-(1,3,4-oxadiazol-2-yl) 
benzamide moieties and was effective in reducing bacterial 
loading in vivo (Opoku-Temeng et al., 2018). All above results 
suggested that HSGN-94/189 may also target TagO.

In addition to TagO, other members from the Tag family, 
TagA, TagB, TagC, and TagG, can also be treated as targets for the 
development of new antibiotics. TagA glycosyltransferase is 
involved in the first step in WTA synthesis. tagA-deficient strains 
are less toxic and sensitive to methicillin, imipenem, and 
ceftazidime (D'Elia et al., 2006a,b; Farha et al., 2015). Moreover, it 
has found that five residues (E210, W211, R214, R221, and R224) 
of the C-terminal in TagA are crucial to its catalysis (Martinez 
et al., 2022), suggesting the discovery of new antibiotics that could 
be achieved by disrupting the synthesis of important polymers. 
Similarly, the serine active sites of TagB and TagC were also 
discovered, which play an important role in bacterial adhesion, 
aggregation, invasion, and infection (Pokharel et  al., 2020). 
Researchers found that the TagB-S255A and TagC-S252A proteins 
could not enter the cells or cause any cytopathy. Thus, the 
revelation of these active sites also provides new possibilities for 
the development of new antibiotics. TarG is the main component 
of the ABC transporter TarGH, and the novel antibiotics Targocil 
and 1835F03 can interact with TarG to inhibit TarGH activity 
(Swoboda et al., 2009; Lee et al., 2016). MnaA is a 2-isopropylase 
that regulates TarO and TarA through the mutual conversion of 
UDP-GlcNAc and UDP-ManNAc. Tunicamycin has been shown 

to bind to MnaA and inhibit the activity of 2-isopropylase in a 
dose-dependent manner (Mann et  al., 2016). In addition, the 
UDP-GlcNAc2-isopropylase inhibitor epimerox, which was 
identified based on the crystal structure of Bacillus anthracis 
UDP-GlcNAc2-isopropylase, showed strong anti-S. aureus and 
anti-S. epidermidis activity (Schuch et al., 2013; Xu et al., 2013). 
But whether epimerox can inhibit WTA synthesis and restore the 
antibacterial activity of β-lactam antibiotics still needs to 
be further explored. All in all, as a new antibiotic target, MnaA has 
good development and application prospects. On one hand, it can 
inhibit the synthesis of WTA alone; on the other hand, it can 
be used as an adjuvant combined with β-lactam antibiotics to 
restore its activity to kill MRSA and MRSE.

WTA-mediated deposition of C4  in adult serum is not 
induced by the MBL/MASP-mediated lectin pathway, but by the 
classical pathway mediated by Clq. After anti-WTA-IgG (mainly 
IgG2) is produced, it can induce complement-dependent 
opsonophagocytosis against S. aureus. Not only that, GlcNAc 
residues were identified as epitopes against staphylococcal WTA of 
serum IgG and MBL, especially the γ-configuration (Kurokawa 
et al., 2016). This provides a new strategy for accelerating the 
development of new drugs and preventing MRSA infections.

Daptomycin is a lipopeptide antibiotic active against G+ 
bacteria, which binds to the membrane in the presence of Ca2+ to 
inhibit LTA synthesis. The bactericidal activity of Daptomycin 
against Staphylococci spp. and Enterococci spp. is much higher 
than that of β-lactam antibiotics and Vancomycin. LTA is 
synthesized from phosphatidylglycerol, and the reaction is 
catalyzed by lipoprotein acid synthase (LtaS). The depletion of the 
ltaS genes and LTA in S. aureus can lead to growth arrest, 
enveloping, and cell division defects (Grundling and Schneewind, 
2007). Many compounds against LTA have been found in 
previous studies. The first inhibitor that can inhibit LTA 
biosynthesis is Compound 1771, which has a MIC of 5.34 μg/ml 
against S. aureus (Richter et al., 2013). Later, Vickery et al. proved 
that Congo red has inhibitory activity against LtaS, but its 
antibacterial activity against S. aureus is very low, and its MIC is 
1,024 μg/ml (Vickery et al., 2018). The latest study has found a 
new inhibitor, N-(1,3,4-oxadiazol-2-yl) benzamides, that can 
inhibit LTA biosynthesis, and its MIC value for MRSA is 0.25 μg/
ml, which is several times stronger than Vancomycin and 
Linezolid (Naclerio et al., 2019). In addition, Huang et al. found 
that the LTA of S. aureus ATCC 29213 showed a dose-dependent 
manner to Paenipeptin C′ activity. LTA on the surface of G+ 
bacterial cells may be  the original target of Paenipeptin C′. 
Through transmission electron microscopy, it can be observed 
that, after treatment with 32 μg/ml Paenipeptin C′ for 2 h, the cell 
wall of S. aureus ATCC 29213 disappeared, the cell membrane 
was ruptured, and the cell contents flowed out (Moon and Huang, 
2019). Although it is not ruled out that Paenipeptin C′ exerts 
antibacterial effects by acting on certain targets within the cell, it 
can lead to changes in cell membrane structure, affecting the 
growth of bacteria and inhibiting the synthesis of LTA (Figure 4;  
Supplementary Table S3).
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Lipoprotein

Bacterial lipoprotein (LPP) belongs to pathogen-associated 
molecular patterns (PAMPs) that can regulate the host’s 
immune response. The maturation of LPP depends on three 
key enzymes, namely pro-LPP diacylglycerol transferase 
(LGT), pro-LPP signal peptidase II (Spase II, or lipoprotein 
signal peptidase, LspA), and carrier lipoprotein 
N-acyltransferase (LNT) (Banerjee and Sankaran, 2013). Some 
G-bacteria can also secrete LPPs to the extracellular 
environment, and these LPPs have Peptidoglycan-associated 
lipoprotein (Pal), which plays an important role in the 
pathogenesis. Thus, researchers can develop new vaccines to 
target these LPPs (Table 1).

Lgt is the first key enzyme involved in LPP biosynthesis, and is 
responsible for recognizing the motif of the lipid box and catalyzing 
the transfer of the diacylglycerol group from phosphatidylglycerol 
to the thiol group of the conserved cysteine in the forward LPP 
(Sankaran and Wu, 1994). The deletion of the lgt gene is fatal to the 
growth of G+ bacteria such as Streptomyces coelicolor (Thompson 
et al., 2010) and M. tuberculosis (Tschumi et al., 2012), as well as 
certain G-bacteria (Chimalapati et al., 2012). For example, the 

deletion of the lgt gene of Listeria monocytogenes not only inhibits 
the growth of bacteria but may also weaken the virulence by 
changing the extracellular LPP level (Reglier-Poupet et al., 2003; 
Baumgartner et  al., 2007). Although the lack of Lgt may not 
necessarily prevent the growth of bacteria, it will greatly affect the 
performance, function, and virulence of the LPP surface 
(Chimalapati et al., 2012). By analyzing the X-ray crystal structure 
of the Lgt of E. coli and the Phosphatidylglycerol/Palmitic acid 
complex, researchers found that the hydrophobic tail of palmitic 
acid extends deeply into a narrow hydrophobic region, while the 
head domain is negatively charged. Lgt forms a salt bridge with 
R143 (one of the most important residues for the transfer of 
diacylglycerol groups), which happens to be  in the least 
hydrophobic region. Although Palmitic acid can inhibit Lgt 
non-specifically (Mao et al., 2016), no specific inhibitor of Lgt has 
been found so far. In the future, inhibitors of Lgt can be designed 
based on key amino acid residues and structural characteristics of 
the catalytic chamber. Recently, G2824 was identified to inhibit 
bacterial cell growth by inhibiting the diacylglyceroltransferase 
activity of Lgt (Diao et al., 2021). However, whether G2824 works 
by acting on the residues and/or catalytically active chambers still 
needs further studies.

FIGURE 4

Potential inhibitors target teichoic acid. WTA, wall teichoic acid; LTA, lipoteichoic acid.
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LspA is encoded by the lsp gene, which is present in 
G-bacteria, G+ bacteria, and mycoplasma but not in archaea and 
eukaryotes (Paetzel et al., 2002). Most bacteria have only one lsp 
gene (Kovacs-Simon et al., 2011; Nakayama et al., 2012). Multiple 
studies on lsp gene knockout have shown that LspA plays a vital 
role in the growth, function, and virulence of bacteria. In 
S. pneumoniae infection animal models, the loss of LspA leads to 
the accumulation of immature LPP and the attachment to the cell 
surface, impairing the function of the ABC transporter and 
reducing bacterial replication (Khandavilli et  al., 2008). For 
S. coelicolor, the lack of LspA causes the loss of LPPs on the cell 
membrane, leading to developmental defects (Munnoch et al., 
2016). So far, two types of LspA specific inhibitors have been 
reported, including (1) antibiotics originally identified from 
natural products, namely Coccinomycin and its derivatives (Dev 
et al., 1985), and Myxovirescin A (or antibiotic TA; Gerth et al., 
1982), and (2) small molecule compounds, namely BZM-1j and 
its analogues (Kitamura et al., 2018).

Lnt catalyzes the transfer of the sn-1 acyl chain of the 
phospholipid to the α-amino group of apolipoproteins lipidated 
cysteine (i.e., diacyl lipoprotein; Jackowski and Rock, 1986; 
Gupta and Wu, 1991), with the widest optimal pH range of 6.5 
to 7.5 (Gupta and Wu, 1991). Lnt is mainly distributed in 
G-bacteria such as E. coli and G+ bacteria with high GC content, 
such as Mycobacterium spp. and Streptomyces spp. Although 
Triacylated lipoproteins have been identified in some categories, 
i.e., S. aureus and B. subtilis, no true Lnt homologs in G+ bacteria 
with low acyl content (i.e., Firmicutes) have been confirmed 
(Kurokawa et al., 2012; Nguyen and Gotz, 2016). Although the 
structure of Lnt was determined by X-ray, no specific inhibitor 
has been found so far (Vidal-Ingigliardi et al., 2007; Buddelmeijer 
and Young, 2010).

Peptidoglycan-associated lipoprotein (Pal) is very important 
for the pathogenic mechanism and survival of G-bacteria. Pal is 
anchored in the OM and interacts with the Tol protein to form the 
Tol-Pal complex. The Tol-Pal complex consists of five proteins: 
TolQ, TolR, TolA, TolB, and Pal. Mutations in the tol-pal gene can 

cause various physiological changes in bacteria. E. coli mutants; 
for example, tolA, tolQ, tolR, and pal can produce a large number 
of outer membrane vesicles (OMV; Bernadac et  al., 1998; 
Balsalobre et al., 2006), which are secreted to the outside of the 
cell, and may have promising prospects in antibacterial aspects as 
they can be used as carriers to deliver antibiotics to eukaryotic 
cells or for vaccine development (Henry et al., 2004; Ferrari et al., 
2006). The Tol-Pal protein is not only related to the secretion of 
OMV, but also participates in the formation of cell membranes in 
daughter cells. A study has found that the Tol-Pal protein 
accumulates at the site of cell contraction, forming a membrane 
that separates daughter cells (Gerding et al., 2007), and plays a role 
in the absorption/transportation of certain compounds in the 
plasma membrane (Llamas et al., 2003). The tolQRA gene mutant 
of Vibrio cholerae created by Heilpern & Waldor (Heilpern and 
Waldor, 2000) has defects in transporting the bacteriophage 
CTXΦ DNA through the periplasm, which reduces the mutant’s 
ability for infection, resulting in a decrease in the secretion of 
cholera exotoxin and reducing the symptoms of diarrhea. The 
addition of purified 10 mg of Pal to the C3H/HeJ mouse cell line 
resulted in the induction of immune responses in macrophages 
and splenic lymphocytes like those observed after LPS application. 
TNF-α, IL-6, and nitric oxide are all increased, and early sepsis 
symptoms are induced (Yamauchi et al., 2006). The survival rate 
of C3H/HeN mice infected by E. coli strains with reduced 
expression of the pal gene increased and the level of IL-6 decreased 
(Hellman et al., 2002; Liang et al., 2005). The skin infection caused 
by the Haemophilus ducreyi pal mutant is not very serious, and it 
rarely transforms into ulcer form compared to the wild-type 
strain, which may be due to the reduced survival rate or the ability 
to induce immune response and the recruitment of neutrophils, 
lymphocytes, macrophages, and dendritic cells to the infection 
site. Thus, fewer H. dukkerii are isolated from the biopsy sample 
of the infection site (Fortney et al., 2000).

The Tol-Pal protein system can be used for the development 
of new vaccines and a good carrier for delivering antibiotics into 
eukaryotic cells. For example, Neisseria meningitidis has four 
serogroups A, C, W-135, and Y, that cause sepsis and meningitis. 
Effective vaccines based on conjugated capsular polysaccharides 
have been developed to prevent their infections. For type B 
serogroups, the anti-MenB vaccine based on OMV containing 
OM protein has been tested in phase III clinical trials with 
promising results (Henry et al., 2004; O'Hallahan et al., 2004; 
Ferrari et al., 2006). Yoon et al. (2002) developed a DNA vaccine 
based on the Legionella pneumophila’s pal gene and found 
intramuscular administration of a plasmid expressing the pal gene 
with eukaryotic promoters can induce a Th1 type response and a 
strong cytotoxic response. This shows that the DNA encoding the 
pal gene vaccines have great prospects as vaccines against 
Legionnaires’ disease.

MntC is also a potential target which has an impact on 
virulence. According to some studies, the toxicity of pro-Lpp 
lipidation deficient S. aureus mutants (slgt) is significantly 
decreased, particularly for iron malabsorption (Schmaler et al., 

TABLE 1 Potential inhibitors target lipoprotein.

Cell wall 
composition

Targets Potential inhibitors

Lipoprotein Lgt

LspA

G2824 (Diao et al., 2021)

Globomycin and its derivatives (Dev et al., 

1985)

Myxovirescin A (Gerth et al., 1982)

BZM-1j and its analogues (Kitamura et al., 

2018)

MntC

FhuD2

Tol-Pal

OspA

Anti-MntC monoclonal antibodies 

Anderson et al., 2012

/

Vaccines (Henry et al., 2004)

OspA vaccines (Sigal et al., 1998; Steere 

et al., 1998)
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2009). MntC is also called SitC because it is involved in the 
transportation of iron (Cockayne et al., 1998; Muller et al., 2010). 
In the serum of the mouse host during the infection and recovery 
phase, most of the surface-related proteins expressed in the body 
are LPPs involved in nutrient absorption and metal ion acquisition. 
However, only MntC is the manganese-binding protein of the 
MntABC system, which is essential for the virulence of MRSA 
during systemic infection in mice (Kehl-Fie et al., 2013). It can 
be observed that active immunization with MntC can reduce the 
bacterial load in S. aureus and S. epidermidis infections, while anti-
MntC monoclonal antibodies have a protective effect in the 
passive immunization model that induces neutrophil respiratory 
burst (Anderson et al., 2012). In Staphylococcus, MntC is a highly 
conserved sequence, while MntC and SitA from S. aureus are 
orthologous. The sequence has a high degree of identity and has 
been well obtained in biochemistry and structure characterization 
(Gribenko et al., 2013; Abate et al., 2014). They may be the best 
candidates for anti-Staphylococcus vaccines.

Clinical trials in the United  States have shown that Lyme 
disease can be prevented by inoculation with OspA, which is the 
major surface LPP encoded by all Borrelia burgdorferi (Sigal et al., 
1998; Steere et al., 1998). Although there are no antibiotics against 
bacterial LPPs currently in clinical use, those LPPs can be used as 
reliable targets for antibacterial vaccine screening and the 
development of new antibacterial drugs.

Other inhibitors

Nanoparticles 

With the extensive research, the application of 
nanotechnology has been promoted, and many nano-molecules 
or nano-compounds are now available. Some of these possess 
potential application value in the field of medical and health 
care (Thabit et al., 2015). Since the antimicrobial mechanism is 
different from that of traditional antimicrobials, the 
development of NPs was treated as an alternative to solve 
antimicrobial resistance problem (Akhtar et al., 2015). Most 
metal atoms are developed as nano-antimicrobial agents, 
including silver, copper, titanium, magnesium, and zinc (Fatima 
et  al., 2021). Silver has been known to possess antibacterial 
property for a long time. Blessed with nanotechnology, its 
antibacterial efficacy has been further improved to treat 
S. aureus, E. coli, P. aeruginosa, K. pneumoniae, Salmonella 
typhi, Bacillus cereus, and Vibrio hemolyticus (Siddiqi et  al., 
2018). Compared with silver, silver nanoparticles (AgNPs) 
reduce in volume while greatly increasing their surface area, 
which can produce ROS to disrupt the cell wall (Gomaa, 2017). 
Copper ions, including CuSO4, Cu(OH)2 and copper polymers, 
have antimicrobial activity against many microorganisms, 
including S. aureus, E. coli, Enteric-soluble Streptococcus spp., 
and L. monocytogenes (Kruk et al., 2015). Meanwhile, CuNPs 
could induce lipid peroxidation, electrostatic interaction, 

protein denaturation destruction, and DNA degradation, which 
eventually cause bacteria death (Thekkae Padil and Cernik, 
2013). Nano gold particles could target OM, with a large 
accumulation on the membrane surface, upregulating the 
production of ROS to kill S. aureus, E. coli, K. pneumoniae, and 
B. subtilis (Shamaila et al., 2016). In addition, after modification 
of its functional groups, Nano gold could possess effective 
inhibition against the growth of MRSA (Abdel-Kareem and 
Zohri, 2018). Due to photocatalytic properties, titanium NPs 
also could lead to ROS production, resulting in oxidation of cell 
components, destruction, and inhibition (Baptista et al., 2018).

As well as the development of metal atoms into nanoparticles, 
non-metallic elements and other substances have also developed. 
Carbon nanomaterials (CNSs) such as graphene, fullerene, and 
carbon nanotubes could induce the production of ROS to destruct 
cell walls (Al-Jumaili et  al., 2017). ε-polylysine (ε-PL) mainly 
consists of 25–30 L-lysine residues connected to ε-amino groups 
and α-carboxyl bonds. With its non-toxic, water-soluble, and 
biodegradable characteristics, it is used as a drug carrier. Studies 
have shown that ε-polylysine NPs can disrupt the cell walls as well 
as chemotactic and RNA transport systems (Naghadeh et  al., 
2017). In addition, chitosan and haloamine NPs are also 
antibacterial candidates (Demir et al., 2017).

The antibacterial mechanism of NPs is mainly originated from 
the strong positive zeta potential, which can interact with the cell 
membrane, resulting in its destruction. In addition, this strong 
electrostatic attraction can enhance the penetration of NPs into 
cell membranes (Chatterjee et  al., 2015). Therefore, the 
antibacterial activity of NPs against G-bacteria is stronger than 
that of G+ bacteria (Pazos and Peters, 2019).

Antimicrobial peptides 

Antimicrobial peptides (AMP) are components of the immune 
system in many organisms, such as bacteria, plants, fish, 
amphibians, insects, mammals, and even viruses (Papo and Shai, 
2003; Hancock and Sahl, 2006; Etayash et al., 2013; Fry, 2018). AMP 
self-assembles on the pronuclear membrane by hydrophobic/
electrostatic interactions, followed by the formation of 
transmembrane pores. Then, cell membrane disintegration, 
mitochondria leakage, and ribosome organelles disfunction leadto 
cell death. AMPs such as Lactococcin-G and Contococin-1,071 can 
interact with the uppP gene, inhibiting the synthesis of cell walls 
(Kjos et al., 2014; Belguesmia et al., 2017). AMPs can also bind to 
lipid-II, such as lantibiotics, disrupting the synthesis of 
peptidoglycans (Islam et al., 2012; Yount and Yeaman, 2013). In 
addition, there are AMPs (e.g., Ѳ-defensin) that could induce 
certain enzymes (e.g., N-acetyl-alanine amidase) to cause cell wall 
disintegration (Bierbaum and Sahl, 1987; Wilmes et  al., 2014; 
Wilmes and Sahl, 2014).

Notably, some bacteria are resistant to AMPs (Hankins et al., 
2012; Malanovic and Lohner, 2016), i.e., some G-strains could 
exhibit resistance to AMPs by altering the acylation of lipid A units 
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with amino arabinose (Gunn, 2001); meanwhile, other bacteria 
could release positively charged proteins bound to the membrane or 
secreted the extracellular negatively/positively charged proteins, 
reducing the electrostatic effect (Cullen et  al., 2015). Therefore, 
we can indirectly screen effective inhibitors from these known drug 
resistance targets. Although AMP exhibits good antibacterial 
activity, it is rapidly degraded in the circulatory system after 
intravenous injection, and even deposited in the reticuloendothelial 
system. This could not only cause the loss of its activity, but also 
produce toxicity (Singh et al., 2014; VanderVen et al., 2015). In view 
of these limitations, using nanomaterials as the delivery carrier, such 
as CM-SH-Au NM, might be a potential direction (Rai et al., 2016).

Phytocicides

Phytocicides are compounds extracted from plants and are 
related to plant growth and metabolism (Molyneux et al., 2007). 
Certain plant ingredients are used as preservatives in meat 
products to prevent the growth of spoilage bacteria such as 
Salmonella spp., Listeria spp., etc. (Amarowicz et  al., 2005; 
Leitzmann, 2016; Papuc et  al., 2017). For bacterial infections, 
carvacrol and its isomer thymol can fight against S. pyogenes and 
S. aureus through targeting cell membranes (Wang et al., 2016; 
Khan et al., 2017). Perhaps this destructive effect is related to its 
phosphorus wall acid, which helped the small monoterpenoid 
hydrophobic compound to accumulate on the cell wall surface and 
react with the pore protein on the OM (Wijesundara et al., 2021). 
Thereby, by forming a strong polymer bond, it resulted in the 
decomposition of the pore protein, exerting a membrane-breaking 
effect (Kurekci et al., 2013; Wijesundara et al., 2021). Catechin-like 
substances isolated from tea leaves, such as Epigallocatechin 
gallate (EGCG), have been found to possess antibacterial effects, 
which can interact with the OM (Nakayama et al., 2013) or the 
peptidase of sortase A to affect several virulence-related proteins 
located on the cell surface (Song et al., 2017). In addition, EGCG 
can work synergistically with β-lactam antibiotics to kill 
carbapenem-resistant A. baumannii. Since β-lactam antibiotics 
exert antibacterial effects by inhibiting the synthesis of penicillin-
binding proteins and peptidoglycans, EGCG may possess a similar 
mechanism (Lee et al., 2017). The mechanism of flavonoids, such 
as Quercetin, depend on the formation of complex compounds 
with extracellular proteins to disrupt bacterial cell membranes 
(Wang et al., 2018). By destroying peptidoglycan components in 
the cell wall, Alkaloids and Curcumin could lead to bacterial death 
(Cushnie et al., 2014; Tyagi et al., 2015). There are many other 
phytocicides that are worth exploring to screen effective inhibitors.

Plant-derived antibacterial agents

Recently, plant-derived antibacterial agents have been 
increasingly recognized as potential antimicrobial agents. Not 
only do they possess antibacterial activity, but can also 

be combined with antibiotics to perform synergistic antibacterial 
effects (Yang et al., 2010; Lu et al., 2013). Luteolin, extracted from 
chrysanthemum and honeysuckle, can reduce the production of 
α-toxins in S. aureus at sub-inhibitory concentrations in a dose-
dependent manner. It may reverse the E. coli resistance to 
amoxicillin by inhibiting the synthesis of proteins and 
peptidoglycans, reducing the activity of certain ultra-broad-
spectrum β-lactamase enzymes, and altering the permeability of 
cell membranes (Eumkeb et  al., 2012). The magnoliol and 
magnolia phenol which are purified from magnolia can bind to 
penicillin-binding proteins 2a (PBP2a) and PBP4 through 
molecular docking. Both of these have a high Surflex score, so they 
could be candidates as inhibitors of peptidoglycans (Wang et al., 
2010). Thus, modification of these active ingredients may 
significantly enhance their antibacterial effects to treat drug-
resistant bacteria.

Conclusion

Cell wall is the first barrier of bacteria; targeting its key 
constituents is one of the most important antibacterial strategies. 
The natural antibiotics acting on PG biosynthesis prove the 
prospect and importance of antibacterial targets against cell walls. 
Studies on the structure of PG biosynthetic enzymes showed that, 
although the substrate binding and catalytic regions are very 
conserved, there is a clear difference in orientation after the ligand 
(substrate/inhibitor) binding domain. Thus, a better 
understanding of the differences will provide valuable insights for 
the search and rational design of specific PG inhibitors.

Besides causing septic shock syndrome, the permeability 
barrier created by the OM of G-bacteria makes LPS a promising 
antibacterial drugs screening target. Thus, molecules that show 
direct interaction with LPS will become viable drug candidates for 
antibacterial and anti-endotoxin therapy. Furthermore, the 
availability of the three-dimensional structure of proteins that are 
involved in LPS binding and signal transmission is an important 
advancement in sepsis treatment design. The latest crystal structure 
of MD2-TLR4-LPS shows that there is a new interface region 
between MD2-TLR4 and TLR4-LPS, with a high possibility of 
obtaining peptide-based LPS inhibitors. In addition, many studies 
in recent years have used LPS as a strategy for the development of 
live attenuated vaccines. This strategy is based on several biological 
characteristics of LPS: (1) it is essential for the survival of bacteria, 
providing a permeability barrier, and greatly contributing to the 
structural integrity of bacteria (Raetz, 1990); (2) it participates in 
the survival of bacteria in many hosts, contributing to the resistance 
of complement and bactericidal peptides, as well as the adhesion 
and entry of bacteria into cells (Raetz, 1990; Raetz and Whitfield, 
2002); (3) it contains a PAMP that is recognized by receptors on 
body fluids (Rietschel et al., 1994; Snyder et al., 1999); and (4) it 
triggers a specific antibody response.

The WTA is an important structure for the interaction between 
G+ bacteria and the host (van Dalen et al., 2020). The identified 
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molecular interactions encompass a range of resident and 
circulating immune cells, epithelial and endothelial cells, and 
humoral immune components (antibodies and MBL). The 
functional consequences of the interaction between WTA and these 
host factors are diverse and often not fully understood. Some of 
them have antibacterial effects, while others may be beneficial to the 
survival of bacteria during infection or colonization. WTA is a 
promising target for preventive or therapeutic interventions against 
S. aureus (van Dalen et al., 2020), such as monoclonal antibodies, 
phage therapy, and vaccines. However, the heterogeneity of WTA 
and the adjustment of the incomplete understanding of WTA 
structure are both challenges in basic and translational research.

As the first enzyme of LPP biosynthesis, whether Lgt is an 
ideal target for drug discovery is controversial. On the one hand, 
inhibition of lipidation affects the positioning and function of 
bacterial LPPs and therefore may inhibit the growth of certain 
bacterial species. On the other hand, due to the link between 
lipidation and toxicity, it may impair the host’s recognition of 
pathogens (Sutcliffe et  al., 2012). Screening for drug-like and 
effective antibacterial agents targeting LspA is still a difficult task. 
Coccinomycin and its derivatives lack sufficient antibacterial 
efficacy and are potentially toxic to the host cells. Metabolism of 
Myxovirescin in vitro is unstable, so it is not like a drug. The newly 
discovered Benzamide seems to show better drug likelihood, but 
it is not active against bacteria when used alone (Kitamura et al., 
2018). So far, although the structure–function relationship of Lnt 
has been intensively studied (Gelis-Jeanvoine et al., 2015; Lu et al., 
2017; Wiktor et al., 2017), it has not yet been targeted. Thus, more 
effort is needed to validate it as a suitable target.

Future direction

In recent years, although we have actively screened for new 
antibacterial inhibitors, the application of these novel compounds 
into antibiotics is still lacking. These compounds must not only 
inhibit the activities of key enzymes in cell wall, but also possess 
antibacterial activities. One of the most successful bacterial strategies 
to manage the presence of antibiotics is to produce enzymes that 
inactivate the drug by adding specific chemical fractions to the 
compound that destroy the molecule itself. This renders the 
antibiotic unable to interact with its target. The major mechanism of 
β-lactam resistance depends on the destruction of these compounds 
by the action of β-lactamases. The damaging bond of the BLACTAM 
ring is destroyed by these enzymes, providing ineffective 
antimicrobials. Through molecular docking, the enzyme’s (ESBLs) 
inhibitors can be designed. In addition, a more stringent requirement 
is that these compounds must have molecular specificity. It is very 
tricky to guarantee the antibacterial activity and specificity of these 
inhibitors at the same time. Analogs can be developed based on 
existing antibiotics. However, compounds with a single enzyme 
target can easily lead to the production of drug-resistant 
microorganisms. Therefore, we can preferentially select inhibitors 
with multiple targets. Secondly, key functional groups can be used 

to modify analogue compounds. The substitution modification of 
key groups may greatly enhance the antibacterial effect and allow 
these compounds to act fully on the bacterial surface or even enter 
the bacteria. For example, the functional group modification allows 
the bacteria to promote the uptake by the bacteria through an active 
transport mechanism [161]. Finally, inhibitors can be  screened 
based on compound libraries. Analyzing the structure of the natural 
products previously discovered, screening the rate-limiting enzymes 
that may possess synergistic inhibitory effects with inefficient 
inhibitors, or restoring the discovery of natural products through 
innovative targeted whole-cell screening and combination with new 
technologies to engineering new inhibitors are highly promising 
(DeVito et al., 2002; Forsyth et al., 2002).

Author contributions

LZ and JW contributed to conception and design of the 
manuscript. JZ, YL, and YC wrote the first draft of the manuscript. 
MA, HA, and KD wrote sections of the manuscript. All authors 
contributed to manuscript revision, read, and approved the 
submitted version.

Funding

We are grateful for the support of the National Natural Science 
Foundation of China (32170191 and 81903105), the Natural 
Science Foundation of Hubei Province (2021CFB497), and the 
Health Commission of Hubei Province Foundation (WJ2019H528).

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the 
authors and do not necessarily represent those of their affiliated 
organizations, or those of the publisher, the editors and the 
reviewers. Any product that may be evaluated in this article, or 
claim that may be made by its manufacturer, is not guaranteed or 
endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be  found 
online at: https://www.frontiersin.org/articles/10.3389/fmicb. 
2022.952633/full#supplementary-material

https://doi.org/10.3389/fmicb.2022.952633
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fmicb.2022.952633/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2022.952633/full#supplementary-material


Zhou et al. 10.3389/fmicb.2022.952633

Frontiers in Microbiology 15 frontiersin.org

References
Abate, F., Malito, E., Cozzi, R., Lo Surdo, P., Maione, D., and Bottomley, M. J. 

(2014). Apo, Zn2+−bound and Mn2+−bound structures reveal ligand-binding 
properties of SitA from the pathogen Staphylococcus pseudintermedius. Biosci. Rep. 
34:e00154. doi: 10.1042/BSR20140088

Abdel-Kareem, M. M., and Zohri, A. A. (2018). Extracellular mycosynthesis of 
gold nanoparticles using Trichoderma hamatum: optimization, characterization and 
antimicrobial activity. Lett. Appl. Microbiol. 67, 465–475. doi: 10.1111/lam.13055

Acebron-Garcia-de-Eulate, M., Mayol-Llinas, J., Holland, M. T. O., Kim, S. Y., 
Brown, K. P., Marchetti, C., et al. (2022). Discovery of novel inhibitors of uridine 
diphosphate-N-Acetylenolpyruvylglucosamine reductase (MurB) from 
Pseudomonas aeruginosa, an opportunistic infectious agent causing death in cystic 
fibrosis patients. J. Med. Chem. 65, 2149–2173. doi: 10.1021/acs.jmedchem.1c01684

Akhtar, M. S., Swamy, M. K., Umar, A., and Al Sahli, A. A. (2015). Biosynthesis 
and characterization of silver nanoparticles from methanol leaf extract of Cassia 
didymobotyra and assessment of their antioxidant and antibacterial activities. J. 
Nanosci. Nanotechnol. 15, 9818–9823. doi: 10.1166/jnn.2015.10966

Alexander, M. K., Miu, A., Oh, A., Reichelt, M., Ho, H., Chalouni, C., et al. (2018). 
Disrupting gram-negative bacterial outer membrane biosynthesis through 
inhibition of the lipopolysaccharide transporter MsbA. Antimicrob. Agents 
Chemother. 62, e01142–18. doi: 10.1128/AAC.01142-18

Al-Jumaili, A., Alancherry, S., Bazaka, K., and Jacob, M. V. (2017). Review on the 
antimicrobial properties of carbon nanostructures. Materials 10, 1066. doi: 10.3390/
ma10091066

Amarowicz, R., Pegg, R.B., Dykes, G.A., Troszynska, A., and Shahidi, F. (2005). 
“Antioxidant and antibacterial properties of extracts of green tea polyphenols,” in 
Phenolic Compounds in Foods and Natural Health Products. eds Fereidoon S., and 
Chi-Tang, H. Washington, DC: American Chemical Society, 94–106.

Anderson, J. S., Matsuhashi, M., Haskin, M. A., and Strominger, J. L. (1967). 
Biosythesis of the peptidoglycan of bacterial cell walls. II. Phospholipid carriers in 
the reaction sequence. J. Biol. Chem. 242, 3180–3190. doi: 10.1016/S0021-9258 
(18)95949-1

Anderson, A. S., Scully, I. L., Timofeyeva, Y., Murphy, E., McNeil, L. K., 
Mininni, T., et al. (2012). Staphylococcus aureus manganese transport protein C is a 
highly conserved cell surface protein that elicits protective immunity against S. 
aureus and Staphylococcus epidermidis. J. Infect. Dis. 205, 1688–1696. doi: 10.1093/
infdis/jis272

Andres, C. J., Bronson, J. J., D'Andrea, S. V., Deshpande, M. S., Falk, P. J., 
Grant-Young, K. A., et al. (2000). 4-Thiazolidinones: novel inhibitors of the bacterial 
enzyme MurB. Bioorg. Med. Chem. Lett. 10, 715–717. doi: 10.1016/
s0960-894x(00)00073-1

Appelbaum, P. C. (2007). Reduced glycopeptide susceptibility in methicillin-
resistant Staphylococcus aureus (MRSA). Int. J. Antimicrob. Agents 30, 398–408. doi: 
10.1016/j.ijantimicag.2007.07.011

Atherton, F. R., Hall, M. J., Hassall, C. H., Lambert, R. W., Lloyd, W. J., and 
Ringrose, P. S. (1979). Phosphonopeptides as antibacterial agents: mechanism of 
action of alaphosphin. Antimicrob. Agents Chemother. 15, 696–705. doi: 10.1128/
aac.15.5.696

Atilano, M. L., Pereira, P. M., Yates, J., Reed, P., Veiga, H., Pinho, M. G., et al. 
(2010). Teichoic acids are temporal and spatial regulators of peptidoglycan cross-
linking in Staphylococcus aureus. Proc. Natl. Acad. Sci. U. S. A. 107, 18991–18996. 
doi: 10.1073/pnas.1004304107

Balsalobre, C., Silvan, J. M., Berglund, S., Mizunoe, Y., Uhlin, B. E., and Wai, S. N. 
(2006). Release of the type I secreted alpha-haemolysin via outer membrane vesicles 
from Escherichia coli. Mol. Microbiol. 59, 99–112. doi: 10.1111/j.1365-2958.2005.04938.x

Banerjee, S., and Sankaran, K. (2013). First ever isolation of bacterial 
prolipoprotein diacylglyceryl transferase in single step from Lactococcus lactis. 
Protein Expr. Purif. 87, 120–128. doi: 10.1016/j.pep.2012.11.001

Baptista, P. V., McCusker, M. P., Carvalho, A., Ferreira, D. A., Mohan, N. M., 
Martins, M., et al. (2018). Nano-strategies to fight multidrug resistant bacteria-“a 
battle of the titans”. Front. Microbiol. 9:1441. doi: 10.3389/fmicb.2018.01441

Barreteau, H., Kovac, A., Boniface, A., Sova, M., Gobec, S., and Blanot, D. (2008). 
Cytoplasmic steps of peptidoglycan biosynthesis. FEMS Microbiol. Rev. 32, 168–207. 
doi: 10.1111/j.1574-6976.2008.00104.x

Barreteau, H., Sosic, I., Turk, S., Humljan, J., Tomasic, T., Zidar, N., et al. (2012). 
MurD enzymes from different bacteria: evaluation of inhibitors. Biochem. 
Pharmacol. 84, 625–632. doi: 10.1016/j.bcp.2012.06.006

Baum, E. Z., Crespo-Carbone, S. M., Abbanat, D., Foleno, B., Maden, A., 
Goldschmidt, R., et al. (2006). Utility of muropeptide ligase for identification of 
inhibitors of the cell wall biosynthesis enzyme MurF. Antimicrob. Agents Chemother. 
50, 230–236. doi: 10.1128/AAC.50.1.230-236.2006

Baum, E. Z., Crespo-Carbone, S. M., Foleno, B. D., Simon, L. D., Guillemont, J., 
Macielag, M., et al. (2009). MurF inhibitors with antibacterial activity: effect on 

muropeptide levels. Antimicrob. Agents Chemother. 53, 3240–3247. doi: 10.1128/
AAC.00166-09

Baum, E. Z., Crespo-Carbone, S. M., Klinger, A., Foleno, B. D., Turchi, I., 
Macielag, M., et al. (2007). A MurF inhibitor that disrupts cell wall biosynthesis in 
Escherichia coli. Antimicrob. Agents Chemother. 51, 4420–4426. doi: 10.1128/
AAC.00845-07

Baum, E. Z., Montenegro, D. A., Licata, L., Turchi, I., Webb, G. C., Foleno, B. D., 
et al. (2001). Identification and characterization of new inhibitors of the Escherichia 
coli MurA enzyme. Antimicrob. Agents Chemother. 45, 3182–3188. doi: 10.1128/
AAC.45.11.3182-3188.2001

Baumgartner, M., Karst, U., Gerstel, B., Loessner, M., Wehland, J., and Jansch, L. 
(2007). Inactivation of Lgt allows systematic characterization of lipoproteins from 
Listeria monocytogenes. J. Bacteriol. 189, 313–324. doi: 10.1128/JB.00976-06

Belguesmia, Y., Leclere, V., Duban, M., Auclair, E., and Drider, D. (2017). Draft 
genome sequence of enterococcus faecalis DD14, a Bacteriocinogenic lactic acid 
bacterium with anti-clostridium activity. Genome Announc. 5, e00695–17. doi: 
10.1128/genomeA.00695-17

Benson, T. E., Marquardt, J. L., Marquardt, A. C., Etzkorn, F. A., and Walsh, C. T. 
(1993). Overexpression, purification, and mechanistic study of UDP-N-
acetylenolpyruvylglucosamine reductase. Biochemistry 32, 2024–2030. doi: 10.1021/
bi00059a019

Bernadac, A., Gavioli, M., Lazzaroni, J. C., Raina, S., and Lloubes, R. (1998). 
Escherichia coli tol-pal mutants form outer membrane vesicles. J. Bacteriol. 180, 
4872–4878. doi: 10.1128/JB.180.18.4872-4878.1998

Bernhardt, T. G., Struck, D. K., and Young, R. (2001). The lysis protein E of phi 
X174 is a specific inhibitor of the MraY-catalyzed step in peptidoglycan synthesis. 
J. Biol. Chem. 276, 6093–6097. doi: 10.1074/jbc.M007638200

Bierbaum, G., and Sahl, H. G. (1987). Autolytic system of Staphylococcus simulans 
22: influence of cationic peptides on activity of N-acetylmuramoyl-L-alanine 
amidase. J. Bacteriol. 169, 5452–5458. doi: 10.1128/jb.169.12.5452-5458.1987

Brandenburg, K., and Wiese, A. (2004). Endotoxins: relationships between 
structure, function, and activity. Curr. Top. Med. Chem. 4, 1127–1146. doi: 
10.2174/1568026043388213

Bratkovic, T., Lunder, M., Urleb, U., and Strukelj, B. (2008). Peptide inhibitors of 
MurD and MurE, essential enzymes of bacterial cell wall biosynthesis. J. Basic 
Microbiol. 48, 202–206. doi: 10.1002/jobm.200700133

Bronson, J. J., DenBleyker, K. L., Falk, P. J., Mate, R. A., Ho, H. T., Pucci, M. J., et al. 
(2003). Discovery of the first antibacterial small molecule inhibitors of MurB. 
Bioorg. Med. Chem. Lett. 13, 873–875. doi: 10.1016/s0960-894x(02)01076-4

Brown, A. R., Gordon, R. A., Hyland, S. N., Siegrist, M. S., and Grimes, C. L. 
(2020). Chemical biology tools for examining the bacterial cell wall. Cell Chem. Biol. 
27, 1052–1062. doi: 10.1016/j.chembiol.2020.07.024

Brown, S., Meredith, T., Swoboda, J., and Walker, S. (2010). Staphylococcus aureus 
and Bacillus subtilis W23 make polyribitol wall teichoic acids using different 
enzymatic pathways. Chem. Biol. 17, 1101–1110. doi: 10.1016/j.chembiol.2010.07.017

Brown, S., Xia, G., Luhachack, L. G., Campbell, J., Meredith, T. C., Chen, C., et al. 
(2012). Methicillin resistance in Staphylococcus aureus requires glycosylated wall 
teichoic acids. Proc. Natl. Acad. Sci. U. S. A. 109, 18909–18914. doi: 10.1073/
pnas.1209126109

Bruning, J. B., Murillo, A. C., Chacon, O., Barletta, R. G., and Sacchettini, J. C. 
(2011). Structure of the mycobacterium tuberculosis D-alanine:D-alanine ligase, a 
target of the antituberculosis drug D-cycloserine. Antimicrob. Agents Chemother. 55, 
291–301. doi: 10.1128/AAC.00558-10

Buddelmeijer, N., and Young, R. (2010). The essential Escherichia coli 
apolipoprotein N-acyltransferase (Lnt) exists as an extracytoplasmic thioester acyl-
enzyme intermediate. Biochemistry 49, 341–346. doi: 10.1021/bi9020346

Bugg, T. D., Lloyd, A. J., and Roper, D. I. (2006). Phospho-MurNAc-pentapeptide 
translocase (MraY) as a target for antibacterial agents and antibacterial proteins. 
Infect. Disord. Drug Targets 6, 85–106. doi: 10.2174/187152606784112128

Chatterjee, T., Chatterjee, B. K., Majumdar, D., and Chakrabarti, P. (2015). 
Antibacterial effect of silver nanoparticles and the modeling of bacterial growth 
kinetics using a modified Gompertz model. Biochim. Biophys. Acta 1850, 299–306. 
doi: 10.1016/j.bbagen.2014.10.022

Chen, K. T., Chen, P. T., Lin, C. K., Huang, L. Y., Hu, C. M., Chang, Y. F., et al. 
(2016). Structural investigation of Park's nucleotide on bacterial translocase MraY: 
discovery of unexpected MraY inhibitors. Sci. Rep. 6:31579. doi: 10.1038/srep31579

Chen, L., Men, H., Ha, S., Ye, X. Y., Brunner, L., Hu, Y., et al. (2002). Intrinsic lipid 
preferences and kinetic mechanism of Escherichia coli MurG. Biochemistry 41, 
6824–6833. doi: 10.1021/bi0256678

Chimalapati, S., Cohen, J. M., Camberlein, E., MacDonald, N., Durmort, C., 
Vernet, T., et al. (2012). Effects of deletion of the Streptococcus pneumoniae 

https://doi.org/10.3389/fmicb.2022.952633
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1042/BSR20140088
https://doi.org/10.1111/lam.13055
https://doi.org/10.1021/acs.jmedchem.1c01684
https://doi.org/10.1166/jnn.2015.10966
https://doi.org/10.1128/AAC.01142-18
https://doi.org/10.3390/ma10091066
https://doi.org/10.3390/ma10091066
https://doi.org/10.1016/S0021-9258(18)95949-1
https://doi.org/10.1016/S0021-9258(18)95949-1
https://doi.org/10.1093/infdis/jis272
https://doi.org/10.1093/infdis/jis272
https://doi.org/10.1016/s0960-894x(00)00073-1
https://doi.org/10.1016/s0960-894x(00)00073-1
https://doi.org/10.1016/j.ijantimicag.2007.07.011
https://doi.org/10.1128/aac.15.5.696
https://doi.org/10.1128/aac.15.5.696
https://doi.org/10.1073/pnas.1004304107
https://doi.org/10.1111/j.1365-2958.2005.04938.x
https://doi.org/10.1016/j.pep.2012.11.001
https://doi.org/10.3389/fmicb.2018.01441
https://doi.org/10.1111/j.1574-6976.2008.00104.x
https://doi.org/10.1016/j.bcp.2012.06.006
https://doi.org/10.1128/AAC.50.1.230-236.2006
https://doi.org/10.1128/AAC.00166-09
https://doi.org/10.1128/AAC.00166-09
https://doi.org/10.1128/AAC.00845-07
https://doi.org/10.1128/AAC.00845-07
https://doi.org/10.1128/AAC.45.11.3182-3188.2001
https://doi.org/10.1128/AAC.45.11.3182-3188.2001
https://doi.org/10.1128/JB.00976-06
https://doi.org/10.1128/genomeA.00695-17
https://doi.org/10.1021/bi00059a019
https://doi.org/10.1021/bi00059a019
https://doi.org/10.1128/JB.180.18.4872-4878.1998
https://doi.org/10.1074/jbc.M007638200
https://doi.org/10.1128/jb.169.12.5452-5458.1987
https://doi.org/10.2174/1568026043388213
https://doi.org/10.1002/jobm.200700133
https://doi.org/10.1016/s0960-894x(02)01076-4
https://doi.org/10.1016/j.chembiol.2020.07.024
https://doi.org/10.1016/j.chembiol.2010.07.017
https://doi.org/10.1073/pnas.1209126109
https://doi.org/10.1073/pnas.1209126109
https://doi.org/10.1128/AAC.00558-10
https://doi.org/10.1021/bi9020346
https://doi.org/10.2174/187152606784112128
https://doi.org/10.1016/j.bbagen.2014.10.022
https://doi.org/10.1038/srep31579
https://doi.org/10.1021/bi0256678


Zhou et al. 10.3389/fmicb.2022.952633

Frontiers in Microbiology 16 frontiersin.org

lipoprotein diacylglyceryl transferase gene lgt on ABC transporter function and on 
growth in vivo. PLoS One 7:e41393. doi: 10.1371/journal.pone.0041393

Cockayne, A., Hill, P. J., Powell, N. B., Bishop, K., Sims, C., and Williams, P. (1998). 
Molecular cloning of a 32-kilodalton lipoprotein component of a novel iron-
regulated Staphylococcus epidermidis ABC transporter. Infect. Immun. 66, 
3767–3774. doi: 10.1128/IAI.66.8.3767-3774.1998

Cortay, J. C., and Cozzone, A. J. (1983). Effects of aminoglycoside antibiotics on 
the coupling of protein and RNA syntheses in Escherichia coli. Biochem. Biophys. 
Res. Commun. 112, 801–808. doi: 10.1016/0006-291x(83)91688-1

Coupri, D., Budin-Verneuil, A., Hartke, A., Benachour, A., Leger, L., Lequeux, T., 
et al. (2019). Genetic and pharmacological inactivation of d-alanylation of teichoic 
acids sensitizes pathogenic enterococci to beta-lactams. J. Antimicrob. Chemother. 
74, 3162–3169. doi: 10.1093/jac/dkz322

Coupri, D., Verneuil, N., Hartke, A., Liebaut, A., Lequeux, T., Pfund, E., et al. 
(2021). Inhibition of d-alanylation of teichoic acids overcomes resistance of 
methicillin-resistant Staphylococcus aureus. J. Antimicrob. Chemother. 76, 
2778–2786. doi: 10.1093/jac/dkab287

Cullen, T. W., Schofield, W. B., Barry, N. A., Putnam, E. E., Rundell, E. A., 
Trent, M. S., et al. (2015). Gut microbiota. Antimicrobial peptide resistance mediates 
resilience of prominent gut commensals during inflammation. Science 347, 170–175. 
doi: 10.1126/science.1260580

Cushnie, T. P., Cushnie, B., and Lamb, A. J. (2014). Alkaloids: an overview of their 
antibacterial, antibiotic-enhancing and antivirulence activities. Int. J. Antimicrob. 
Agents 44, 377–386. doi: 10.1016/j.ijantimicag.2014.06.001

Davis, B. D. (1987). Mechanism of bactericidal action of aminoglycosides. 
Microbiol. Rev. 51, 341–350. doi: 10.1128/mr.51.3.341-350.1987

de Dios, A., Prieto, L., Martin, J. A., Rubio, A., Ezquerra, J., Tebbe, M., et al. (2002). 
4-Substituted D-glutamic acid analogues: the first potent inhibitors of glutamate 
racemase (MurI) enzyme with antibacterial activity. J. Med. Chem. 45, 4559–4570. 
doi: 10.1021/jm020901d

de Jonge, B. L., Kutschke, A., Uria-Nickelsen, M., Kamp, H. D., and Mills, S. D. 
(2009). Pyrazolopyrimidinediones are selective agents for Helicobacter pylori that 
suppress growth through inhibition of glutamate racemase (MurI). Antimicrob. 
Agents Chemother. 53, 3331–3336. doi: 10.1128/AAC.00226-09

D'Elia, M. A., Millar, K. E., Beveridge, T. J., and Brown, E. D. (2006a). Wall teichoic 
acid polymers are dispensable for cell viability in Bacillus subtilis. J. Bacteriol. 188, 
8313–8316. doi: 10.1128/JB.01336-06

D'Elia, M. A., Pereira, M. P., Chung, Y. S., Zhao, W., Chau, A., Kenney, T. J., et al. 
(2006b). Lesions in teichoic acid biosynthesis in Staphylococcus aureus lead to a 
lethal gain of function in the otherwise dispensable pathway. J. Bacteriol. 188, 
4183–4189. doi: 10.1128/JB.00197-06

Demir, B., Broughton, R. M., Qiao, M., Huang, T. S., and Worley, S. D. (2017). 
N-Halamine biocidal materials with superior antimicrobial efficacies for wound 
dressings. Molecules 22, 1582. doi: 10.3390/molecules22101582

Dev, I. K., Harvey, R. J., and Ray, P. H. (1985). Inhibition of prolipoprotein signal 
peptidase by globomycin. J. Biol. Chem. 260, 5891–5894. doi: 10.1016/
S0021-9258(18)88911-6

DeVito, J. A., Mills, J. A., Liu, V. G., Agarwal, A., Sizemore, C. F., Yao, Z., et al. 
(2002). An array of target-specific screening strains for antibacterial discovery. Nat. 
Biotechnol. 20, 478–483. doi: 10.1038/nbt0502-478

Diao, J., Komura, R., Sano, T., Pantua, H., Storek, K. M., Inaba, H., et al. (2021). 
Inhibition of Escherichia coli lipoprotein diacylglyceryl transferase is insensitive to 
resistance caused by deletion of Braun's lipoprotein. J. Bacteriol. 203:e0014921. doi: 
10.1128/JB.00149-21

Diez-Aguilar, M., and Canton, R. (2019). New microbiological aspects of 
fosfomycin. Rev. Esp. Quimioter. 32, 8–18.

Dini, C., Collette, P., Drochon, N., Guillot, J. C., Lemoine, G., Mauvais, P., et al. 
(2000). Synthesis of the nucleoside moiety of liposidomycins: elucidation of the 
pharmacophore of this family of MraY inhibitors. Bioorg. Med. Chem. Lett. 10, 
1839–1843. doi: 10.1016/s0960-894x(00)00349-8

Doerrler, W. T., Gibbons, H. S., and Raetz, C. R. (2004). MsbA-dependent 
translocation of lipids across the inner membrane of Escherichia coli. J. Biol. Chem. 
279, 45102–45109. doi: 10.1074/jbc.M408106200

Doshi, R., Ali, A., Shi, W., Freeman, E. V., Fagg, L. A., and van Veen, H. W. 
(2013). Molecular disruption of the power stroke in the ATP-binding cassette 
transport protein MsbA. J. Biol. Chem. 288, 6801–6813. doi: 10.1074/jbc.
M112.430074

El Rayes, J., Rodriguez-Alonso, R., and Collet, J. F. (2021). Lipoproteins in 
gram-negative bacteria: new insights into their biogenesis, subcellular targeting 
and functional roles. Curr. Opin. Microbiol. 61, 25–34. doi: 10.1016/j.
mib.2021.02.003

El Zoeiby, A., Sanschagrin, F., and Levesque, R. C. (2003). Structure and function 
of the Mur enzymes: development of novel inhibitors. Mol. Microbiol. 47, 1–12. doi: 
10.1046/j.1365-2958.2003.03289.x

Etayash, H., Norman, L., Thundat, T., and Kaur, K. (2013). Peptide-bacteria 
interactions using engineered surface-immobilized peptides from class IIa 
bacteriocins. Langmuir 29, 4048–4056. doi: 10.1021/la3041743

Eumkeb, G., Siriwong, S., and Thumanu, K. (2012). Synergistic activity of luteolin 
and amoxicillin combination against amoxicillin-resistant Escherichia coli and mode 
of action. J. Photochem. Photobiol. B 117, 247–253. doi: 10.1016/j.jphotobiol. 
2012.10.006

Falagas, M. E., Vouloumanou, E. K., Samonis, G., and Vardakas, K. Z. (2016). 
Fosfomycin. Clin. Microbiol. Rev. 29, 321–347. doi: 10.1128/CMR.00068-15

Farha, M. A., Czarny, T. L., Myers, C. L., Worrall, L. J., French, S., Conrady, D. G., 
et al. (2015). Antagonism screen for inhibitors of bacterial cell wall biogenesis 
uncovers an inhibitor of undecaprenyl diphosphate synthase. Proc. Natl. Acad. Sci. 
U. S. A. 112, 11048–11053. doi: 10.1073/pnas.1511751112

Fatima, F., Siddiqui, S., and Khan, W. A. (2021). Nanoparticles as novel emerging 
therapeutic antibacterial agents in the antibiotics resistant era. Biol. Trace Elem. Res. 
199, 2552–2564. doi: 10.1007/s12011-020-02394-3

Feng, Z., and Barletta, R. G. (2003). Roles of Mycobacterium smegmatis 
D-alanine:D-alanine ligase and D-alanine racemase in the mechanisms of action of 
and resistance to the peptidoglycan inhibitor D-cycloserine. Antimicrob. Agents 
Chemother. 47, 283–291. doi: 10.1128/aac.47.1.283-291.2003

Fer, M. J., Corre, L. L., Pietrancosta, N., Evrard-Todeschi, N., Olatunji, S., 
Bouhss, A., et al. (2018). Bacterial transferase MraY, a source of inspiration towards 
new antibiotics. Curr. Med. Chem. 25, 6013–6029. doi: 10.2174/0929867325666 
180330095154

Ferrari, G., Garaguso, I., Adu-Bobie, J., Doro, F., Taddei, A. R., Biolchi, A., et al. 
(2006). Outer membrane vesicles from group B Neisseria meningitidis delta gna33 
mutant: proteomic and immunological comparison with detergent-derived outer 
membrane vesicles. Proteomics 6, 1856–1866. doi: 10.1002/pmic.200500164

Forsyth, R. A., Haselbeck, R. J., Ohlsen, K. L., Yamamoto, R. T., Xu, H., 
Trawick, J. D., et al. (2002). A genome-wide strategy for the identification of essential 
genes in Staphylococcus aureus. Mol. Microbiol. 43, 1387–1400. doi: 10.1046/j. 
1365-2958.2002.02832.x

Fortney, K. R., Young, R. S., Bauer, M. E., Katz, B. P., Hood, A. F.,  Munson, R. S. 
Jr., et al. (2000). Expression of peptidoglycan-associated lipoprotein is required for 
virulence in the human model of Haemophilus ducreyi infection. Infect. Immun. 68, 
6441–6448. doi: 10.1128/iai.68.11.6441-6448.2000

Francisco, G. D., Li, Z., Albright, J. D., Eudy, N. H., Katz, A. H., Petersen, P. J., et al. 
(2004). Phenyl thiazolyl urea and carbamate derivatives as new inhibitors of 
bacterial cell-wall biosynthesis. Bioorg. Med. Chem. Lett. 14, 235–238. doi: 10.1016/j.
bmcl.2003.09.082

Fry, D. E. (2018). Antimicrobial peptides. Surg. Infect. 19, 804–811. doi: 10.1089/
sur.2018.194

Gelis-Jeanvoine, S., Lory, S., Oberto, J., and Buddelmeijer, N. (2015). Residues 
located on membrane-embedded flexible loops are essential for the second step of 
the apolipoprotein N-acyltransferase reaction. Mol. Microbiol. 95, 692–705. doi: 
10.1111/mmi.12897

Geng, B., Basarab, G., Comita-Prevoir, J., Gowravaram, M., Hill, P., Kiely, A., et al. 
(2009). Potent and selective inhibitors of Helicobacter pylori glutamate racemase 
(MurI): pyridodiazepine amines. Bioorg. Med. Chem. Lett. 19, 930–936. doi: 
10.1016/j.bmcl.2008.11.113

Gerding, M. A., Ogata, Y., Pecora, N. D., Niki, H., and de Boer, P. A. (2007). The 
trans-envelope Tol-Pal complex is part of the cell division machinery and required 
for proper outer-membrane invagination during cell constriction in E. coli. Mol. 
Microbiol. 63, 1008–1025. doi: 10.1111/j.1365-2958.2006.05571.x

Gerth, K., Irschik, H., Reichenbach, H., and Trowitzsch, W. (1982). The 
myxovirescins, a family of antibiotics from Myxococcus virescens (Myxobacterales). 
J. Antibiot. 35, 1454–1459. doi: 10.7164/antibiotics.35.1454

Goffin, C., and Ghuysen, J. M. (1998). Multimodular penicillin-binding proteins: 
an enigmatic family of orthologs and paralogs. Microbiol. Mol. Biol. Rev. 62, 
1079–1093. doi: 10.1128/MMBR.62.4.1079-1093.1998

Gomaa, E. Z. (2017). Silver nanoparticles as an antimicrobial agent: a case study on 
Staphylococcus aureus and Escherichia coli as models for Gram-positive and Gram-
negative bacteria. J. Gen. Appl. Microbiol. 63, 36–43. doi: 10.2323/jgam.2016.07.004

Green, D. W. (2002). The bacterial cell wall as a source of antibacterial targets. 
Expert Opin. Ther. Targets 6, 1–20. doi: 10.1517/14728222.6.1.1

Gribenko, A., Mosyak, L., Ghosh, S., Parris, K., Svenson, K., Moran, J., et al. 
(2013). Three-dimensional structure and biophysical characterization of 
Staphylococcus aureus cell surface antigen-manganese transporter MntC. J. Mol. 
Biol. 425, 3429–3445. doi: 10.1016/j.jmb.2013.06.033

Grundling, A., and Schneewind, O. (2007). Synthesis of glycerol phosphate 
lipoteichoic acid in Staphylococcus aureus. Proc. Natl. Acad. Sci. U. S. A. 104, 
8478–8483. doi: 10.1073/pnas.0701821104

Gunn, J. S. (2001). Bacterial modification of LPS and resistance to antimicrobial 
peptides. J. Endotoxin Res. 7, 57–62. doi: 10.1177/09680519010070011001

https://doi.org/10.3389/fmicb.2022.952633
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1371/journal.pone.0041393
https://doi.org/10.1128/IAI.66.8.3767-3774.1998
https://doi.org/10.1016/0006-291x(83)91688-1
https://doi.org/10.1093/jac/dkz322
https://doi.org/10.1093/jac/dkab287
https://doi.org/10.1126/science.1260580
https://doi.org/10.1016/j.ijantimicag.2014.06.001
https://doi.org/10.1128/mr.51.3.341-350.1987
https://doi.org/10.1021/jm020901d
https://doi.org/10.1128/AAC.00226-09
https://doi.org/10.1128/JB.01336-06
https://doi.org/10.1128/JB.00197-06
https://doi.org/10.3390/molecules22101582
https://doi.org/10.1016/S0021-9258(18)88911-6
https://doi.org/10.1016/S0021-9258(18)88911-6
https://doi.org/10.1038/nbt0502-478
https://doi.org/10.1128/JB.00149-21
https://doi.org/10.1016/s0960-894x(00)00349-8
https://doi.org/10.1074/jbc.M408106200
https://doi.org/10.1074/jbc.M112.430074
https://doi.org/10.1074/jbc.M112.430074
https://doi.org/10.1016/j.mib.2021.02.003
https://doi.org/10.1016/j.mib.2021.02.003
https://doi.org/10.1046/j.1365-2958.2003.03289.x
https://doi.org/10.1021/la3041743
https://doi.org/10.1016/j.jphotobiol.2012.10.006
https://doi.org/10.1016/j.jphotobiol.2012.10.006
https://doi.org/10.1128/CMR.00068-15
https://doi.org/10.1073/pnas.1511751112
https://doi.org/10.1007/s12011-020-02394-3
https://doi.org/10.1128/aac.47.1.283-291.2003
https://doi.org/10.2174/0929867325666180330095154
https://doi.org/10.2174/0929867325666180330095154
https://doi.org/10.1002/pmic.200500164
https://doi.org/10.1046/j.1365-2958.2002.02832.x
https://doi.org/10.1046/j.1365-2958.2002.02832.x
https://doi.org/10.1128/iai.68.11.6441-6448.2000
https://doi.org/10.1016/j.bmcl.2003.09.082
https://doi.org/10.1016/j.bmcl.2003.09.082
https://doi.org/10.1089/sur.2018.194
https://doi.org/10.1089/sur.2018.194
https://doi.org/10.1111/mmi.12897
https://doi.org/10.1016/j.bmcl.2008.11.113
https://doi.org/10.1111/j.1365-2958.2006.05571.x
https://doi.org/10.7164/antibiotics.35.1454
https://doi.org/10.1128/MMBR.62.4.1079-1093.1998
https://doi.org/10.2323/jgam.2016.07.004
https://doi.org/10.1517/14728222.6.1.1
https://doi.org/10.1016/j.jmb.2013.06.033
https://doi.org/10.1073/pnas.0701821104
https://doi.org/10.1177/09680519010070011001


Zhou et al. 10.3389/fmicb.2022.952633

Frontiers in Microbiology 17 frontiersin.org

Gupta, S. D., and Wu, H. C. (1991). Identification and subcellular localization of 
apolipoprotein N-acyltransferase in Escherichia coli. FEMS Microbiol. Lett. 78, 
37–41. doi: 10.1016/0378-1097(91)90251-5

Hancock, R. E., and Sahl, H. G. (2006). Antimicrobial and host-defense peptides 
as new anti-infective therapeutic strategies. Nat. Biotechnol. 24, 1551–1557. doi: 
10.1038/nbt1267

Hankins, J. V., Madsen, J. A., Giles, D. K., Brodbelt, J. S., and Trent, M. S. (2012). 
Amino acid addition to Vibrio cholerae LPS establishes a link between surface 
remodeling in gram-positive and gram-negative bacteria. Proc. Natl. Acad. Sci. U. S. 
A. 109, 8722–8727. doi: 10.1073/pnas.1201313109

Heilpern, A. J., and Waldor, M. K. (2000). CTXphi infection of Vibrio cholerae 
requires the tolQRA gene products. J. Bacteriol. 182, 1739–1747. doi: 10.1128/
jb.182.6.1739-1747.2000

Hellman, J.,  Roberts, J. D. Jr., Tehan, M. M., Allaire, J. E., and Warren, H. S. 
(2002). Bacterial peptidoglycan-associated lipoprotein is released into the 
bloodstream in gram-negative sepsis and causes inflammation and death in mice. J. 
Biol. Chem. 277, 14274–14280. doi: 10.1074/jbc.M109696200

Helm, J. S., Hu, Y., Chen, L., Gross, B., and Walker, S. (2003). Identification of 
active-site inhibitors of MurG using a generalizable, high-throughput 
glycosyltransferase screen. J. Am. Chem. Soc. 125, 11168–11169. doi: 10.1021/
ja036494s

Henry, T., Pommier, S., Journet, L., Bernadac, A., Gorvel, J. P., and Lloubes, R. 
(2004). Improved methods for producing outer membrane vesicles in Gram-
negative bacteria. Res. Microbiol. 155, 437–446. doi: 10.1016/j.
resmic.2004.04.007

Ho, H., Miu, A., Alexander, M. K., Garcia, N. K., Oh, A., Zilberleyb, I., et al. 
(2018). Structural basis for dual-mode inhibition of the ABC transporter MsbA. 
Nature 557, 196–201. doi: 10.1038/s41586-018-0083-5

Holland, L. M., Conlon, B., and O'Gara, J. P. (2011). Mutation of tagO reveals an 
essential role for wall teichoic acids in Staphylococcus epidermidis biofilm 
development. Microbiology 157, 408–418. doi: 10.1099/mic.0.042234-0

Hrast, M., Turk, S., Sosic, I., Knez, D., Randall, C. P., Barreteau, H., et al. (2013). 
Structure-activity relationships of new cyanothiophene inhibitors of the essential 
peptidoglycan biosynthesis enzyme MurF. Eur. J. Med. Chem. 66, 32–45. doi: 
10.1016/j.ejmech.2013.05.013

Hu, C. (2018). Pharmaceutical companies are backing away from a growing threat 
that could kill 10 million people a year by 2050.

Hu, Y., Chen, L., Ha, S., Gross, B., Falcone, B., Walker, D., et al. (2003). Crystal 
structure of the MurG:UDP-GlcNAc complex reveals common structural principles 
of a superfamily of glycosyltransferases. Proc. Natl. Acad. Sci. U. S. A. 100, 845–849. 
doi: 10.1073/pnas.0235749100

Hu, Y., Helm, J. S., Chen, L., Ginsberg, C., Gross, B., Kraybill, B., et al. (2004). 
Identification of selective inhibitors for the glycosyltransferase MurG via high-
throughput screening. Chem. Biol. 11, 703–711. doi: 10.1016/j.chembiol.2004.02.024

Humljan, J., Kotnik, M., Contreras-Martel, C., Blanot, D., Urleb, U., Dessen, A., 
et al. (2008). Novel naphthalene-N-sulfonyl-D-glutamic acid derivatives as 
inhibitors of MurD, a key peptidoglycan biosynthesis enzyme. J. Med. Chem. 51, 
7486–7494. doi: 10.1021/jm800762u

Hunt, C. L., Nauseef, W. M., and Weiss, J. P. (2006). Effect of D-alanylation of 
(lipo)teichoic acids of Staphylococcus aureus on host secretory phospholipase A2 
action before and after phagocytosis by human neutrophils. J. Immunol. 176, 
4987–4994. doi: 10.4049/jimmunol.176.8.4987

Imai, Y., Meyer, K. J., Iinishi, A., Favre-Godal, Q., Green, R., Manuse, S., et al. 
(2019). A new antibiotic selectively kills Gram-negative pathogens. Nature 576, 
459–464. doi: 10.1038/s41586-019-1791-1

Islam, M. R., Nagao, J., Zendo, T., and Sonomoto, K. (2012). Antimicrobial 
mechanism of lantibiotics. Biochem. Soc. Trans. 40, 1528–1533. doi: 10.1042/
BST20120190

Jackowski, S., and Rock, C. O. (1986). Transfer of fatty acids from the 1-position 
of phosphatidylethanolamine to the major outer membrane lipoprotein of 
Escherichia coli. J. Biol. Chem. 261, 11328–11333. doi: 10.1016/S0021- 
9258(18)67387-9

Kamio, Y., and Nikaido, H. (1976). Outer membrane of Salmonella typhimurium: 
accessibility of phospholipid head groups to phospholipase c and cyanogen bromide 
activated dextran in the external medium. Biochemistry 15, 2561–2570. doi: 10.1021/
bi00657a012

Kawahara, K. (2021). Variation, modification and engineering of lipid a in 
endotoxin of gram-negative bacteria. Int. J. Mol. Sci. 22, 2281. doi: 10.3390/
ijms22052281

Keeley, A., Abranyi-Balogh, P., Hrast, M., Imre, T., Ilas, J., Gobec, S., et al. (2018). 
Heterocyclic electrophiles as new MurA inhibitors. Arch. Pharm. 351:e1800184. doi: 
10.1002/ardp.201800184

Kehl-Fie, T. E., Zhang, Y., Moore, J. L., Farrand, A. J., Hood, M. I., Rathi, S., et al. 
(2013). MntABC and MntH contribute to systemic Staphylococcus aureus infection 

by competing with calprotectin for nutrient manganese. Infect. Immun. 81, 
3395–3405. doi: 10.1128/IAI.00420-13

Khan, S. T., Khan, M., Ahmad, J., Wahab, R., Abd-Elkader, O. H., Musarrat, J., 
et al. (2017). Thymol and carvacrol induce autolysis, stress, growth inhibition and 
reduce the biofilm formation by Streptococcus mutans. AMB Express 7:49. doi: 
10.1186/s13568-017-0344-y

Khandavilli, S., Homer, K. A., Yuste, J., Basavanna, S., Mitchell, T., and Brown, J. S. 
(2008). Maturation of Streptococcus pneumoniae lipoproteins by a type II signal 
peptidase is required for ABC transporter function and full virulence. Mol. 
Microbiol. 67, 541–557. doi: 10.1111/j.1365-2958.2007.06065.x

Kim, H. M., Park, B. S., Kim, J. I., Kim, S. E., Lee, J., Oh, S. C., et al. (2007). Crystal 
structure of the TLR4-MD-2 complex with bound endotoxin antagonist Eritoran. 
Cells 130, 906–917. doi: 10.1016/j.cell.2007.08.002

Kitamura, S., Owensby, A., Wall, D., and Wolan, D. W. (2018). Lipoprotein signal 
peptidase inhibitors with antibiotic properties identified through design of a robust 
in  vitro HT platform. cell. Chem. Biol. 25, 301.e12–308.e12. doi: 10.1016/j.
chembiol.2017.12.011

Kjos, M., Oppegard, C., Diep, D. B., Nes, I. F., Veening, J. W., Nissen-Meyer, J., 
et al. (2014). Sensitivity to the two-peptide bacteriocin lactococcin G is dependent 
on UppP, an enzyme involved in cell-wall synthesis. Mol. Microbiol. 92, 1177–1187. 
doi: 10.1111/mmi.12632

Konduri, S., Prashanth, J., Krishna, V. S., Sriram, D., Behera, J. N., Siegel, D., et al. 
(2020). Design and synthesis of purine connected piperazine derivatives as novel 
inhibitors of Mycobacterium tuberculosis. Bioorg. Med. Chem. Lett. 30:127512. doi: 
10.1016/j.bmcl.2020.127512

Kotnik, M., Humljan, J., Contreras-Martel, C., Oblak, M., Kristan, K., Herve, M., 
et al. (2007). Structural and functional characterization of enantiomeric glutamic 
acid derivatives as potential transition state analogue inhibitors of MurD ligase. J. 
Mol. Biol. 370, 107–115. doi: 10.1016/j.jmb.2007.04.048

Kovacs-Simon, A., Titball, R. W., and Michell, S. L. (2011). Lipoproteins of 
bacterial pathogens. Infect. Immun. 79, 548–561. doi: 10.1128/IAI.00682-10

Kruk, T., Szczepanowicz, K., Stefanska, J., Socha, R. P., and Warszynski, P. (2015). 
Synthesis and antimicrobial activity of monodisperse copper nanoparticles. Colloids 
Surf. B Biointerfaces 128, 17–22. doi: 10.1016/j.colsurfb.2015.02.009

Kurekci, C., Padmanabha, J., Bishop-Hurley, S. L., Hassan, E., Al Jassim, R. A., and 
McSweeney, C. S. (2013). Antimicrobial activity of essential oils and five terpenoid 
compounds against Campylobacter jejuni in pure and mixed culture experiments. 
Int. J. Food Microbiol. 166, 450–457. doi: 10.1016/j.ijfoodmicro.2013.08.014

Kurnia, D., Hutabarat, G. S., Windaryanti, D., Herlina, T., Herdiyati, Y., and 
Satari, M. H. (2020). Potential allylpyrocatechol derivatives as antibacterial agent 
against oral pathogen of S. sanguinis ATCC 10,556 and as inhibitor of MurA 
enzymes: in vitro and in silico study. Drug Des. Devel. Ther. 14, 2977–2985. doi: 
10.2147/DDDT.S255269

Kurokawa, K., Kim, M. S., Ichikawa, R., Ryu, K. H., Dohmae, N., Nakayama, H., 
et al. (2012). Environment-mediated accumulation of diacyl lipoproteins over their 
triacyl counterparts in Staphylococcus aureus. J. Bacteriol. 194, 3299–3306. doi: 
10.1128/JB.00314-12

Kurokawa, K., Takahashi, K., and Lee, B. L. (2016). The staphylococcal surface-
glycopolymer wall teichoic acid (WTA) is crucial for complement activation and 
immunological defense against Staphylococcus aureus infection. Immunobiology 221, 
1091–1101. doi: 10.1016/j.imbio.2016.06.003

Kutschera, A., and Ranf, S. (2019). The multifaceted functions of 
lipopolysaccharide in plant-bacteria interactions. Biochimie 159, 93–98. doi: 
10.1016/j.biochi.2018.07.028

Lee, S., Razqan, G. S., and Kwon, D. H. (2017). Antibacterial activity of 
epigallocatechin-3-gallate (EGCG) and its synergism with beta-lactam antibiotics 
sensitizing carbapenem-associated multidrug resistant clinical isolates of Acinetobacter 
baumannii. Phytomedicine 24, 49–55. doi: 10.1016/j.phymed.2016.11.007

Lee, S. H., Wang, H., Labroli, M., Koseoglu, S., Zuck, P., Mayhood, T., et al. (2016). 
TarO-specific inhibitors of wall teichoic acid biosynthesis restore beta-lactam 
efficacy against methicillin-resistant staphylococci. Sci. Transl. Med. 8:329ra32. doi: 
10.1126/scitranslmed.aad7364

Leitzmann, C. (2016). Characteristics and health benefits of phytochemicals. 
Forsch. Komplementmed. 23, 69–74. doi: 10.1159/000444063

Liang, M. D., Bagchi, A., Warren, H. S., Tehan, M. M., Trigilio, J. A., 
Beasley-Topliffe, L. K., et al. (2005). Bacterial peptidoglycan-associated lipoprotein: 
a naturally occurring toll-like receptor 2 agonist that is shed into serum and has 
synergy with lipopolysaccharide. J. Infect. Dis. 191, 939–948. doi: 10.1086/427815

Liu, H., Ritter, T. K., Sadamoto, R., Sears, P. S., Wu, M., and Wong, C. H. (2003). 
Acceptor specificity and inhibition of the bacterial cell-wall glycosyltransferase 
MurG. Chembiochem 4, 603–609. doi: 10.1002/cbic.200300557

Llamas, M. A., Ramos, J. L., and Rodriguez-Herva, J. J. (2003). Transcriptional 
organization of the pseudomonas putida Tol-oprL genes. J. Bacteriol. 185, 184–195. 
doi: 10.1128/jb.185.1.184-195.2003

https://doi.org/10.3389/fmicb.2022.952633
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1016/0378-1097(91)90251-5
https://doi.org/10.1038/nbt1267
https://doi.org/10.1073/pnas.1201313109
https://doi.org/10.1128/jb.182.6.1739-1747.2000
https://doi.org/10.1128/jb.182.6.1739-1747.2000
https://doi.org/10.1074/jbc.M109696200
https://doi.org/10.1021/ja036494s
https://doi.org/10.1021/ja036494s
https://doi.org/10.1016/j.resmic.2004.04.007
https://doi.org/10.1016/j.resmic.2004.04.007
https://doi.org/10.1038/s41586-018-0083-5
https://doi.org/10.1099/mic.0.042234-0
https://doi.org/10.1016/j.ejmech.2013.05.013
https://doi.org/10.1073/pnas.0235749100
https://doi.org/10.1016/j.chembiol.2004.02.024
https://doi.org/10.1021/jm800762u
https://doi.org/10.4049/jimmunol.176.8.4987
https://doi.org/10.1038/s41586-019-1791-1
https://doi.org/10.1042/BST20120190
https://doi.org/10.1042/BST20120190
https://doi.org/10.1016/S0021-9258(18)67387-9
https://doi.org/10.1016/S0021-9258(18)67387-9
https://doi.org/10.1021/bi00657a012
https://doi.org/10.1021/bi00657a012
https://doi.org/10.3390/ijms22052281
https://doi.org/10.3390/ijms22052281
https://doi.org/10.1002/ardp.201800184
https://doi.org/10.1128/IAI.00420-13
https://doi.org/10.1186/s13568-017-0344-y
https://doi.org/10.1111/j.1365-2958.2007.06065.x
https://doi.org/10.1016/j.cell.2007.08.002
https://doi.org/10.1016/j.chembiol.2017.12.011
https://doi.org/10.1016/j.chembiol.2017.12.011
https://doi.org/10.1111/mmi.12632
https://doi.org/10.1016/j.bmcl.2020.127512
https://doi.org/10.1016/j.jmb.2007.04.048
https://doi.org/10.1128/IAI.00682-10
https://doi.org/10.1016/j.colsurfb.2015.02.009
https://doi.org/10.1016/j.ijfoodmicro.2013.08.014
https://doi.org/10.2147/DDDT.S255269
https://doi.org/10.1128/JB.00314-12
https://doi.org/10.1016/j.imbio.2016.06.003
https://doi.org/10.1016/j.biochi.2018.07.028
https://doi.org/10.1016/j.phymed.2016.11.007
https://doi.org/10.1126/scitranslmed.aad7364
https://doi.org/10.1159/000444063
https://doi.org/10.1086/427815
https://doi.org/10.1002/cbic.200300557
https://doi.org/10.1128/jb.185.1.184-195.2003


Zhou et al. 10.3389/fmicb.2022.952633

Frontiers in Microbiology 18 frontiersin.org

Longenecker, K. L., Stamper, G. F., Hajduk, P. J., Fry, E. H., Jakob, C. G., 
Harlan, J. E., et al. (2005). Structure of MurF from Streptococcus pneumoniae co-
crystallized with a small molecule inhibitor exhibits interdomain closure. Protein 
Sci. 14, 3039–3047. doi: 10.1110/ps.051604805

Loo, T. W., and Clarke, D. M. (2014). Tariquidar inhibits P-glycoprotein drug 
efflux but activates ATPase activity by blocking transition to an open conformation. 
Biochem. Pharmacol. 92, 558–566. doi: 10.1016/j.bcp.2014.10.006

Lopez-Montesinos, I., and Horcajada, J. P. (2019). Oral and intravenous 
fosfomycin in complicated urinary tract infections. Rev. Esp. Quimioter. 32, 37–44.

Lu, S., Walters, G., Parg, R., and Dutcher, J. R. (2014). Nanomechanical response 
of bacterial cells to cationic antimicrobial peptides. Soft Matter 10, 1806–1815. doi: 
10.1039/c3sm52801d

Lu, G., Xu, Y., Zhang, K., Xiong, Y., Li, H., Cui, L., et al. (2017). Crystal structure 
of E. coli apolipoprotein N-acyl transferase. Nat. Commun. 8:15948. doi: 10.1038/
ncomms15948

Lu, J., Ye, S., Qin, R., Deng, Y., and Li, C. P. (2013). Effect of Chinese herbal 
medicine extracts on cell-mediated immunity in a rat model of tuberculosis induced 
by multiple drug-resistant bacilli. Mol. Med. Rep. 8, 227–232. doi: 10.3892/
mmr.2013.1491

Lundqvist, T., Fisher, S. L., Kern, G., Folmer, R. H., Xue, Y., Newton, D. T., et al. 
(2007). Exploitation of structural and regulatory diversity in glutamate racemases. 
Nature 447, 817–822. doi: 10.1038/nature05689

Lynn, M., Rossignol, D. P., Wheeler, J. L., Kao, R. J., Perdomo, C. A., Noveck, R., 
et al. (2003). Blocking of responses to endotoxin by E5564 in healthy volunteers 
with experimental endotoxemia. J. Infect. Dis. 187, 631–639. doi: 10.1086/ 
367990

Malanovic, N., and Lohner, K. (2016). Antimicrobial peptides targeting gram-
positive bacteria. Pharmaceuticals (Basel) 9, 59. doi: 10.3390/ph9030059

Manara, S., Pasolli, E., Dolce, D., Ravenni, N., Campana, S., Armanini, F., et al. 
(2018). Whole-genome epidemiology, characterisation, and phylogenetic 
reconstruction of Staphylococcus aureus strains in a paediatric hospital. Genome 
Med. 10:82. doi: 10.1186/s13073-018-0593-7

Mann, P. A., Muller, A., Wolff, K. A., Fischmann, T., Wang, H., Reed, P., et al. 
(2016). Chemical genetic analysis and functional characterization of 
staphylococcal wall teichoic acid 2-epimerases reveals unconventional antibiotic 
drug targets. PLoS Pathog. 12:e1005585. doi: 10.1371/journal.ppat.1005585

Mann, P. A., Muller, A., Xiao, L., Pereira, P. M., Yang, C., Ho Lee, S., et al. (2013). 
Murgocil is a highly bioactive staphylococcal-specific inhibitor of the peptidoglycan 
glycosyltransferase enzyme MurG. ACS Chem. Biol. 8, 2442–2451. doi: 10.1021/
cb400487f

Mao, G., Zhao, Y., Kang, X., Li, Z., Zhang, Y., Wang, X., et al. (2016). Crystal 
structure of E. coli lipoprotein diacylglyceryl transferase. Nat. Commun. 7:10198. 
doi: 10.1038/ncomms10198

Martinez, O. E., Mahoney, B. J., Goring, A. K., Yi, S. W., Tran, D. P., Cascio, D., 
et al. (2022). Insight into the molecular basis of substrate recognition by the wall 
teichoic acid glycosyltransferase TagA. J. Biol. Chem. 298:101464. doi: 10.1016/j.
jbc.2021.101464

Mashalidis, E. H., Kaeser, B., Terasawa, Y., Katsuyama, A., Kwon, D. Y., Lee, K., 
et al. (2019). Chemical logic of MraY inhibition by antibacterial nucleoside natural 
products. Nat. Commun. 10:2917. doi: 10.1038/s41467-019-10957-9

May, J. J., Finking, R., Wiegeshoff, F., Weber, T. T., Bandur, N., Koert, U., et al. 
(2005). Inhibition of the D-alanine:D-alanyl carrier protein ligase from Bacillus 
subtilis increases the bacterium's susceptibility to antibiotics that target the cell wall. 
FEBS J. 272, 2993–3003. doi: 10.1111/j.1742-4658.2005.04700.x

Mendel, S., Holbourn, J. M., Schouten, J. A., and Bugg, T. D. (2006). Interaction 
of the transmembrane domain of lysis protein E from bacteriophage phiX174 with 
bacterial translocase MraY and peptidyl-prolyl isomerase SlyD. Microbiology 152, 
2959–2967. doi: 10.1099/mic.0.28776-0

Merrikin, D. J., Briant, J., and Rolinson, G. N. (1983). Effect of protein binding on 
antibiotic activity in vivo. J. Antimicrob. Chemother. 11, 233–238. doi: 10.1093/
jac/11.3.233

Mi, W., Li, Y., Yoon, S. H., Ernst, R. K., Walz, T., and Liao, M. (2017). Structural 
basis of MsbA-mediated lipopolysaccharide transport. Nature 549, 233–237. doi: 
10.1038/nature23649

Miyake, K. (2004). Innate recognition of lipopolysaccharide by toll-like receptor 
4-MD-2. Trends Microbiol. 12, 186–192. doi: 10.1016/j.tim.2004.02.009

Mohammadi, T., van Dam, V., Sijbrandi, R., Vernet, T., Zapun, A., Bouhss, A., 
et al. (2011). Identification of FtsW as a transporter of lipid-linked cell wall 
precursors across the membrane. EMBO J. 30, 1425–1432. doi: 10.1038/
emboj.2011.61

Molyneux, R. J., Lee, S. T., Gardner, D. R., Panter, K. E., and James, L. F. (2007). 
Phytochemicals: the good, the bad and the ugly? Phytochemistry 68, 2973–2985. doi: 
10.1016/j.phytochem.2007.09.004

Moon, S. H., and Huang, E. (2019). Novel linear lipopeptide paenipeptin C' binds 
to lipopolysaccharides and lipoteichoic acid and exerts bactericidal activity by the 
disruption of cytoplasmic membrane. BMC Microbiol. 19:6. doi: 10.1186/
s12866-018-1381-7

Muller, P., Muller-Anstett, M., Wagener, J., Gao, Q., Kaesler, S., Schaller, M., et al. 
(2010). The Staphylococcus aureus lipoprotein SitC colocalizes with toll-like receptor 
2 (TLR2) in murine keratinocytes and elicits intracellular TLR2 accumulation. 
Infect. Immun. 78, 4243–4250. doi: 10.1128/IAI.00538-10

Munford, R. S., and Varley, A. W. (2006). Shield as signal: lipopolysaccharides and 
the evolution of immunity to gram-negative bacteria. PLoS Pathog. 2:e67. doi: 
10.1371/journal.ppat.0020067

Munnoch, J. T., Widdick, D. A., Chandra, G., Sutcliffe, I. C., Palmer, T., and 
Hutchings, M. I. (2016). Cosmid based mutagenesis causes genetic instability in 
Streptomyces coelicolor, as shown by targeting of the lipoprotein signal peptidase 
gene. Sci. Rep. 6:29495. doi: 10.1038/srep29495

Naclerio, G. A., Karanja, C. W., Opoku-Temeng, C., and Sintim, H. O. (2019). 
Antibacterial small molecules that potently inhibit Staphylococcus aureus 
lipoteichoic acid biosynthesis. ChemMedChem 14, 1000–1004. doi: 10.1002/
cmdc.201900053

Naclerio, G. A., Onyedibe, K. I., and Sintim, H. O. (2020). Lipoteichoic acid 
biosynthesis inhibitors as potent inhibitors of S. aureus and E. faecalis growth and 
biofilm formation. Molecules 25, 2277. doi: 10.3390/molecules25102277

Naghadeh, H. T., Sharifi, Z., Soleimani, S., Jamaat, Z. P. M., and Ferdowsi, S. 
(2017). Efficacy of epsilon-poly-L-lysine as an antibacterial additive for platelets 
stored at room temperature. Iran J. Med. Sci. 42, 509–511. 

Nakayama, H., Kurokawa, K., and Lee, B. L. (2012). Lipoproteins in bacteria: 
structures and biosynthetic pathways. FEBS J. 279, 4247–4268. doi: 10.1111/
febs.12041

Nakayama, M., Shimatani, K., Ozawa, T., Shigemune, N., Tsugukuni, T., 
Tomiyama, D., et al. (2013). A study of the antibacterial mechanism of catechins: 
isolation and identification of Escherichia coli cell surface proteins that interact with 
epigallocatechin gallate. Food Control 33, 433–439. doi: 10.1016/j.foodcont.2013.03.016

Nguyen, M. T., and Gotz, F. (2016). Lipoproteins of gram-positive bacteria: key 
players in the immune response and virulence. Microbiol. Mol. Biol. Rev. 80, 
891–903. doi: 10.1128/MMBR.00028-16

Nickerson, N. N., Jao, C. C., Xu, Y., Quinn, J., Skippington, E., Alexander, M. K., 
et al. (2018). A novel inhibitor of the LolCDE ABC transporter essential for 
lipoprotein trafficking in gram-negative bacteria. Antimicrob. Agents Chemother. 62, 
e02151–17. doi: 10.1128/AAC.02151-17

Noda, M., Kawahara, Y., Ichikawa, A., Matoba, Y., Matsuo, H., Lee, D. G., et al. 
(2004). Self-protection mechanism in D-cycloserine-producing Streptomyces 
lavendulae. Gene cloning, characterization, and kinetics of its alanine racemase and 
D-alanyl-D-alanine ligase, which are target enzymes of D-cycloserine. J. Biol. Chem. 
279, 46143–46152. doi: 10.1074/jbc.M404603200

Oh, Y. J., Plochberger, B., Rechberger, M., and Hinterdorfer, P. (2017). 
Characterizing the effect of polymyxin B antibiotics to lipopolysaccharide on 
Escherichia coli surface using atomic force microscopy. J. Mol. Recognit. 30, e2605. 
doi: 10.1002/jmr.2605

O'Hallahan, J., Lennon, D., and Oster, P. (2004). The strategy to control 
New Zealand's epidemic of group B meningococcal disease. Pediatr. Infect. Dis. J. 
23, S293–S298. doi: 10.1097/01.inf.0000147645.53942.00

Ohto, U., Fukase, K., Miyake, K., and Satow, Y. (2007). Crystal structures of 
human MD-2 and its complex with antiendotoxic lipid IVa. Science 316, 1632–1634. 
doi: 10.1126/science.1139111

Opoku-Temeng, C., Naclerio, G. A., Mohammad, H., Dayal, N., Abutaleb, N. S., 
Seleem, M. N., et al. (2018). N-(1,3,4-oxadiazol-2-yl)benzamide analogs, 
bacteriostatic agents against methicillin-and vancomycin-resistant bacteria. Eur. J. 
Med. Chem. 155, 797–805. doi: 10.1016/j.ejmech.2018.06.023

Osborn, M. J., Gander, J. E., and Parisi, E. (1972a). Mechanism of assembly of the 
outer membrane of Salmonella typhimurium. Site of synthesis of lipopolysaccharide. 
J. Biol. Chem. 247, 3973–3986. doi: 10.1016/S0021-9258(19)45128-4

Osborn, M. J., Gander, J. E., Parisi, E., and Carson, J. (1972b). Mechanism of 
assembly of the outer membrane of Salmonella typhimurium. Isolation and 
characterization of cytoplasmic and outer membrane. J. Biol. Chem. 247, 3962–3972. 
doi: 10.1016/S0021-9258(19)45127-2

Paetzel, M., Karla, A., Strynadka, N. C., and Dalbey, R. E. (2002). Signal 
peptidases. Chem. Rev. 102, 4549–4580. doi: 10.1021/cr010166y

Papo, N., and Shai, Y. (2003). Can we predict biological activity of antimicrobial 
peptides from their interactions with model phospholipid membranes? Peptides 24, 
1693–1703. doi: 10.1016/j.peptides.2003.09.013

Papuc, C., Goran, G. V., Predescu, C. N., Nicorescu, V., and Stefan, G. (2017). 
Plant polyphenols as antioxidant and antibacterial agents for shelf-life extension of 
meat and meat products: classification, structures, sources, and action mechanisms. 
Compr. Rev. Food Sci. Food Saf. 16, 1243–1268. doi: 10.1111/1541-4337.12298

https://doi.org/10.3389/fmicb.2022.952633
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1110/ps.051604805
https://doi.org/10.1016/j.bcp.2014.10.006
https://doi.org/10.1039/c3sm52801d
https://doi.org/10.1038/ncomms15948
https://doi.org/10.1038/ncomms15948
https://doi.org/10.3892/mmr.2013.1491
https://doi.org/10.3892/mmr.2013.1491
https://doi.org/10.1038/nature05689
https://doi.org/10.1086/367990
https://doi.org/10.1086/367990
https://doi.org/10.3390/ph9030059
https://doi.org/10.1186/s13073-018-0593-7
https://doi.org/10.1371/journal.ppat.1005585
https://doi.org/10.1021/cb400487f
https://doi.org/10.1021/cb400487f
https://doi.org/10.1038/ncomms10198
https://doi.org/10.1016/j.jbc.2021.101464
https://doi.org/10.1016/j.jbc.2021.101464
https://doi.org/10.1038/s41467-019-10957-9
https://doi.org/10.1111/j.1742-4658.2005.04700.x
https://doi.org/10.1099/mic.0.28776-0
https://doi.org/10.1093/jac/11.3.233
https://doi.org/10.1093/jac/11.3.233
https://doi.org/10.1038/nature23649
https://doi.org/10.1016/j.tim.2004.02.009
https://doi.org/10.1038/emboj.2011.61
https://doi.org/10.1038/emboj.2011.61
https://doi.org/10.1016/j.phytochem.2007.09.004
https://doi.org/10.1186/s12866-018-1381-7
https://doi.org/10.1186/s12866-018-1381-7
https://doi.org/10.1128/IAI.00538-10
https://doi.org/10.1371/journal.ppat.0020067
https://doi.org/10.1038/srep29495
https://doi.org/10.1002/cmdc.201900053
https://doi.org/10.1002/cmdc.201900053
https://doi.org/10.3390/molecules25102277
https://doi.org/10.1111/febs.12041
https://doi.org/10.1111/febs.12041
https://doi.org/10.1016/j.foodcont.2013.03.016
https://doi.org/10.1128/MMBR.00028-16
https://doi.org/10.1128/AAC.02151-17
https://doi.org/10.1074/jbc.M404603200
https://doi.org/10.1002/jmr.2605
https://doi.org/10.1097/01.inf.0000147645.53942.00
https://doi.org/10.1126/science.1139111
https://doi.org/10.1016/j.ejmech.2018.06.023
https://doi.org/10.1016/S0021-9258(19)45128-4
https://doi.org/10.1016/S0021-9258(19)45127-2
https://doi.org/10.1021/cr010166y
https://doi.org/10.1016/j.peptides.2003.09.013
https://doi.org/10.1111/1541-4337.12298


Zhou et al. 10.3389/fmicb.2022.952633

Frontiers in Microbiology 19 frontiersin.org

Park, K. H., Kurokawa, K., Zheng, L., Jung, D. J., Tateishi, K., Jin, J. O., et al. (2010). 
Human serum mannose-binding lectin senses wall teichoic acid Glycopolymer of 
Staphylococcus aureus, which is restricted in infancy. J. Biol. Chem. 285, 
27167–27175. doi: 10.1074/jbc.M110.141309

Pasquina, L., Santa Maria, J. P., Jr McKay Wood, B., Moussa, S. H., Matano, L. M., 
Santiago, M., et al. (2016). A synthetic lethal approach for compound and target 
identification in Staphylococcus aureus. Nat. Chem. Biol. 12, 40–45. doi: 10.1038/
nchembio.1967

Pazos, M., and Peters, K. (2019). Peptidoglycan. Subcell. Biochem. 92, 127–168. 
doi: 10.1007/978-3-030-18768-2_5

Perdih, A., Kovac, A., Wolber, G., Blanot, D., Gobec, S., and Solmajer, T. (2009). 
Discovery of novel benzene 1,3-dicarboxylic acid inhibitors of bacterial MurD and 
MurE ligases by structure-based virtual screening approach. Bioorg. Med. Chem. 
Lett. 19, 2668–2673. doi: 10.1016/j.bmcl.2009.03.141

Peschel, A., Otto, M., Jack, R. W., Kalbacher, H., Jung, G., and Gotz, F. (1999). 
Inactivation of the dlt operon in Staphylococcus aureus confers sensitivity to 
defensins, protegrins, and other antimicrobial peptides. J. Biol. Chem. 274, 
8405–8410. doi: 10.1074/jbc.274.13.8405

Pokharel, P., Diaz, J. M., Bessaiah, H., Houle, S., Guerrero-Barrera, A. L., and 
Dozois, C. M. (2020). The serine protease autotransporters TagB, TagC, and Sha 
from extraintestinal pathogenic Escherichia coli are internalized by human bladder 
epithelial cells and cause actin cytoskeletal disruption. Int. J. Mol. Sci. 21, 3047. doi: 
10.3390/ijms21093047

Proctor, R. A., Dalal, S. C., Kahl, B., Brar, D., Peters, G., and Nichols, W. W. (2002). 
Two diarylurea electron transport inhibitors reduce Staphylococcus aureus hemolytic 
activity and protect cultured endothelial cells from lysis. Antimicrob. Agents 
Chemother. 46, 2333–2336. doi: 10.1128/aac.46.8.2333-2336.2002

Pucci, M. J., Thanassi, J. A., Ho, H. T., Falk, P. J., and Dougherty, T. J. (1995). 
Staphylococcus haemolyticus contains two D-glutamic acid biosynthetic activities, 
a glutamate racemase and a D-amino acid transaminase. J. Bacteriol. 177, 336–342. 
doi: 10.1128/jb.177.2.336-342.1995

Raetz, C. R. (1990). Biochemistry of endotoxins. Annu. Rev. Biochem. 59, 129–170. 
doi: 10.1146/annurev.bi.59.070190.001021

Raetz, C. R., and Whitfield, C. (2002). Lipopolysaccharide endotoxins. Annu. Rev. 
Biochem. 71, 635–700. doi: 10.1146/annurev.biochem.71.110601.135414

Rai, A., Pinto, S., Velho, T. R., Ferreira, A. F., Moita, C., Trivedi, U., et al. (2016). 
One-step synthesis of high-density peptide-conjugated gold nanoparticles with 
antimicrobial efficacy in a systemic infection model. Biomaterials 85, 99–110. doi: 
10.1016/j.biomaterials.2016.01.051

Raina, D., Tiwari, H., Sharma, S., Deepika Chinthakindi, P. K., Nargotra, A., 
Sangwan, P. L., et al. (2021). Screening of compound library identifies novel 
inhibitors against the MurA enzyme of Escherichia coli. Appl. Microbiol. Biotechnol. 
105, 3611–3623. doi: 10.1007/s00253-021-11272-4

Rani, J., Silla, Y., Borah, K., Ramachandran, S., and Bajpai, U. (2019). Repurposing of 
FDA-approved drugs to target MurB and MurE enzymes in Mycobacterium tuberculosis. 
J. Biomol. Struct. Dyn. 38, 2521–2532. doi: 10.1080/07391102.2019.1637280

Rani, J., Silla, Y., Borah, K., Ramachandran, S., and Bajpai, U. (2020). Repurposing of 
FDA-approved drugs to target MurB and MurE enzymes in Mycobacterium tuberculosis. 
J. Biomol. Struct. Dyn. 38, 2521–2532. doi: 10.1080/07391102.2019.1637280

Reglier-Poupet, H., Frehel, C., Dubail, I., Beretti, J. L., Berche, P., Charbit, A., et al. 
(2003). Maturation of lipoproteins by type II signal peptidase is required for 
phagosomal escape of Listeria monocytogenes. J. Biol. Chem. 278, 49469–49477. doi: 
10.1074/jbc.M307953200

Reitz, R. H., Slade, H. D., and Neuhaus, F. C. (1967). The biochemical mechanisms 
of resistance by streptococci to the antibiotics D-cycloserine and O-carbamyl-D-
serine. Biochemistry 6, 2561–2570. doi: 10.1021/bi00860a038

Richter, S. G., Elli, D., Kim, H. K., Hendrickx, A. P., Sorg, J. A., Schneewind, O., 
et al. (2013). Small molecule inhibitor of lipoteichoic acid synthesis is an antibiotic 
for gram-positive bacteria. Proc. Natl. Acad. Sci. U. S. A. 110, 3531–3536. doi: 
10.1073/pnas.1217337110

Rietschel, E. T., Kirikae, T., Schade, F. U., Mamat, U., Schmidt, G., Loppnow, H., 
et al. (1994). Bacterial endotoxin: molecular relationships of structure to activity and 
function. FASEB J. 8, 217–225. doi: 10.1096/fasebj.8.2.8119492

Rodolis, M. T., Mihalyi, A., Ducho, C., Eitel, K., Gust, B., Goss, R. J., et al. (2014a). 
Mechanism of action of the uridyl peptide antibiotics: an unexpected link to a 
protein-protein interaction site in translocase MraY. Chem. Commun. 50, 
13023–13025. doi: 10.1039/c4cc06516f

Rodolis, M. T., Mihalyi, A., O'Reilly, A., Slikas, J., Roper, D. I., Hancock, R. E., et al. 
(2014b). Identification of a novel inhibition site in translocase MraY based upon the 
site of interaction with lysis protein E from bacteriophage varphiX174. Chembiochem 
15, 1300–1308. doi: 10.1002/cbic.201402064

Ruiz, N. (2008). Bioinformatics identification of MurJ (MviN) as the peptidoglycan 
lipid II flippase in Escherichia coli. Proc. Natl. Acad. Sci. U. S. A. 105, 15553–15557. 
doi: 10.1073/pnas.0808352105

Ruiz, N. (2015). Lipid Flippases for bacterial peptidoglycan biosynthesis. Lipid 
Insights 8s1, LPI.S31783–LPI.S31731. doi: 10.4137/LPI.S31783

Sanad, S. M. H., Ahmed, A. A. M., and Mekky, A. E. M. (2020). Synthesis, in-vitro 
and in-silico study of novel thiazoles as potent antibacterial agents and MurB 
inhibitors. Arch. Pharm. 353:e1900309. doi: 10.1002/ardp.201900309

Sankaran, K., and Wu, H. C. (1994). Lipid modification of bacterial prolipoprotein. 
Transfer of diacylglyceryl moiety from phosphatidylglycerol. J. Biol. Chem. 269, 
19701–19706. doi: 10.1016/S0021-9258(17)32077-X

Sassetti, C. M., Boyd, D. H., and Rubin, E. J. (2003). Genes required for 
mycobacterial growth defined by high density mutagenesis. Mol. Microbiol. 48, 
77–84. doi: 10.1046/j.1365-2958.2003.03425.x

Schlag, M., Biswas, R., Krismer, B., Kohler, T., Zoll, S., Yu, W., et al. (2010). Role 
of staphylococcal wall teichoic acid in targeting the major autolysin Atl. Mol. 
Microbiol. 75, 864–873. doi: 10.1111/j.1365-2958.2009.07007.x

Schmaler, M., Jann, N. J., Ferracin, F., Landolt, L. Z., Biswas, L., Gotz, F., et al. 
(2009). Lipoproteins in Staphylococcus aureus mediate inflammation by TLR2 and 
iron-dependent growth in  vivo. J. Immunol. 182, 7110–7118. doi: 10.4049/
jimmunol.0804292

Schuch, R., Pelzek, A. J., Raz, A., Euler, C. W., Ryan, P. A., Winer, B. Y., et al. 
(2013). Use of a bacteriophage lysin to identify a novel target for antimicrobial 
development. PLoS One 8:e60754. doi: 10.1371/journal.pone.0060754

Shamaila, S., Zafar, N., Riaz, S., Sharif, R., Nazir, J., and Naseem, S. (2016). Gold 
nanoparticles: an efficient antimicrobial agent against enteric bacterial human 
pathogen. Nanomaterials 6, 71. doi: 10.3390/nano6040071

Sibinelli-Sousa, S., Hespanhol, J. T., and Bayer-Santos, E. (2021). Targeting the 
achilles' heel of bacteria: different mechanisms to break down the peptidoglycan 
cell wall during bacterial warfare. J. Bacteriol. 203, e00478–20. doi: 10.1128/
JB.00478-20

Siddiqi, K. S., Husen, A., and Rao, R. A. K. (2018). A review on biosynthesis of 
silver nanoparticles and their biocidal properties. J. Nanobiotechnol. 16:14. doi: 
10.1186/s12951-018-0334-5

Sigal, L. H., Zahradnik, J. M., Lavin, P., Patella, S. J., Bryant, G., Haselby, R., et al. 
(1998). A vaccine consisting of recombinant Borrelia burgdorferi outer-surface 
protein a to prevent Lyme disease. Recombinant outer-surface protein a Lyme 
disease vaccine study consortium. N. Engl. J. Med. 339, 216–222. doi: 10.1056/
NEJM199807233390402

Silver, L. L. (2013). Viable screening targets related to the bacterial cell wall. Ann. 
N. Y. Acad. Sci. 1277, 29–53. doi: 10.1111/nyas.12006

Simpson, B. W., and Trent, M. S. (2019). Pushing the envelope: LPS modifications 
and their consequences. Nat. Rev. Microbiol. 17, 403–416. doi: 10.1038/
s41579-019-0201-x

Singh, M., Chang, J., Coffman, L., and Kim, S. J. (2017). Hidden mode of action 
of glycopeptide antibiotics: inhibition of wall teichoic acid biosynthesis. J. Phys. 
Chem. B 121, 3925–3932. doi: 10.1021/acs.jpcb.7b00324

Singh, S., Papareddy, P., Morgelin, M., Schmidtchen, A., and Malmsten, M. (2014). 
Effects of PEGylation on membrane and lipopolysaccharide interactions of host 
defense peptides. Biomacromolecules 15, 1337–1345. doi: 10.1021/bm401884e

Snyder, S., Kim, D., and McIntosh, T. J. (1999). Lipopolysaccharide bilayer 
structure: effect of chemotype, core mutations, divalent cations, and temperature. 
Biochemistry 38, 10758–10767. doi: 10.1021/bi990867d

Soldo, B., Lazarevic, V., and Karamata, D. (2002). tagO is involved in the synthesis 
of all anionic cell-wall polymers in Bacillus subtilis 168. Microbiology 148, 
2079–2087. doi: 10.1099/00221287-148-7-2079

Song, M., Teng, Z., Li, M., Niu, X., Wang, J., and Deng, X. (2017). Epigallocatechin 
gallate inhibits Streptococcus pneumoniae virulence by simultaneously targeting 
pneumolysin and sortase a. J. Cell. Mol. Med. 21, 2586–2598. doi: 10.1111/
jcmm.13179

Steere, A. C., Sikand, V. K., Meurice, F., Parenti, D. L., Fikrig, E., Schoen, R. T., 
et al. (1998). Vaccination against Lyme disease with recombinant Borrelia burgdorferi 
outer-surface lipoprotein a with adjuvant. Lyme disease vaccine study group. N. 
Engl. J. Med. 339, 209–215. doi: 10.1056/NEJM199807233390401

Storm, D. R., Rosenthal, K. S., and Swanson, P. E. (1977). Polymyxin and related 
peptide antibiotics. Annu. Rev. Biochem. 46, 723–763. doi: 10.1146/annurev.
bi.46.070177.003451

Sutcliffe, I. C., Harrington, D. J., and Hutchings, M. I. (2012). A phylum level 
analysis reveals lipoprotein biosynthesis to be a fundamental property of bacteria. 
Protein Cell 3, 163–170. doi: 10.1007/s13238-012-2023-8

Swoboda, J. G., Meredith, T. C., Campbell, J., Brown, S., Suzuki, T., 
Bollenbach, T., et al. (2009). Discovery of a small molecule that blocks wall 
teichoic acid biosynthesis in Staphylococcus aureus. ACS Chem. Biol. 4, 875–883. 
doi: 10.1021/cb900151k

Tanaka, S., and  Clemons, W. M. Jr. (2012). Minimal requirements for inhibition 
of MraY by lysis protein E from bacteriophage PhiX174. Mol. Microbiol. 85, 
975–985. doi: 10.1111/j.1365-2958.2012.08153.x

https://doi.org/10.3389/fmicb.2022.952633
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1074/jbc.M110.141309
https://doi.org/10.1038/nchembio.1967
https://doi.org/10.1038/nchembio.1967
https://doi.org/10.1007/978-3-030-18768-2_5
https://doi.org/10.1016/j.bmcl.2009.03.141
https://doi.org/10.1074/jbc.274.13.8405
https://doi.org/10.3390/ijms21093047
https://doi.org/10.1128/aac.46.8.2333-2336.2002
https://doi.org/10.1128/jb.177.2.336-342.1995
https://doi.org/10.1146/annurev.bi.59.070190.001021
https://doi.org/10.1146/annurev.biochem.71.110601.135414
https://doi.org/10.1016/j.biomaterials.2016.01.051
https://doi.org/10.1007/s00253-021-11272-4
https://doi.org/10.1080/07391102.2019.1637280
https://doi.org/10.1080/07391102.2019.1637280
https://doi.org/10.1074/jbc.M307953200
https://doi.org/10.1021/bi00860a038
https://doi.org/10.1073/pnas.1217337110
https://doi.org/10.1096/fasebj.8.2.8119492
https://doi.org/10.1039/c4cc06516f
https://doi.org/10.1002/cbic.201402064
https://doi.org/10.1073/pnas.0808352105
https://doi.org/10.4137/LPI.S31783
https://doi.org/10.1002/ardp.201900309
https://doi.org/10.1016/S0021-9258(17)32077-X
https://doi.org/10.1046/j.1365-2958.2003.03425.x
https://doi.org/10.1111/j.1365-2958.2009.07007.x
https://doi.org/10.4049/jimmunol.0804292
https://doi.org/10.4049/jimmunol.0804292
https://doi.org/10.1371/journal.pone.0060754
https://doi.org/10.3390/nano6040071
https://doi.org/10.1128/JB.00478-20
https://doi.org/10.1128/JB.00478-20
https://doi.org/10.1186/s12951-018-0334-5
https://doi.org/10.1056/NEJM199807233390402
https://doi.org/10.1056/NEJM199807233390402
https://doi.org/10.1111/nyas.12006
https://doi.org/10.1038/s41579-019-0201-x
https://doi.org/10.1038/s41579-019-0201-x
https://doi.org/10.1021/acs.jpcb.7b00324
https://doi.org/10.1021/bm401884e
https://doi.org/10.1021/bi990867d
https://doi.org/10.1099/00221287-148-7-2079
https://doi.org/10.1111/jcmm.13179
https://doi.org/10.1111/jcmm.13179
https://doi.org/10.1056/NEJM199807233390401
https://doi.org/10.1146/annurev.bi.46.070177.003451
https://doi.org/10.1146/annurev.bi.46.070177.003451
https://doi.org/10.1007/s13238-012-2023-8
https://doi.org/10.1021/cb900151k
https://doi.org/10.1111/j.1365-2958.2012.08153.x


Zhou et al. 10.3389/fmicb.2022.952633

Frontiers in Microbiology 20 frontiersin.org

Tanino, T., Al-Dabbagh, B., Mengin-Lecreulx, D., Bouhss, A., Oyama, H., 
Ichikawa, S., et al. (2011). Mechanistic analysis of muraymycin analogues: a guide 
to the design of MraY inhibitors. J. Med. Chem. 54, 8421–8439. doi: 10.1021/
jm200906r

Tanner, M. E., Vaganay, S., van Heijenoort, J., and Blanot, D. (1996). Phosphinate 
inhibitors of the D-glutamic acid-adding enzyme of peptidoglycan biosynthesis. J. 
Org. Chem. 61, 1756–1760. doi: 10.1021/jo951780a

Terrak, M., Ghosh, T. K., van Heijenoort, J., Van Beeumen, J., Lampilas, M., 
Aszodi, J., et al. (1999). The catalytic, glycosyl transferase and acyl transferase 
modules of the cell wall peptidoglycan-polymerizing penicillin-binding protein 1b 
of Escherichia coli. Mol. Microbiol. 34, 350–364. doi: 10.1046/j.1365-2958.1999.01612.x

Thabit, A. K., Crandon, J. L., and Nicolau, D. P. (2015). Antimicrobial resistance: 
impact on clinical and economic outcomes and the need for new antimicrobials. 
Expert. Opin. Pharmacother. 16, 159–177. doi: 10.1517/14656566.2015.993381

Thekkae Padil, V. V., and Cernik, M. (2013). Green synthesis of copper oxide 
nanoparticles using gum karaya as a biotemplate and their antibacterial application. 
Int. J. Nanomedicine 8, 889–898. doi: 10.2147/IJN.S40599

Thompson, B. J., Widdick, D. A., Hicks, M. G., Chandra, G., Sutcliffe, I. C., 
Palmer, T., et al. (2010). Investigating lipoprotein biogenesis and function in the 
model gram-positive bacterium Streptomyces coelicolor. Mol. Microbiol. 77, 943–957. 
doi: 10.1111/j.1365-2958.2010.07261.x

Tiwari, H., Raina, D., Gupta, M., Barik, M. R., Khan, I. A., Khan, F., et al. (2021). 
Identification of novel MurA inhibitors using in silico approach, their validation and 
elucidation of mode of inhibition. J. Biomol. Struct. Dyn. 6, 1–12. doi: 10.1080/ 
07391102.2021.2007793

Tomasic, T., Sink, R., Zidar, N., Fic, A., Contreras-Martel, C., Dessen, A., et al. 
(2012). Dual inhibitor of MurD and MurE ligases from Escherichia coli and 
Staphylococcus aureus. ACS Med. Chem. Lett. 3, 626–630. doi: 10.1021/ml300047h

Tomasic, T., Zidar, N., Rupnik, V., Kovac, A., Blanot, D., Gobec, S., et al. (2009). 
Synthesis and biological evaluation of new glutamic acid-based inhibitors of MurD 
ligase. Bioorg. Med. Chem. Lett. 19, 153–157. doi: 10.1016/j.bmcl.2008.10.129

Trunkfield, A. E., Gurcha, S. S., Besra, G. S., and Bugg, T. D. (2010). Inhibition of 
Escherichia coli glycosyltransferase MurG and Mycobacterium tuberculosis Gal 
transferase by uridine-linked transition state mimics. Bioorg. Med. Chem. 18, 
2651–2663. doi: 10.1016/j.bmc.2010.02.026

Tschumi, A., Grau, T., Albrecht, D., Rezwan, M., Antelmann, H., and Sander, P. 
(2012). Functional analyses of mycobacterial lipoprotein diacylglyceryl transferase 
and comparative secretome analysis of a mycobacterial lgt mutant. J. Bacteriol. 194, 
3938–3949. doi: 10.1128/JB.00127-12

Turk, S., Kovac, A., Boniface, A., Bostock, J. M., Chopra, I., Blanot, D., et al. 
(2009). Discovery of new inhibitors of the bacterial peptidoglycan biosynthesis 
enzymes MurD and MurF by structure-based virtual screening. Bioorg. Med. Chem. 
17, 1884–1889. doi: 10.1016/j.bmc.2009.01.052

Tyagi, P., Singh, M., Kumari, H., Kumari, A., and Mukhopadhyay, K. (2015). 
Bactericidal activity of curcumin I  is associated with damaging of bacterial 
membrane. PLoS One 10:e0121313. doi: 10.1371/journal.pone.0121313

Ulevitch, R. J., and Tobias, P. S. (1995). Receptor-dependent mechanisms of cell 
stimulation by bacterial endotoxin. Annu. Rev. Immunol. 13, 437–457. doi: 10.1146/
annurev.iy.13.040195.002253

van Dalen, R., Peschel, A., and van Sorge, N. M. (2020). Wall teichoic acid in 
Staphylococcus aureus host interaction. Trends Microbiol. 28, 985–998. doi: 10.1016/j.
tim.2020.05.017

van Dam, V., Sijbrandi, R., Kol, M., Swiezewska, E., de Kruijff, B., and Breukink, E. 
(2007). Transmembrane transport of peptidoglycan precursors across model and 
bacterial membranes. Mol. Microbiol. 64, 1105–1114. doi: 10.1111/j.1365- 
2958.2007.05722.x

VanderVen, B. C., Fahey, R. J., Lee, W., Liu, Y., Abramovitch, R. B., Memmott, C., 
et al. (2015). Novel inhibitors of cholesterol degradation in Mycobacterium 
tuberculosis reveal how the bacterium's metabolism is constrained by the 
intracellular environment. PLoS Pathog. 11:e1004679. doi: 10.1371/journal.
ppat.1004679

Vickery, C. R., Wood, B. M., Morris, H. G., Losick, R., and Walker, S. (2018). 
Reconstitution of Staphylococcus aureus lipoteichoic acid synthase activity identifies 
congo red as a selective inhibitor. J. Am. Chem. Soc. 140, 876–879. doi: 10.1021/
jacs.7b11704

Vidal-Ingigliardi, D., Lewenza, S., and Buddelmeijer, N. (2007). Identification of 
essential residues in apolipoprotein N-acyl transferase, a member of the CN 
hydrolase family. J. Bacteriol. 189, 4456–4464. doi: 10.1128/JB.00099-07

Wang, L. H., Wang, M. S., Zeng, X. A., Zhang, Z. H., Gong, D. M., and Huang, Y. B. 
(2016). Membrane destruction and DNA binding of Staphylococcus aureus cells 
induced by carvacrol and its combined effect with a pulsed electric field. J. Agric. 
Food Chem. 64, 6355–6363. doi: 10.1021/acs.jafc.6b02507

Wang, S., Yao, J., Zhou, B., Yang, J., Chaudry, M. T., Wang, M., et al. (2018). 
Bacteriostatic effect of quercetin as an antibiotic alternative in  vivo and its 

antibacterial mechanism in vitro. J. Food Prot. 81, 68–78. doi: 10.4315/0362-028X.
JFP-17-214

Wang, W., Zeng, Y. H., Osman, K., Shinde, K., Rahman, M., Gibbons, S., et al. 
(2010). Norlignans, acylphloroglucinols, and a dimeric xanthone from Hypericum 
chinense. J. Nat. Prod. 73, 1815–1820. doi: 10.1021/np1004483

Wanke, C., and Amrhein, N. (1993). Evidence that the reaction of the UDP-N-
acetylglucosamine 1-carboxyvinyltransferase proceeds through the 
O-phosphothioketal of pyruvic acid bound to Cys115 of the enzyme. Eur. J. Biochem. 
218, 861–870. doi: 10.1111/j.1432-1033.1993.tb18442.x

Ward, A., Reyes, C. L., Yu, J., Roth, C. B., and Chang, G. (2007). Flexibility in the 
ABC transporter MsbA: alternating access with a twist. Proc. Natl. Acad. Sci. U. S. 
A. 104, 19005–19010. doi: 10.1073/pnas.0709388104

Wijesundara, N. M., Lee, S. F., Cheng, Z., Davidson, R., and Rupasinghe, H. P. 
V. (2021). Carvacrol exhibits rapid bactericidal activity against Streptococcus 
pyogenes through cell membrane damage. Sci. Rep. 11:1487. doi: 10.1038/
s41598-020-79713-0

Wiktor, M., Weichert, D., Howe, N., Huang, C. Y., Olieric, V., Boland, C., et al. 
(2017). Structural insights into the mechanism of the membrane integral 
N-acyltransferase step in bacterial lipoprotein synthesis. Nat. Commun. 8:15952. 
doi: 10.1038/ncomms15952

Wilmes, M., and Sahl, H. G. (2014). Defensin-based anti-infective strategies. Int. 
J. Med. Microbiol. 304, 93–99. doi: 10.1016/j.ijmm.2013.08.007

Wilmes, M., Stockem, M., Bierbaum, G., Schlag, M., Gotz, F., Tran, D. Q., et al. 
(2014). Killing of staphylococci by theta-defensins involves membrane impairment 
and activation of autolytic enzymes. Antibiotics 3, 617–631. doi: 10.3390/
antibiotics3040617

Witte, A., Blasi, U., Halfmann, G., Szostak, M., Wanner, G., and Lubitz, W. (1990). 
Phi X174 protein E-mediated lysis of Escherichia coli. Biochimie 72, 191–200. doi: 
10.1016/0300-9084(90)90145-7

Wu, X., Han, J., Gong, G., Koffas, M. A. G., and Zha, J. (2021). Wall teichoic acids: 
physiology and applications. FEMS Microbiol. Rev. 45, fuaa064. doi: 10.1093/femsre/
fuaa064

Wyckoff, T. J., Raetz, C. R., and Jackman, J. E. (1998). Antibacterial and anti-
inflammatory agents that target endotoxin. Trends Microbiol. 6, 154–159. doi: 
10.1016/s0966-842x(98)01230-x

Xu, Y., Brenning, B., Clifford, A., Vollmer, D., Bearss, J., Jones, C., et al. (2013). 
Discovery of novel putative inhibitors of UDP-GlcNAc 2-epimerase as  
potent antibacterial agents. ACS Med. Chem. Lett. 4, 1142–1147. doi: 10.1021/
ml4001936

Yamada, Y., Takashima, H., Walmsley, D. L., Ushiyama, F., Matsuda, Y., 
Kanazawa, H., et al. (2020). Fragment-based discovery of novel non-hydroxamate 
LpxC inhibitors with antibacterial activity. J. Med. Chem. 63, 14805–14820. doi: 
10.1021/acs.jmedchem.0c01215

Yamauchi, K., Hotomi, M., Billal, D. S., Suzumoto, M., and Yamanaka, N. (2006). 
Maternal intranasal immunization with outer membrane protein P6 maintains 
specific antibody level of derived offspring. Vaccine 24, 5294–5299. doi: 10.1016/j.
vaccine.2006.03.056

Yang, Y., Severin, A., Chopra, R., Krishnamurthy, G., Singh, G., Hu, W., et al. (2006). 
3,5-dioxopyrazolidines, novel inhibitors of UDP-N-acetylenolpyruvylglucosamine 
reductase (MurB) with activity against gram-positive bacteria. Antimicrob. Agents 
Chemother. 50, 556–564. doi: 10.1128/AAC.50.2.556-564.2006

Yang, J. F., Yang, C. H., Chang, H. W., Yang, C. S., Wang, S. M., Hsieh, M. C., et al. 
(2010). Chemical composition and antibacterial activities of Illicium verum against 
antibiotic-resistant pathogens. J. Med. Food 13, 1254–1262. doi: 10.1089/
jmf.2010.1086

Yoon, W. S., Park, S. H., Park, Y. K., Park, S. C., Sin, J. I., and Kim, M. J. (2002). 
Comparison of responses elicited by immunization with a Legionella species 
common lipoprotein delivered as naked DNA or recombinant protein. DNA Cell 
Biol. 21, 99–107. doi: 10.1089/104454902753604970

Yount, N. Y., and Yeaman, M. R. (2013). Peptide antimicrobials: cell wall as a 
bacterial target. Ann. N. Y. Acad. Sci. 1277, 127–138. doi: 10.1111/nyas.12005

Zaveri, K., and Kiranmayi, P. (2017). Screening of potential lead molecule  
as novel MurE inhibitor: virtual screening, molecular dynamics and in  vitro 
studies. Curr. Comput. Aided Drug Des. 13, 8–21. doi: 10.2174/ 
1573409912666161010142943

Zawadzke, L. E., Norcia, M., Desbonnet, C. R., Wang, H., Freeman-Cook, K., and 
Dougherty, T. J. (2008). Identification of an inhibitor of the MurC enzyme, which 
catalyzes an essential step in the peptidoglycan precursor synthesis pathway. Assay 
Drug Dev. Technol. 6, 95–103. doi: 10.1089/adt.2007.114

Zhanel, G. G., Zhanel, M. A., and Karlowsky, J. A. (2020). Oral and 
intravenous fosfomycin for the treatment of complicated urinary tract 
infections. Can. J. Infect. Dis. Med. Microbiol. 2020, 8513405–8513411. doi: 
10.1155/2020/8513405

https://doi.org/10.3389/fmicb.2022.952633
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1021/jm200906r
https://doi.org/10.1021/jm200906r
https://doi.org/10.1021/jo951780a
https://doi.org/10.1046/j.1365-2958.1999.01612.x
https://doi.org/10.1517/14656566.2015.993381
https://doi.org/10.2147/IJN.S40599
https://doi.org/10.1111/j.1365-2958.2010.07261.x
https://doi.org/10.1080/07391102.2021.2007793
https://doi.org/10.1080/07391102.2021.2007793
https://doi.org/10.1021/ml300047h
https://doi.org/10.1016/j.bmcl.2008.10.129
https://doi.org/10.1016/j.bmc.2010.02.026
https://doi.org/10.1128/JB.00127-12
https://doi.org/10.1016/j.bmc.2009.01.052
https://doi.org/10.1371/journal.pone.0121313
https://doi.org/10.1146/annurev.iy.13.040195.002253
https://doi.org/10.1146/annurev.iy.13.040195.002253
https://doi.org/10.1016/j.tim.2020.05.017
https://doi.org/10.1016/j.tim.2020.05.017
https://doi.org/10.1111/j.1365-2958.2007.05722.x
https://doi.org/10.1111/j.1365-2958.2007.05722.x
https://doi.org/10.1371/journal.ppat.1004679
https://doi.org/10.1371/journal.ppat.1004679
https://doi.org/10.1021/jacs.7b11704
https://doi.org/10.1021/jacs.7b11704
https://doi.org/10.1128/JB.00099-07
https://doi.org/10.1021/acs.jafc.6b02507
https://doi.org/10.4315/0362-028X.JFP-17-214
https://doi.org/10.4315/0362-028X.JFP-17-214
https://doi.org/10.1021/np1004483
https://doi.org/10.1111/j.1432-1033.1993.tb18442.x
https://doi.org/10.1073/pnas.0709388104
https://doi.org/10.1038/s41598-020-79713-0
https://doi.org/10.1038/s41598-020-79713-0
https://doi.org/10.1038/ncomms15952
https://doi.org/10.1016/j.ijmm.2013.08.007
https://doi.org/10.3390/antibiotics3040617
https://doi.org/10.3390/antibiotics3040617
https://doi.org/10.1016/0300-9084(90)90145-7
https://doi.org/10.1093/femsre/fuaa064
https://doi.org/10.1093/femsre/fuaa064
https://doi.org/10.1016/s0966-842x(98)01230-x
https://doi.org/10.1021/ml4001936
https://doi.org/10.1021/ml4001936
https://doi.org/10.1021/acs.jmedchem.0c01215
https://doi.org/10.1016/j.vaccine.2006.03.056
https://doi.org/10.1016/j.vaccine.2006.03.056
https://doi.org/10.1128/AAC.50.2.556-564.2006
https://doi.org/10.1089/jmf.2010.1086
https://doi.org/10.1089/jmf.2010.1086
https://doi.org/10.1089/104454902753604970
https://doi.org/10.1111/nyas.12005
https://doi.org/10.2174/1573409912666161010142943
https://doi.org/10.2174/1573409912666161010142943
https://doi.org/10.1089/adt.2007.114
https://doi.org/10.1155/2020/8513405


Zhou et al. 10.3389/fmicb.2022.952633

Frontiers in Microbiology 21 frontiersin.org

Zhang, G., Baidin, V., Pahil, K. S., Moison, E., Tomasek, D., Ramadoss, N. S., et al. 
(2018). Cell-based screen for discovering lipopolysaccharide biogenesis inhibitors. 
Proc. Natl. Acad. Sci. U. S. A. 115, 6834–6839. doi: 10.1073/pnas.1804670115

Zhang, R., Ou, H. Y., and Zhang, C. T. (2004). DEG: a database of essential genes. 
Nucleic Acids Res. 32, 271D–2272D. doi: 10.1093/nar/gkh024

Zhang, J., Zhang, L., Li, X., and Xu, W. (2012). UDP-3-O-(R-3-hydroxymyristoyl)-
N-acetylglucosamine deacetylase (LpxC) inhibitors: a new class of antibacterial 
agents. Curr. Med. Chem. 19, 2038–2050. doi: 10.2174/092986712800167374

Zheng, Y., Struck, D. K., Bernhardt, T. G., and Young, R. (2008). Genetic analysis 
of MraY inhibition by the phiX174 protein E. Genetics 180, 1459–1466. doi: 10.1534/
genetics.108.093443

Zhu, X., Liu, D., Singh, A. K., Drolia, R., Bai, X., Tenguria, S., et al. (2018). 
Tunicamycin mediated inhibition of wall teichoic acid affects Staphylococcus 
aureus and Listeria monocytogenes cell morphology, biofilm formation and 
virulence. Front. Microbiol. 9:1352. doi: 10.3389/fmicb.2018.01352

Zidar, N., Tomasic, T., Sink, R., Kovac, A., Patin, D., Blanot, D., et al. (2011). New 
5-benzylidenethiazolidin-4-one inhibitors of bacterial MurD ligase: design, 
synthesis, crystal structures, and biological evaluation. Eur. J. Med. Chem. 46, 
5512–5523. doi: 10.1016/j.ejmech.2011.09.017

Zimmer, S. M., Zughaier, S. M., Tzeng, Y. L., and Stephens, D. S. (2007). Human 
MD-2 discrimination of meningococcal lipid a structures and activation of TLR4. 
Glycobiology 17, 847–856. doi: 10.1093/glycob/cwm057

https://doi.org/10.3389/fmicb.2022.952633
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1073/pnas.1804670115
https://doi.org/10.1093/nar/gkh024
https://doi.org/10.2174/092986712800167374
https://doi.org/10.1534/genetics.108.093443
https://doi.org/10.1534/genetics.108.093443
https://doi.org/10.3389/fmicb.2018.01352
https://doi.org/10.1016/j.ejmech.2011.09.017
https://doi.org/10.1093/glycob/cwm057

	Breaking down the cell wall: Still an attractive antibacterial strategy
	Introduction
	Peptidoglycan
	The peptidoglycan synthesis
	MurA
	MurB
	MurC
	MurD
	MurE
	MurF
	Alr and Ddl
	MurI
	MraY
	MurG

	Lipopolysaccharide
	Teichoic acid
	Lipoprotein
	Other inhibitors
	Nanoparticles 
	Antimicrobial peptides 
	Phytocicides
	Plant-derived antibacterial agents

	Conclusion
	Future direction

	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material

	 References

