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Acinetobacter baumannii is one of the deadliest Gram-negative bacteria (GNB), responsible for 2-10% of
hospital-acquired infections. Several antibiotics are used to control the growth of A. baumannii. However,
in recent decades, the abuse and misuse of antibiotics to treat non-microbial diseases have led to the
emergence of multidrug-resistant A. baumannii strains. A. baumannii possesses a complex cell wall
structure. Cell wall-targeting agents remain the center of antibiotic drug discovery. Notably, the
antibacterial drug discovery intends to target the membrane of the bacteria, offering several advantages
over antibiotics targeting intracellular systems, as membrane-targeting agents do not have to travel
through the plasma membrane to reach the cytoplasmic targets. Microorganisms, insects, and mammals
produce antimicrobial peptides as their first line of defense to protect themselves from pathogens and
predators. Importantly, antimicrobial peptides are considered potential alternatives to antibiotics. This
communication summarises the recently identified peptides of natural origin and their synthetic congeners
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1. Introduction

Acinetobacter baumannii is a Gram-negative aerobic
coccobacilli bacterium belonging to the Moraxellaceae family
and Acinetobacter genus. The genus Acinetobacter came from
the Greek word “akinetos”, meaning non-motile. It has
characteristic features including non-motile, non-fastidious,
and non-fermentative." A. baumannii has a vast habitat,
including soil, water, and food. There are more than 50
recognized Acinetobacter species, and most of them are non-
pathogenic. The Acinetobacter calcoaceticus-Acinetobacter
baumannii (Acb) complex comprises the phylogenetically
most closely clinically relevant members of the Acinetobacter
species, including A. calcoaceticus, A. baumannii, A.
nosocomialis, A. pittii, A. seifertii, and A. lactucae.”
Nevertheless, many Acinetobacter species are opportunistic
human pathogens responsible for nosocomial infections. A.
baumannii is responsible for 2-10% of hospital-acquired
infections, including skin and soft tissue infections,
pneumonia, urinary tract infection, bacteremia, endocarditis,
and meningitis. On the other hand, A. calcoaceticus and A.
lwoffii are responsible for fewer human-associated
infections.®* A.  baumannii nosocomial infections are
responsible for severe life-threatening complications and
high morbidity and death rates. Patients with previous
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acting against the A. baumannii membrane by cell wall disruption.

illnesses such as diabetes, kidney disease, cancer, and
chronic obstructive pulmonary disease are more prone to A.
baumannii infections.* Also, a person with a habit of heavy
smoking and excessive alcohol consumption frequently
suffers from A. baumannii infections.” The most common
mode of nosocomial infection transmission is frequently
encountered due to medical devices used during surgical
operations. A. baumannii colonizes medical surgical tools
through biofilm formation over the surface of Foley catheters,
cerebrospinal fluid shunts, and vascular catheters and
becomes a source of new infections.®

1.1. A. baumannii virulence factors

The genotypic and phenotypic analysis revealed A. baumannii
virulence factors, including outer membrane porins, biofilm-
associated  protein  (Bap), phospholipases, capsules,
lipopolysaccharides (LPS), proteases, iron-chelating systems,
penicillin-binding protein, and protein secretion systems.’
The genomic studies of Acinetobacter baylyi led to identifying
genes responsible for pilus biogenesis, iron scavenging,
quorum sensing, and the type IV secretion system.® The
virulence factors of A. baumannii allow it to survive under
adverse environmental conditions and protect itself from
being exposed to antimicrobials.® The virulence factors of A.
baumannii are discussed below.

Porins present in the outer membrane of A. baumannii are
responsible for cellular permeability in the bacteria. OmpA is
a B-barrel porin abundantly present in the outer membrane
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of A. baumannii. In mammals, OmpA is responsible for the
induction of apoptosis of epithelial cells by activating
caspase 8 and 9. It also causes changes in cytochrome c
and modulates mitochondrial activity in humans.*’
Meanwhile, the porins Omp34 and Ompw are highly
immunogenic. Omp34 interacts with eukaryotic cells and
induces apoptosis through a caspase-dependent
mechanism. Moreover, Omp34 inhibits autophagy and
promotes bacterial persistence in autophagosomes.’® The
concentration of glycosyltransferase (LpsB) increases during
lipopolysaccharide biosynthesis in A. baumannii and is
responsible for pathogenicity in mammals. The lipid
anchor of LPS is hepta-acylated lipid A. Lipid A is the
immunostimulatory component that stimulates toll-like
receptor 4 (TLR4) in human cells. Also, lipid A is a crucial
virulence component of the bacterial membrane and
induces  proinflammatory  cytokine  expression  in
humans.'""

A. baumannii encodes two phospholipase C and three
phospholipase D enzymes substrate-specific to the
eukaryotic membrane component phosphatidylcholine. The
enzymes phospholipase C and D displayed hemolytic
activity against human erythrocytes. The phospholipase D
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genes are also associated with serum resistance, epithelial
cell invasion, and in vivo, pathogenesis in humans.'® The
A. baumannii capsule comprises r-rhamnose, b-glucose,
p-glucuronic acid, and p-mannose, which promote its
adhesion to epithelial cells and protect itself against
phagocytosis.® A recent study revealed that A. baumannii's
thicker capsule is responsible for increased pathogenicity
and antibiotic resistance. Also, thicker capsules are
responsible for antimicrobial and disinfectant resistance in
A, baumannii.'> Moreover, A. baumannii pathogenicity
depends wupon the specific iron acquisition proteins,
siderophores, and hemophores, which compete with host
binding proteins for essential iron and are necessary for
bacterial and growth under limited
conditions.® A recent study demonstrated from their work
that polymicrobial infections of A. baumannii and K
pneumoniae promote their co-existence and provide cross-
protection against antibiotics."® A. baumannii virulence and
its host response are depicted in Fig. 1.

survival low-iron

1.2. Acinetobacter baumannii biofilm role in pathogenesis

The exopolysaccharide poly-p-(1-6)-N-acetylglucosamine is
responsible for biofilm formation in A. baumannii. A
population of A. baumannii bacteria encased in the
extracellular matrix on biotic or abiotic surfaces is called a
biofilm, which plays a critical role in pathogenesis and
provides protection from antimicrobials. The
exopolysaccharide poly-B-(1-6)-N-acetylglucosamine is also
responsible for eukaryotic cell adhesion.** Biofilm-associated
protein (BAP) significantly contributes to biofilm formation
and is responsible for increased resistance to the immune
host response. A. baumannii, despite lacking flagella,
possesses uncharacterized surface-associated motility. The
Acinetobacter genus produces polyamine 1,3-diamino
propane, which is responsible for surface-associated motility
and virulence. A GNAT-family acetyltransferase is conserved
in A. baumannii and is responsible for regulating polyamines.
Diaminopropane acetyltransferase (Dpa) performs the
acetylation of polyamine 1,3-diaminopropane. It has been
found that Dpa expression is upregulated in the bacteria,
forming a pellicle, which helps in adhering to eukaryotic
epithelial cells more than planktonic bacterial cells. Notably,
deleting 1,3-diaminopropane acetyltransferase gene dpa
enhances motility and negatively affects biofilm formation on
plastic."> Moreover, the colonized A. baumannii biofilm is
reported to cause post-neurosurgical meningitis and surgical
wound infections.'® The biofilm formation in A. baumannii is
mediated by Csu pili, assembled through the “archaic”
chaperone-usher pathway. The CsuC-CsuE chaperone-
adhesin X-ray structure revealed hydrophobic finger-like
loops at the tip of the pilus, which form attachments to the
hydrophobic surface and, thus, biofilm formation can be a
source of mnew infections.® Several findings have
demonstrated the role of Csu pili in the spread of A.

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 A diagrammatic representation depicting A. baumannii virulence and its host response. A. A. baumannii activates the host cell response by
binding to plasma membrane-bound TLR4 and endosome-bound TLR9. Activating the TLR signaling activates the nuclear translocation of the NF-
kB transcription factor. Also, NF-kB activates pattern recognition receptors NOD1 and NOD2. Further, the activated NF-kB leads to the enhanced
expressions of proinflammatory cytokines, including TNF, IL-6, and IL-8. Furthermore, NF-kB also increases the expressions of antimicrobial
peptides (AMPs) like B-defensins, which inhibit the growth of A. baumannii. B. A. baumannii secretes outer membrane vesicles (OMVs) with outer
membrane proteins that interact with the DRP1 host protein, causing the release of mitochondrial protein cytochrome C and fragmentation of
mitochondria. OmpA enhances the release of ROS levels, decreases the ATP release, and increases the mitochondrial depolarization, and
cytochrome C induces apoptotic cell death.*%*

baumannii through biofilm formation over the surface of
medical surgical instruments.®

techniques have been evaluated to identify A. baumannii,
including a phage-based real-time quantitative polymerase
chain reaction (qPCR), dual aptamer-based.'®'® A most
important reliable biomarker is the blaoxas: gene, which is
responsible for the weak hydrolysis of carbapenems used to
identify A. baumannii.*®

1.3. A. baumannii diagnosis

The conventional diagnosis of A. baumannii in most
laboratories is carried out by cultures of pathogens.
Additionally, biochemical assays and Gram staining

techniques are used to identify A. baumannii. The detection 1.4. A. baumannii cell wall

of A. baumannii using a cultural method is time-consuming
and laborious. Moreover, the polymerase chain reaction can
identify A. baumannii, depending on DNA or complementary
DNA amplification.’” Also, antibody-based assays such as
enzyme-linked immunosorbent assays (ELISA) are more
specific in detecting pathogens.'® In recent years, several

This journal is © The Royal Society of Chemistry 2025

The membrane of the bacteria is composed of complex
conserved structures. Membrane-targeting antibiotics are
effective in killing slow-growing or dormant bacteria. Also,
membrane-targeting antibiotics have pronounced and rapid
bactericidal effects on bacteria.?® Moreover, membrane-
targeting antibiotics do not require to cross the membrane to
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reach the targets, which is a significant hurdle in developing
antibiotics. However, there is always a challenge associated
with conventional antibiotics to cross the plasma membrane
and reach intracellular targets. Also, antibacterial agents
targeting the membrane are less likely to acquire resistance
than those targeting intracellular systems, and thus,
antibiotics will have prolonged clinical efficacy.”> Membrane-

targeting antibiotics must selectively target bacterial
membranes, not mammalian cell membranes, as both
membranes comprise lipid bilayers.”*> A diagrammatic

representation of the A. baumannii cell wall is shown in
Fig. 2.

A. baumannii is intrinsically resistant to toxic compounds
and antibiotics because of the low permeability of its outer
membrane. Notably, the outer membrane of A. baumannii is
~100-fold less permeable than that of E. coli.>® A. baumannii's
outer membrane comprises an asymmetric bilayer with
glycerophospholipids in the inner leaflet. The glycolipids are
mainly constricted in the outer leaflet of the outer membrane
and, depending upon the type of polysaccharide attached to
glycolipids, are referred to as lipopolysaccharides and
lipooligosaccharides ~ (LOS).**  Lipooligosaccharides —are
acylated disaccharides (lipid A) connected to an
oligosaccharide. Also, lipopolysaccharides are acylated
disaccharides linked to variable amounts of repeat units of
polysaccharides called O-antigen.>®> The outer membrane
proteins comprising p-barrel structures formed by 8 to 26
strands are anchored to the outer membrane. These large
extended loops are present on the extracellular side and
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Fig. 2 A diagrammatic representation depicting the A. baumannii cell wall.

564 | RSC Med. Chem., 2025, 16, 561-604

View Article Online

RSC Medicinal Chemistry

shorter loops on the periplasmic side. Due to this complex
structure, the outer membrane proteins give high stability to
the membrane, thus making it capable of tolerating harsh
environments.>® The LPS provides structural roles such as a
decrease in the membrane permeability and an increase in
the rigidity of the bacterial cells.>”

Next to the outer membrane, well-defined components of
peptidoglycan layers are present. They comprise glycan layers
of  alternating  N-acetylglucosamine  (GlcNAc) and
N-acetylmuramic acid (MurNAc) connected through MurNAc-
attached peptides. Peptidoglycan provides cell-shape rigidity
and mechanical strength to counteract osmotic stress. Also,
the outer membrane asymmetry provides the membrane's
impermeability due to the presence of LPS occupying the
outer leaflet of the bacteria, as well as glycerophospholipids
in the inner leaflet. The LPS comprises the lipid A anchor,
core oligosaccharide, and O-antigen. Lipid A is a hydrophobic
glycolipid and is a glucosamine-based phospholipid
phosphorylated at the 1 and 4’ positions. Notably, A.
baumannii biosynthesizes hepta-acylated lipid A, while other
GNBs, such as E. coli, produce hexa-acylated lipid A. Two
3-deoxy-p-manno-oct-2-ulosonic acid and oligomers of sugars
form the core of LPS. Also, the antigens are attached to the
core oligosaccharide LPS, generating an intact LPS. Notably,
the lipid A and core moieties in A hbaumannii are
phosphorylated, generating an overall negative charge for the
endotoxin molecules. The final step in the biosynthesis of
lipid A involves the secondary acylation of lipid A precursors
and is catalyzed by members of the superfamily enzymes
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known as lysophospholipid acyltransferases (LPLATSs).>*>°
Also, the LPS strengthens the outer membrane by balancing
the electrostatic net charge.>® It protects the cell from
cationic peptides and cell lysis. Moreover, hepta-acylated
lipid A is accountable for polymyxin resistance.

BamA, LptD, Omp33-36, and OmpW are outer membrane
proteins identified in A. baumannii. BamA is responsible for
allowing the other outer membrane proteins to be
assembled. LptD enables the transportation of LPS to the
outer membrane, while Omp33-36 is a porin channel for the
passage of water. OmpW is a hydrophobic channel in the
outer membrane and cytoplasm responsible for iron
homeostasis.** Chemical structures of lipid A present in wild-
type A. baumannii and colistin-resistant A. baumannii are
shown in Fig. 3.

1.5. Conventional treatment of A. baumannii infections

A, baumannii survives for extended periods in the
environment and thus can spread bacilli in the surroundings.
The World Health Organization (WHO) has categorized and
placed A. baumannii on the list of nosocomial ESKAPE
(Enterococcus  faecium, Staphylococcus —aureus, Klebsiella
pneumoniae, Acinetobacter baumannii, Pseudomonas
aeruginosa, and Enterobacter spp.) pathogens and mentioned
an urgent need for research and development of antibiotics
to tackle A. baumannii®" A. baumannii infections can be

treated by several classes of antibiotics including
carbapenems, aminoglycosides, fluoroquinolones,
cephalosporins, and f-lactamase inhibitors. In recent

decades, there has been a decrease in the susceptibility of A.
baumannii to antibiotics, leading to an increase in the
minimum inhibitory concentrations (MICs) of the prescribed
antibiotics.”

Sulbactam, clavulanic acid, and tazobactam belong to
class A B-lactamase inhibitors. Sulbactam is a semisynthetic
penicillanic acid sulfone derivative with intrinsic activity
against carbapenem-resistant Acinetobacter strains.** It
showed antibacterial activity through inhibition of the
penicillin-binding protein (PBP) types 1a and 2, which results

View Article Online
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in the interference of the cell wall synthesis. Sulbactam is
given in combination with cefoperazone and ampicillin to
prevent the hydrolysis of the B-lactam ring by B-lactamase
enzymes.”® Sulbactam, in combination with cefoperazone
and ampicillin, has been approved for treating skin and soft
tissue intra-abdominal and gynaecological infections caused
by A. baumannii** In a study, it has been found that
spontaneous resistance to sulbactam in susceptible A.
baumannii strains is rare. On the other hand, low-frequency
and high-level resistance was observed in sulbactam and was
associated with pbp3 mutants.>” Avibactam, relebactam, and
vaborbactam inhibit clinically relevant class A and C
B-lactamases and a limited number of class D enzymes.
ETX2514 is a broad-spectrum [-lactamase inhibitor.
ETX2514, in combination with sulbactam, has shown potent
in vitro and in vivo efficacy against MDR A. baumannii.>
Imipenem, meropenem, and doripenem belong to the
carbapenem class and are considered the first-line treatment
for the infection caused by A. baumannii.*® Carbapenem
antibiotics pass through porins to reach the targets and bind
to the penicillin-binding proteins. PBPs, including PBP1a, 1b,
2, and 3, are responsible for peptidoglycan biosynthesis in
the bacteria's cell wall. Notably, carbapenems structurally
resemble acylated p-alanyl-p-alanine (the building block of
peptidoglycan) and bind irreversibly to the PBP active sites.
When f-lactam, like carbapenem, binds to the PBPs, it
cannot further participate in the transpeptidation, preventing
the cell wall formation and resulting in bactericidal activity.*”
However, the rise in multidrug-resistant (MDR) A.
baumannii strains reduced the effectiveness of p-lactams.®®
AmpC  fB-lactamase, known as Acinetobacter-derived
cephalosporinase (ADC), is naturally produced by A.
baumannii.*® Carbapenemase enzymes, especially
oxacillinases, are responsible for the neutralization of the
carbapenem and are the major contributor to carbapenem
resistance.”* OXA-23 is the most common class D
carbapenemase reported to be present in all countries'
strains and is associated with endemic clones CC113/CC79,
CC104/CC15, CC110/ST25, and CC109/CC1.” The recent
research suggested that there is a near-complete absence of
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Fig. 3 Chemical structures of lipid A present in wild-type A. baumannii and colistin-resistant A. baumannii.
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therapeutic options to treat infections

carbapenem-resistant A. haumannii (CRAB).*"
Moreover, most of the clinical isolates of A. haumannii are

resistant to cephalosporins, including third and fourth-

caused by

generation (like ceftazidime and cefepime) agents.
Cefiderocol is a novel siderophore cephalosporin that
exhibits potent activity against MDR A baumannii.

Cefiderocol, in combination with antibiotics, is used to treat
GNB infections. Time-kill analysis revealed that cefiderocol
demonstrated synergistic activity with p-lactamase inhibitors.
Also, cefiderocol, in combination with B-lactamase inhibitors,
showed increased antibacterial activity against A. baumannii
isolates.*?

Tigecycline is a semisynthetic 9-t-butylglycylamido
derivative of minocycline, belonging to a glycylcycline class.
It is bacteriostatic and exhibits antibacterial activity by
binding to the 30S ribosomal subunit. Tigecycline has been
recommended for treating infections such as complicated
skin and intra-abdominal infections and community-
acquired pneumonia.*’> Tigecycline showed resilience to
several resistance mechanisms and demonstrated broad-
spectrum antibacterial activity compared to its parent
congener tetracyclines. Minocycline regimen therapy in
combination with colistin or carbapenems showed clinical
and microbiological success rates of 72.6% and 60.2% in
patients suffering from pneumonia caused by A. baumannii.**

Aminoglycosides such as tobramycin and amikacin are
used to treat MDR A. baumannii. Aminoglycosides are
generally used in combination with other antimicrobials.
Recent studies demonstrated that r-lysine potentiated the
activity of aminoglycosides and killed clinically resistant
MDR A. bhaumannii. The exogenous use of lysine increases the
proton motive force through the transmembrane and causes
the accumulation of aminoglycosides in the bacterial cells.*’

Rifampin acts by binding to the bacterial RNA polymerase
and prevents transcription in the bacteria. Rifampin
demonstrated partial and synergistic effects in MDR A.
baumannii in combination with biapenem, colistin, and
tigecycline. Rifabutin, a semisynthetic derivative of rifampin,
effectively cures patients suffering from A. baumannii
infections."®

Fosfomycin showed antimicrobial activity by interfering
with peptidoglycan biosynthesis. Fosfomycin, upon entering
the bacterial cells, irreversibly binds to MurA (a UDP-GlcNAc
enolpyruvyl transferase), which catalyzes the first step in
peptidoglycan via the synthesis of UDP-GlcNAc-3-O-
enolpyruvate from UDP-GlcNAc and phosphoenolpyruvate. A
recent study suggested that peptidoglycan remodelling by the
AmpD and Anmk pathway contributes to intrinsic resistance
to fosfomycin in A. baumannii.*’

Bacteriophages are made up of proteins and nucleic acids.
They are amplified in the presence of susceptible bacteria
and cause lysis of the cells. Bacteriophages inhibit biofilm
formation and are active against resistant bacterial strains.’
ISTD and NOVI bacteriophages were assessed against A.
baumannii isolates.” In another study, phage ¢FG02, in
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combination with ceftazidime, was evaluated in an in vivo
model of A. baumannii ABoy, infection. The phage o6FG02
treated A. baumannii ABoo, showed a loss of genes involved in
the capsule biosynthesis, increasing the sensitivity to
ceftazidime of A. baumannii. This finding suggests that phage
therapy, in combination with antibiotics, can restore the
activity in resistant A. baumannii strains.*®

Drug repurposing is one of the effective strategies for
developing new antimicrobials.

A study assessed anticancer drugs, including
5-fluorouracil, cisplatin, mitomycin C, and melphalan,
against A. baumannii ATTC BAA-747. Among these drugs,
mitomycin C effectively inhibited A. baumannii ATTC BAA-747
with a MICj, value of 7 pg mL™" and completely inhibited the
growth at a concentration of 25 pg mL™. Moreover,
mitomycin C increased the survival of the insect larvae
Galleria mellonella infected with sensitive A. baumannii ATTC
BAA-747 and MDR A560 and A578 strains, respectively.*’

Auranofin is an anti-rheumatic drug that exhibits
antibacterial activity in GPB with a MIC value of 0.0625 ng
mL™" against methicillin-resistant Staphylococcus —aureus
MRSA.*® It shows multiple modes of antibacterial action,
including DNA, cell wall, and protein synthesis inhibition.
Moreover, auranofin inhibits GNB, including E. coli, A.
baumannii, and K. pneumoniae, with higher MIC values of
125, 15.6, and 125 pg mL™", respectively. pentamidine is an
antiprotozoal drug that inhibits GNB by interacting with
lipopolysaccharides, disrupting the outer membrane and
increasing the membrane permeability. pentamidine inhibits
E. coli, A. baumannii, and K. pneumoniae with higher MIC
values of 125, 250, and 500 pg mL?, respectively. Yu et al. in
their study demonstrated that the combination of both
auranofin and pentamidine displayed a strong synergistic
effect against GNB (E. coli, A. baumannii, and K. pneumoniae)
with fraction inhibitory concentration index (FIC) values
ranging from 0.094-0.506. Also, the combination decreased
the MIC of auranofin in sensitive A. baumannii and MDR A.
baumannii up to 1 pug mL™'. The mode of action of the
combination is through disruption of the membrane, leading
to an increase in the permeability of auranofin inside the
bacterial cell. This study demonstrates that combining non-
antibiotic  drugs with  complementary antibacterial
mechanisms can lead to the discovery of new medications
that can delay drug resistance.>

1.6. Antibiotic resistance in Acinetobacter baumannii spp.

A. baumannii is intrinsically resistant to several classes of
antibiotics. A. baumannii has environmental persistence
ability and follows a “persist and resist strategy” in which
bacteria keep off oxidative stress and resist complement-
mediated killing.** A. baumannii has developed several modes
of antibiotic resistance, including enzyme-mediated
metabolism that leads to inactivation of the drug, reduction
in the access of the drug to the target site, overexpression of
efflux pumps, and change in the drug permeability through

This journal is © The Royal Society of Chemistry 2025
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the membrane.” For instance, the aminoglycoside class of
antibiotics is reported to acquire resistance to all these
mechanisms.”® The community-acquired A. baumannii is
more susceptible than hospital-acquired A. baumannii strains.
The genome sequence of community-acquired A. baumannii
revealed that it lacks antibiotic resistance islands (AbaR),
which encode genes that make it resistant to multiple
antibiotics, including aminoglycosides, B-lactams,
sulphonamides, and tetracyclines. It could be reasoned that
community-acquired A. baumannii is more susceptible to
prescribed antibiotics.>

Recent studies suggested that there is an increase in the
progression of A. baumannii-resistant strains, including
multidrug-resistant (MDR), extensively drug-resistant (XDR),
and pan-drugresistant (PDR) A. baumannii. MDR A
baumannii strains are non-sensitive to any three classes of
antibiotics prescribed for A. baumannii. In contrast, XDR A.
baumannii strains resist three classes of antibiotics and
carbapenems. Meanwhile, PDR A. baumannii strains showed
resistance to three classes of antibiotics: beta-lactams,
fluoroquinolones, and aminoglycosides.”® The pan B-lactam-
resistant bacteria are only sensitive to one or two potential
active drugs, while they resist all antibiotics.

The porin channel and outer membrane of A. baumannii
are essential for transporting antimicrobial agents to access
bacterial targets. Several studies confirmed that the loss of
protein and porin channels led to the development of
carbapenem resistance in A. baumannii.>* The point
mutations could be responsible for antibiotic resistance in A.
baumannii. For example, mutations in the bacterial targets
gyrA and parC topoisomerase enzymes are responsible for
quinolone resistance in A. baumannii.** Also, A. baumannii
showed improved expression of chromosomal genes for efflux
systems, which played a significant role in extruding a range
of structurally dissimilar antibiotics. These pumps are
responsible for reduced susceptibility to antibiotics, which
leads to the generation of MDR.>®

The use of B-lactam antibiotics has mainly contributed to
the emergence and rapid progression of A baumannii-
resistant strains. A. baumannii possesses a series of
B-lactamases that hydrolyze and acquire resistance to broad-
spectrum  P-lactam  penicillins, cephalosporins, and
carbapenems. It has been found that the use of colistin
methanesulfonate to treat carbapenem-resistant A. haumannii
led to the emergence of A. baumannii-resistant strains.’®
Importantly, colistin-resistant isolates have emerged and
restricted chemotherapy choices.®”

One of the most common resistance mechanisms to
B-lactam antibiotics is enzymatic hydrolysis of antibiotics by
B-lactamase enzymes. Based on their amino acid sequences,
B-lactamases are classified into four ambler classes (A-D).
The f-lactamase enzymes A, C, and D types perform
hydrolysis of -lactam antibiotics by forming an intermediate
acyl-enzyme complex with the serine residue, and class B
carries out the hydrolysis of B-lactam antibiotics by using one
or more zinc ions.>* Also, the association of OXA-23 with OM

This journal is © The Royal Society of Chemistry 2025
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porins is responsible for carbapenemase activity. The
topology of the OXA-23 with OM porin complex revealed that
catalytic site Oxa-23-K82 concentrates near the inner surface
of OM porins. Notably, this orientation of Oxa-23-K82 near the
porins would benefit the hydrolysis of antibiotics immediately
entering the cells before their diffusion in the cellular matrix.
The increased concentration of OXA-23 in the periplasm causes
increased carbapenem resistance.”® Also, the increased
overexpression of OXA-51, OXA-23, and metallo-B-lactamases
in A. baumannii is responsible for carbapenem resistance.
While OXA-51 and OXA-40 belong to the D B-lactamase class,
their overexpression is responsible for ceftazidime resistance.>
Oxacillinases are specific f-lactamases in Acinetobacter spp.
and Pseudomonas aeruginosa. In contrast, f-lactamases such as
blaoxa-23-likes Plaoxa-s1-like, a0d blaoxa-134 €nzymes are identified
in A. radioresistens, A. baumannii, and A. lwoffi. Oxacillinases
are responsible for the hydrolysis of oxacillin, benzylpenicillin,
methicillin, amoxicillin, and some antibiotics of the
cephalosporin  class, respectively.””  Specifically, the
blaoxa-2siike OXxacillinase is responsible for carbapenem
resistance, OXA-type f-lactamases and  blaoxa-o-iike
B-lactamases can hydrolyze penicillin but showed weak
hydrolytic activity against cephalosporins and carbapenems
(imipenem and ceftazidime), and blaoxa-si-ike €NZymes can
inactivate clavulanic acid, tazobactam, and NaCl, respectively.
In contrast, blaoxa-ssiike €nzymes can hydrolyze penicillin,
imipenem, and oxacillin, while they are not active against
extended-spectrum cephalosporins.®”

Moreover, the polymyxin-dependent resistant A. baumannii
strains possess mutations in the /pxC (lipopolysaccharide
biosynthesis) and katG (reactive oxygen species scavenging)
genes. The multi-omics study revealed that there is a
remarkably abundant increased proportion of
phosphatidylglycerol in the outer membrane of polymyxin-
dependent resistant A. baumannii.>®

The above reports suggest the loss of antibacterial activity
of conventional antibiotics in A. baumannii; thus, there is a
need for novel alternative treatments to address A. baumannii.
Antibiotics with unique modes of action can overcome the
existing resistance mechanisms in A. baumannii. This review
discusses natural peptides, their synthetic congeners acting
against A. baumannii, their modes of action, and their
potential benefits and shortcomings.

2. Antimicrobial peptides (AMPs)

AMPs are produced from multiple organisms, including
bacteria, reptiles, plants, and mammals, as part of their
defense mechanism to protect themselves from pathogens
and predators. AMPs are short-chain peptides with amino
acids ranging from 10 to 100. AMPs are generally amphiphilic
and positively charged (usually +2 to +9). The hydrophobic
domains acquired approximately 50% of the amino acid
residues of the AMP. In addition to positive charges, AMPs
can have neutral or negative charges.” AMPs'
physicochemical properties and antimicrobial activity depend
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upon the length of the peptide, amino acid composition,
cationic charge residues, hydrophobicity of the lipid
constituents, overall net charge on the molecule, and the
helicity of the spatial arrangement.®>** Importantly, AMPs
display remarkable diversity in their structure and are
considered potential alternatives to antibiotics. It is generally
believed that developing microbial resistance against AMPs is
unlikely since AMPs attack multiple low-affinity targets rather
than a single high-affinity target like conventional
antibiotics.®® AMPs display various modes of action through
interactions with intracellular targets and disruption of
critical cellular processes.®® Most of the AMPs have
membrane-permeabilizing and disrupting abilities. Moreover,
they inhibit the cytoplasmic membrane septum formation
and cell wall synthesis. At the same time, some AMPs inhibit
DNA and protein synthesis, chaperone-assisted protein
folding, and enzymatic activity.*®® The nucleic acids, DNA,
and RNA are considered intracellular targets of AMPs.®®
Mostly, AMPs are cationic and preferentially bind to the
negatively charged bacterial cytoplasmic membranes rather
than the zwitterionic membrane of mammalian cells. The
peptide-to-lipid ratio influences the AMP interaction with the
cell membrane. When the peptide-to-lipid ratio is low, the
peptide orients parallel to the plasma membrane and vertical

...

Detergent model

Membrane adsorption

Antimicrobial peptides

«

View Article Online
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to the hydrophobic center of the membrane as the peptide-
to-lipid ratio rises. The binding of AMPs to the bacterial
membrane causes leakage of intracellular ions, metabolites,
and cytoplasmic contents, leading to bacterial cell death.®”

Despite continuous efforts to combat MDR pathogens,
only a few compounds entered the clinical evaluation and
received approval for treating human MDR infections. At the
same time, drug repurposing and antibiotic adjuvant
combination therapy have received attention for treating
MDR infections.®®®® The AMPs are considered one of the
promising alternatives to antibiotics, and they showed
activity against both susceptible and MDR bacterial strains.
Moreover, several studies have shown that AMPs as adjuvants
exhibited potent synergistic activity with antibiotics. The
synergistic combination of AMPs and antibiotics increases
the therapeutic effects of the antibiotics, and it further allows
the reduction of antibiotic dosage and toxicity -effects,
preventing antibiotic resistance development. Moreover,
combining AMPs with antibiotics can help tackle MDR
bacteria and prevent the further development of antibiotic-
resistant strains.”’

The AMP activity has been defined by theoretical models
for the membrane-centric activity, which include barrel-stave,
toroidal-pore, carpet, and aggregate models. In the barrel-

Carpet model

Conformational changes

Bacterial membrane

Bacterial lysis

eccoccocccce

Toroidal-pore-model

Barrel-stave-model

Fig. 4 A schematic representation depicting the AMP modes of action, i.e., detergent, carpet, toroidal-pore, and barrel-stave models.”
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stave model, the peptides with a specific orientation are
sandwiched between membranes. Then, peptide monomers
are aggregated to form transmembrane pores within the
hydrophobic membrane core. In the barrel stave pore model,
the AMPs will have a linear structure aligned with the shape of
the pore to maximize their interaction with the membrane.”
In the toroidal pore model, the AMPs are adsorbed to the
bilayer, and after internalizing between the lipid bilayer, the
phospholipid molecules bend inward to form pores. In this
model, the hydrophilic domain of the AMP orients to the
bilayer membrane to form the outer part of the pore, and the
hydrophobic domain acts as the internal part. The peptide
chain is positioned within the lipid bilayer, heads inside the
pore, and embeds in the hydrophilic and hydrophobic
interface. Notably, the transmembrane pore is broadened by
the interaction between lipid head groups and the AMPs,
allowing the water core to be lined. Toroidal pores are more
common and are formed by a broader range of peptides than
barrel-stave pores.”’ In the carpet model, the AMPs are
electrostatically attached to the anionic phospholipid head
groups and carpet the surface of the membrane. When the
concentration of AMPs exceeds a certain threshold, they induce
the formation of pores, causing severe membrane perturbation
following the release of mixed peptide-lipid complexes.”> The
carpet mechanism, or detergent model, impacts the integrity of
the membrane molecular structure.” In the aggregate model,
the AMPs bind to the anionic cytoplasmic membrane, leading
to transient peptide-lipid micelles. The AMPs, lipids, and water
channels allow ions and cellular contents to leak, leading to
cell death.”” The AMP modes of action with their types of
models are given in Fig. 4.

Table 1 AMPs with targets and their therapeutic indications

View Article Online
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The pharmacodynamics of AMPs is complex, and several
AMPs demonstrate multiple effects on the body, such as
immunomodulatory activities, including enhanced
chemotaxis of immune cells, activation of immune cells, and
their cell differentiation and maturation.”® Cationic host
defense peptides exhibit various immune functions and
modulate innate and adaptive immune responses. For
example, IDR-1002 is bovine bactenecin, a host defense
peptide that decreases TNF-a, IL-6, IL-8, and nitric oxide
production triggered by toll-like receptor ligands and
increases the expression of the anti-inflammatory cytokine
IL-10.°* The human cathelicidin LL-37 exhibited multiple
immunomodulatory  activities, including macrophage
activation, upregulation of chemokines and chemokine
receptor production, and promotion of wound healing.”*
Additionally, LL-37 acts on monocytes and induces
chemokines such as CXCL8, CCL2, and CCL7 and anti-
inflammatory cytokine expression, promoting differentiation
to proinflammatory macrophages.”> Host defense peptides
are short-cationic peptides with diverse sequences produced
by several cells and tissues in all complex life forms and play
an essential role in the body's response to infection and
inflammation.”® a-Defensins, including HNP1, HNP2, HNP3,
and HNP4, act on lung epithelial cells and stimulate cytokine
release such as CXCL8, CCL2, and GM-CSF. In contrast,
o-defensins such as HD5 and HD6 act on intestinal epithelial
cells, activate NF-kB, and induce chemokine production such
as CXCLS8. B-Defensins HBD1, HBD2, HBD3, and HBD4 act
on intestinal epithelial cells and promote migration and
wound healing, and through epidermal keratinocytes
stimulate chemokine and cytokine production such as IL-6,

S. no. Peptide Target Therapeutic indication Ref.

1. Colistin Colistin binds to LPS and phospholipids in the outer cell membrane of = GNB infections 77
GNB

2. Polymyxins  They interact with the lipid A component of LPS GNB infections 78

3. Bacitracin It inhibits dephosphorylation of the lipid carrier and obstructs the GPB infections 79
process of cell wall synthesis

4. Gramicidin It increases the permeability and disrupts the inner cellular content GPB infections 80

D

5. Daptomycin It disrupts the multiple aspects of the cell membrane function GPB infections 81

6. Teicoplanin It inhibits the cell wall peptidoglycan synthesis GPB infections 82

7. Telavancin It disrupts the peptidoglycan synthesis and cell membrane function GPB infections 83

8. Oritavancin It binds to the p-alanyl-p-alanine terminus of the peptidoglycan precursor GPB infections 84
linked to the C55-lipid transporter (collectively referred to as lipid II)

9. Dalbavancin Dalbavancin interacts with terminal p-alanyl-p-alanine residues of GPB infections 85
peptidoglycan precursors. It prevents peptidoglycan cross-linking,
thereby destroying the integrity of the cell wall

10. Vancomycin It inhibits the peptidoglycan synthesis of the cell wall GPB infections 86

11. Micafungin It is a non-competitive inhibitor of 1,3-B-p-glucan synthesis, an essential Fungicidal activity against Candida 87
fungal cell wall component species

12. Caspofungin It is a non-competitive inhibitor of 1,3-B-p-glucan synthesis Fungicidal activity against Candida 88

species

13. Enfuvirtide  T-20 effectively impedes the gp41-mediated fusion between the viral and It is used for treating HIV-1 infections 89
host cell membranes

14. Cobicistat It is inactive and selectively inhibits CYP3A isoenzymes and the number It is used in combination with other 90
of transmembrane drug transporters at different blood-target tissue anti-retroviral drugs as a
barriers pharmacoenhancer
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IL-10, and CCL2, and CCL20.”° AMPs used for treating
bacterial, viral, and fungal infections are given in Table 1.

The efficacy of AMPs is often questionable due to their
limited contribution as clinical agents.”* Most of the AMPs'
experimental in vitro and in vivo results correlate little. Also,
AMPs are sensitive to environmental conditions, including
pH, serum, and salt. Moreover, some AMPs lost their
activities under physiological salt conditions due to
electrostatic attraction between peptides and the cell
membrane, and some of the AMPs bind to serum protein,
including albumin and lipoproteins, which leads to a
decrease in their activity.”*

2.1. Natural peptides and their analogs

2.1.1. Bacteria. Lipopeptides are amphiphilic hydrophobic
fatty acid chains with hydrophilic cyclic peptides. Polymyxins
are non-ribosomal cyclic lipopeptides obtained from
Paenibacillus polymyxa.”® Polymyxins possess a decapeptide
core structure and an intramolecular cyclic heptapeptide
amide linked loop formed between the side chain of the
diaminobutyric acid (Dab) residue at the 4th position and the
carboxyl group of the C-terminal threonine residue. Notably,
polymyxins possess five nonproteogenic Dab residues, which
acquire a positive charge at the physiological pH. They also
contain conserved hydrophobic residues at positions 6 and 7
and an N-terminal fatty acyl group.”® The polymyxin molecule
binds to lipid A in folded conformation, wherein the octanoyl
fatty-acyl group, o-Phe®, and Leu’ at the N-terminal position
are responsible for hydrophobic interactions with the
hydrocarbon tails of lipid A. The 1-2,4-diaminobutyric acid
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(Dab) side-chain is cationic and displays ionic interactions
with the phosphates of lipid A and the ketodeoxyoctanoic
acid (Kdo) group. Dab® is responsible for making hydrophilic
interactions with the Kdo sugars of lipid A. In contrast, Dab’,
Dab®, Dab®, and Dab® are responsible for critical interactions
with the 1-and 4'-phosphate, and these electrostatic
interactions are the primary drivers for the association of the
polymyxin with lipid A. These hydrophobic and ionic
interactions ultimately disrupt the membrane lipid packing
and permeate the outer membrane.”*®® It has detergent
effects on the membrane, causing enhanced permeability,
loss of bacterial membrane integrity, and cell death.”
Polymyxins displayed broad antibacterial activity against
GNB. They kill A. baumannii by a concentration-dependent
mechanism.” Colistin methanesulfonate (also known as
polymyxin E) is a prodrug and is given through intravenous
administration. It changes to its active form upon reaching
blood. Colistin is generally prescribed with carbapenems,
rifampicin, tigecycline, and sulbactam. Also, colistin has
been recommended for treating infections caused by MDR A.
baumannii.’®®” In a clinical study, colistin, in combination
with sulbactam, exhibited superior therapy in terms of the
microbiology profile and a similar high safety profile to that
of colistin monotherapy for treating MDR and XDR A.
baumannii infections.”® Polymyxins' mode of action is
depicted in Fig. 5.

Roberts et al. evaluated polymyxin B (1), polymyxin By (2,
Fig. 6), polymyxin B, (3, Fig. 6), colistin (4), colistin A (5,
Fig. 6), and colistin B (6, Fig. 6) against a panel of GNB,
including P. aeruginosa, A. baumannii, K. pneumoniae, and E.
cloacae. Here, polymyxin B represents 53% of the content of

Leakage of cytoplasmic contents
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Fig. 5 A diagrammatic representation depicting the polymyxins' mode of action.
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(S)-6-methyloctanoy! D-Leu L-Leu
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Fig. 6 Chemical structures of lipopeptides.

polymyxin B; and 23% of polymyxin B,, and colistin
represents 58% of the content of colistin A and 19% of the
content of colistin B, respectively. Currently, colistin and
polymyxin B are the only AMPs used in the clinic for treating
infections caused by GNB. Polymyxin B, polymyxin Bj, B,,
colistin, colistin A, and colistin B showed antibacterial
activity against sensitive and resistant A. baumannii strains.
Also, these compounds were found to be active in the in vivo
model of GNB infections compared to the commercial
polymyxin and colistin.’® To retain essential interactions of
polymyxins with lipid A and to reduce their toxicity, Roberts
et al. synthesized polymyxin analogs in that all Dab’, Dab’,
Dab®, and Dab® residues were conserved in the native
polymyxins. At the same time, the modifications were carried
out in the N-terminus and in positions 6 and 7 to reduce the
hydrophobicity at the binding site. The removal of positive
charge, the change in stereochemistry and the increase or
reduction in the side chain length were carried out at
position 3. This work led to the identification of potent
polymyxin compound F365 (QPX9003) (7, Fig. 6), which
inhibits GNB, including A. baumannii ATCC19606, A.
baumannii FADDI-AB030", and A. baumannii FADDI-AB034"
with MIC values of 0.25, 0.25, and 2 pg mL ™", respectively.
Moreover, F365 was superior to polymyxin B and colistin in
terms of therapeutic efficacy and safety. Additionally, it
showed superior safety and effectiveness in lung infections
caused by MDR pathogens, including A. baumannii, P.
aeruginosa, and K. pneumoniae.”

Polymyxin S2 (ASK0912) (8, Fig. 6) is a cyclic peptide
derived from polymyxin B2 by substituting basic amino acid
1-Dab3 with polar amino acid p-Ser3 and hydrophobic amino
acid 1-Leu7 with polar amino acid 1-Thr7. Polymyxin S2
demonstrated broad-spectrum antibacterial activity against
susceptible and resistant E. coli, K. pneumoniae, and A.
baumannii. Polymyxin S2 inhibited A. baumannii with a MIC
value of 0.25 ug mL™" and was nontoxic to Vero cells up to
the concentration of >500 pg mL™.'°%'°" Polymyxin S2
increased the survival rate of mice infected with sepsis

This journal is © The Royal Society of Chemistry 2025
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(induced by A. baumannii) by lowering the bacterial loads in
organs and blood.**

NAB739 (9, Fig. 6) is a polymyxin derivative with three
positive amino acid residues. It showed potential efficacy in
treating E. coli in a murine model of infections. Also, NAB739
was less nephrotoxic to cynomolgus monkeys than polymyxin
B. It has been established in several studies that polymyxins
increase the permeability of the outer membrane and allow
the entry of other drugs. Considering the importance of
NAB739, Tyrrell et al. evaluated NAB739 in combination with
several antibiotics against polymyxin-resistant (PMR) strains.
Notably, NAB739 demonstrated synergistic activity with
antibiotics against most GNB strains. For instance, the
combination of NAB739 with rifampin or retapamulin
demonstrated synergistic activity against polymyxin-resistant
strains, including E. coli and K. pneumoniae. Also, NAB739, in
combination with rifampin, demonstrated synergistic activity
against A. baumannii. Notably, the antibiotics acting on GPB
are generally ineffective on GNB. However, this study
suggested that polymyxin and its derivatives, combined with
other antibiotics (acting against GPB), can treat GNB
infections."*>

The plasmid-borne mobilized colistin-resistance (mcr-1)
gene and its relatives significantly contribute to colistin-
resistance in A. baumannii. The gene mcr-1 encodes a
phosphoethanolamine transferase that ligates
phosphoethanolamine to a phosphate group in lipid A, thus
reducing the electrostatic interactions between colistin and
lipopolysaccharides, responsible for bacterial resistance to
colistin.’®® Wang et al. performed the bioinformatic analysis
of the sequenced bacterial genomes and used biosynthetic
gene clusters to identify and predict a structurally divergent
colistin congener macolacin (10, Fig. 6). Macolacin inhibits
K. pneumonia 10031 and A. baumannii 17978, with the same
MIC value of 1 ug mL™. Colistin and polymyxin B showed a
32-fold higher MIC to K. pneumonia and A. baumannii
expressed with the mcr-1 gene. In contrast, macolacin showed
only a two- to four-fold increase in MIC against these strains.
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Fig. 7 Chemical structures of arylomycins A-C;4, GO775, tridecaptin A;, Oct-TriA;, and tridecaptin B; analogs.

Further optimization of the macolacin structure generated a
biphenyl analog of macolacin (11, Fig. 6) that was more
effective in treating a mouse neutropenic infection model of
extensively drug-resistant A. baumannii. The mode of action
of 10 and 11 is by binding to the lipid A of A. haumannii.'*?
Arylomycins belong to macrocyclic lipopeptides obtained
from Streptomyces culture, which inhibit the bacterial type I
signal peptidase (SPase), an essential membrane-bound
protease. The signal peptidase is present in the periplasmic
space between the cytoplasm and outer membranes.
Arylomycins do not exhibit antibacterial activity against
ESKAPE pathogens because of their high molecular weight
and lipophilicity. Recent research revealed that arylomycins
are capable of penetrating the outer membrane. Also, they
are inactive against GNB due to naturally occurring
mutations in Gram-negative SPase LepB, which reduces the
binding affinity of arylomycins in the membrane. The
chemical optimization of arylomycins A-C,¢ (12, Fig. 7) led to
the identification of compound G0775 (13, Fig. 7) with
increased target affinity and improved penetration in the
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Tridecaptin 2 (20).
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Tridecaptin 5 (23)
Tridecaptin 6 (24)
Tridecaptin 7 (25)

outer membrane. The access of G0775 to LepB in the bacteria
does not require a porin mode of transportation. Arylomycins
A-C;6 and GO0775 inhibited A. baumannii ATCC 17978, with
MIC values of >64 and 1 ug mL ™, respectively. Moreover,
G0775 showed potential efficacy in treating several GNB
infection in vivo models of mice infected with E. coli, P.
aeruginosa, K. pneumoniae, and A. baumannii. Also, it was
nontoxic to mammalian cells.’**

Tridecaptins are produced from the Bacillus and
Paenibacillus species belonging to the lipopeptide -class.
Tridecaptins exhibit antibacterial activity against GNB.'*
Tridecaptins are linear non-ribosomal peptides comprising 13
amino acids, acylated N-terminal fatty acid chains, and more
than half of non-proteinogenic amino acid residues.
Tridecaptins kill GNB by binding to lipid II and disrupting the
inner membrane.'% Tridecaptin A, (14, Fig. 7) is a member of
the tridecaptin family and demonstrated potent antimicrobial
activity against A. baumannii ATCC19606, with a MIC value of
12.5 pg mL.'971%  The structure-activity relationship
suggests that the tridecaptin stereochemistry and structure of
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the lipid tail are essential for antibacterial activity.'”” The
removal of the N-terminal lipid from tridecaptin abolishes its
antimicrobial activity. At the same time, replacing an octanol
chain gives Oct-TriA, (15, Fig. 7) that can kill GNB.""°

SRCM 37 was derived from Paenibacillus NRRL B-30507,
and to confirm the chemical structure, Cochrane et al
performed its synthesis. Also, they synthesized new variants
of tridecaptin By, including (6'S)-TriB, (16, Fig. 7), (6'R)-TriB,
(17, Fig. 7), and Oct-TriB; (18, Fig. 7), and assessed them for
antimicrobial activities. (6'S)-TriB;, (6'R)-TriB;, and Oct-TriB,
showed broad-spectrum antibacterial activity and inhibited E.
coli, Salmonella enterica, Pseudomonas aeruginosa, and
Klebsiella pneumoniae. Moreover, (6'S)-TriB,, (6'R)-TriB, and
Oct-TriB,; inhibited A. baumannii ATCC19606 and A.
baumannii ATCC BAA 1605 with MIC values of 25, 50, and 50
ug mL™" and 25, 25, and 50 ug mL ™, respectively.'*’

Oct-TriA; is a tridecaptin analog consisting of b/i-
diaminobutyric acid and p-allo-isoleucine. It is synthesized
from costlier amino acid residues. Ballantine et al
synthesized eight tridecaptin analogs that were cheaper in
synthetic cost and evaluated them against MDR GNB.
Tridecaptin analogs 1-8 (19-26, Fig. 8) demonstrated activity
against sensitive and resistant A. baumannii strains. Among
the synthesized compounds, tridecaptin-7 (25) displayed
potent activity against MDR strains (clinical and
environmental isolates) of A. baumannii, K. pneumoniae, and
E. cloacae. Also, the tridecaptin-7 was four-fold more active
against P. pseudoalcaligenes than canonical Oct-TriA; and was
least in causing hemolysis to RBC.""*

Tridecaptin M (27, Fig. 8) was isolated from the mud
bacterium Paenibacillus jamilae.'*® Tridecaptin M is in
preclinical development for treating XDR Enterobacteriaceae
infections. In a study, Jangra et al. evaluated tridecaptin M in
combination with other antibiotics against A. baumannii
strains. Tridecaptin M sensitizes A. baumannii to vancomycin,
ceftazidime, and rifampicin. The tridecaptin M and
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rifampicin combination was the most promising against A.
baumannii. Tridecaptin M Kkilled the bacteria in an ex vivo
model of A. baumannii and was superior to rifampicin
monotherapy.'*?

Lactococcus lactis and some Streptococcus spp. produce
nisin (28, Fig. 8). It belongs to the bacteriocin class and
displayed antimicrobial activity in GPB by binding to the
lipid II complex. This increases membrane permeability
through pore formation and by inhibiting peptidoglycan
synthesis. It is mainly used in the food industry as a natural
preservative because of its low toxicity to humans and high
effectiveness against GPB. However, it is inactive against
GNB. A recent study revealed that nisin, in combination with
polymyxin B, demonstrated synergistic activity against pan-
drug-resistant and extensively resistant A. baumannii. Thus,
these findings suggest that nisin can be combined to
decrease the adverse effects of polymyxin B by lowering its
dose."?

Synthetic modifications of nisin were carried out to
enhance its antibacterial activity against GNB. Several short
peptides active against GNB were fused as a tail to the C
terminus of either the entire or truncated nisin species.
Among these, tail T2 [DKYLPRPRPV], T6 [NGVQPKY], and T8
[KIAKVALKAL] were attached to nisin, which displayed
improved activity against GNB. Further, work on this led to
the identification of T16m2 (29, Fig. 8) (ABCDE rings + SV+
PRPPHPRLK), which inhibits A. baumannii with a MIC value
of 0.5 ym. 1

Lipodepsipeptides contain a peptide skeleton with one or
more additional ester bonds. Pedobacter cryoconitis UP508
bacterial strain was isolated from the soil samples. Nord
et al. isolated isopedopeptins A-H (30-37, Fig. 8) by bioassay-
guided fractionation of Pedobacter cryoconitis UP508 extracts.
Among the isolated compounds, isopedopeptins B showed
promising antibacterial activity against Gram-negative
carbapenem-resistant A. baumannii with a MIC value of 1 ug
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Fig. 9 Chemical structures of brevicidine B and its analogs, laterocidine and darobactins.
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mL™, and against colistin-resistant strains A. baumannii, with
a MIC value of 8 ug mL™, respectively. The isopedopeptins B
exhibited an antibacterial mode of action in the E. coli
liposome system by causing a significant leakage and
disruption in the bacterial membrane.'"®

Brevicidine (38, Fig. 9) is a non-ribosomal cyclic
lipopeptide isolated from the fermentation of Brevibacillus
laterosporus DSM25. Earlier studies revealed that brevicidine
exhibits broad-spectrum antibacterial activity against
Enterobacter cloacae, Escherichia coli, Pseudomonas aeruginosa,
and Klebsiella pneumoniae. Brevicidine demonstrated potent
antibacterial activity against Escherichia coli by interacting
with lipopolysaccharides on the outer membrane and
phosphatidylglycerol and cardiolipin on the inner membrane,
resulting in the dissipation of proton motive force and
membrane disruption. Zhong et al. evaluated brevicidine with
antibiotics for combination antibacterial studies. Notably,
brevicidine (1 uM) decreased the MIC of several antibiotics,
including erythromycin, azithromycin, and rifampicin,
against A. baumannii strains by 32-128-fold. Among them,
the potent synergistic activity was achieved for brevicidine
and erythromycin combination against A. baumannii.
Moreover, this combination showed potent antibacterial
activity in the A. baumannii-induced mouse peritonitis-sepsis
models. Brevicidine demonstrated antibacterial activity
against A. baumannii by disrupting the bacterial membrane.
Also, the brevicidine and erythromycin combination showed
enhanced Kkilling of A. haumannii by adenosine triphosphate
biosynthesis inhibition and by accumulation of reactive
oxygen species, resulting in the pronounced death of A.

baumannii.**°
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Brevicidine B contains a single substitution from p-Tyr to
p-Phe in the exocyclic linear segment compared to
brevicidine. In another study, brevicidine analogs (39-45,
Fig. 9) were assessed for antibacterial activity. Interestingly, a
single amino acid substitution led to a broader spectrum
antimicrobial activity toward E. coli, P. aeruginosa, and K.
pneumoniae, with MIC values ranging from 4-8 pg mL ™.
Brevicidine B inhibits A. baumannii ATCC 19606 and A.
baumannii AB5075 with the same MIC value of 16 ug mL ™"
Brevicidine B was inactive against GPB, including MRSA
strains.””” The Li et al group analyzed 7395 bacterial
genomes and assessed their potential to synthesize cationic
non-ribosomal peptides considering activity against GNB.
This work identified two novel compounds, brevicidine and
laterocidine (46, Fig. 9), which exhibit broad-spectrum
activity against GNB. Laterocidine inhibited A. baumannii,
with a MIC value of 4 ug mL™. Moreover, brevicidine and
laterocidine showed efficacy in mouse models of E. coli
infections.*®

Darobactins are produced by entomopathogenic
Photorhabdus khaini. Darobactins are ribosomal synthesized
and post-translationally modified peptides. They mimic the
outer membrane protein (OMP) signaling peptide. They bind
to the B-barrel of the outer membrane protein BamaA,
interfering with the integration of the OMP into the
membrane. Due to this, BamA cannot close the lateral gate,
affecting the entire complex's mechanical, kinetic, and
energetic properties in the membrane of the bacteria. Using
a biosynthetic engineering pathway, Seyfert et al. synthesized
analogs of darobactin (DA) (47, Fig. 9). Among the
synthesized analogs, DA9 (48, Fig. 9) and DA22 (49, Fig. 9)

Tri-catechol-daptomycin conjugate (52)
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N-acylsubstituent Ry Ry
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Fig. 10 Chemical structures of daptomycin-siderophore, daptomycin-catechol, vancomycin analogs, paenimucillin A, and paenimucillin C.
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were the most superior analogs exhibiting antibacterial
activity. DA and its analog DA22 demonstrated broad-
spectrum antibacterial activity against A. baumannii DSM-
30007 and A. baumannii DSM-30008 with MIC values of 16
and 4 ug mL ™" and 2 and 0.25 ug mL™, respectively. D22 was
nontoxic to HepG2 cells and the zebrafish larvae model."*®

Specific outer membrane receptor (OMR) transporters in
the GNB recognize the siderophore complex and internalize
the iron complex in the periplasm. Natural sideromycins are
the covalent combination of siderophores and antibiotics,
which are recognized by the OMR and allow antibiotics to be
delivered inside the cells. In recent years, synthetic
sideromycins have been synthesized to mimic the Trojan
horse, allowing it to deliver antibiotics inside the cells.
Daptomycin is a cyclic lipopeptide produced by the
fermentation of Streptomyces roseosporus.'**'*' Daptomycin
belongs to the class of calcium-dependent antibiotics and
has an anionic charge. It is active against broad-spectrum
GPB, including Staphylococcus aureus, Streptococcus pyogenes,
Streptococcus agalactiae, Streptococcus dysgalactiae subsp.
equisimilis and Enterococcus faecalis."*® It acts against GPB by
bacterial membrane disruption, causing rapid membrane
depolarization and leaking of ions from the cell.'** However,
it is inactive against GNB because of its polyanionic character
and its considerable size, thus it can't penetrate the outer
membrane of GNB. In a study by Ghosh et al, they
synthesized a hybrid of siderophores and daptomycin, which
can solve the issue of daptomycin ~membrane
permeabilization in GNB. The resultant mixed-ligand
daptomycin conjugate (50, Fig. 10) was active against GNB
and GPB strains. Notably, the mixed-ligand daptomycin
conjugate inhibited susceptible and MDR strains, including
A. baumannii ATCC 17961, with a MIC value of 0.4 uM.
Moreover, the daptomycin conjugate increases the survival
rate of mice infected with the A. baumannii ATCC 17961
sepsis model."”® In contrast, other siderophore-based
conjugates, including bis-catechol daptomycin (51, Fig. 10)
and tri-catechol daptomycin conjugates (52, Fig. 10) showed
potent antibacterial activity against A. baumannii strains. The
above study suggests that combining siderophores with
daptomycin facilitates the entry of conjugates into A.
baumannii demonstrating its potential antibacterial activity
against GNB.">*"%*

Vancomycin belongs to a glycopeptide obtained from
Amycolatopsis orientalis. It possesses a sugar-containing
heptapeptide structure.'®® The long-chain fatty acid of
vancomycin is responsible for its lipophilicity character.
Vancomycin and its derivatives showed antibacterial activity
by acting on the cell wall precursors containing the p-Ala-p-
Ala sequence."?’ It is active against GPB but does not possess
activity against GNB. Recent work revealed that a vancomycin
lipophilic cationic derivative can eradicate GNB in vitro and
in vivo models."*® Sarkar et al synthesized vancomycin
derivative VanQAmGC,, (53, Fig. 10), and its efficacy was
assessed in GPB and GNB. VanQAmC;, demonstrated activity
against A. baumannii strains with MIC values ranging from

This journal is © The Royal Society of Chemistry 2025
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3.9 to 15.5 uM. It demonstrated bactericidal activity against
the carbapenem-resistant A. hbaumannii. It exhibited
antibacterial activity by disruption of biofilm formation in A.
baumannii. Moreover, VanQAmC,;, promoted the intracellular
degradative mechanism autophagy in mammalian cells,
which helps in the clearance of intracellular pathogens such
as S. aureus and Salmonella typhimurium."* In another study
by Guan et al, they modified vancomycin with sulfonium
ions. The synthesized sulfonium-vancomycin analogs were
assessed for their activity in GPB and GNB. The sulfonium-
vancomycin analogs showed enhanced antibacterial activity,
a good pharmacokinetic profile, stability, and toxicity. The
sulfonium-vancomycin conjugate demonstrated antibacterial
activity by disrupting the bacterial membrane. The
representative vancomycin sulfonium conjugate (54, Fig. 10)
inhibited A. baumannii with MIC values ranging from 4-8 g
mL™". This finding suggests that vancomycin having
sulfonium modification enhanced the interaction with the
bacterial membrane and promoted the disruption of
membrane integrity in GNB.'*°

Sanderink et al. evaluated a combination of colistin with
glycopeptide antibiotics vancomycin or teicoplanin against A.
baumannii. The colistin-teicoplanin combination increased
the survival of mice infected with carbapenem-resistant A.
baumannii pneumonia by 74%. However, colistin in
combination with vancomycin showed similar efficacy
compared to colistin alone. This finding suggests that
teicoplanin can be combined with colistin to lower the dose
of colistin and can decrease the adverse effects associated
with colistin."*"

Paenimucillin A (55, Fig. 10) was initially identified using
a  culture-independent  synthetic-bioinformatic  natural
product (syn-BNP). It was synthesized based on the
bioinformatic prediction of the NRPS gene -cluster of
Paenibacillus mucilaginosus K02. Importantly, paenimucillin A
shares similarities in five of their 13 residues and an acyl
substituent at the N-terminal of tridecaptin. Paenimucillin A
exhibited broad-spectrum antibacterial activity against GPB
and mild antibacterial activity against A. baumannii. Vila-
Farres et al. carried out the bioinformatics-guided synthesis
of paenimucillin A analogs. Among the synthesized
compounds, paenimucillin C (56, Fig. 10) was cationic and
inhibited the growth of MDR A. baumannii 1788 with a MIC
value of 4 ug mL™". Moreover, in rat cutaneous wound
models infected with A. baumannii, paenimucillin C sterilized
the wound infections completely, with no sign of rebound
infection. Paenimucillin C demonstrated antibacterial activity
against A. baumannii by pore formation and promoting
cytoplasmic contents' leakage. In contrast, the closest similar
structure, tridecaptin, showed antibacterial activity by
binding to the target lipid II. Furthermore, paenimucillin C
was the least toxic to HT-29 cells."*

X33 (57) is an oligopeptide isolated from Streptomyces
lavendulae X33. It is active against Penicillium digitatum and
Candida albicans. X33 showed moderate antibacterial activity
against A. baumannii with MIC and MBC values of 78.13 and
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312.50 ug mL™', respectively. It causes changes in the cell
wall permeability, induces changes in the cell morphology,
and promotes leakage of cell contents. Moreover, X33
interfered with the tricarboxylic acid (TCA) cycle, glycolysis,
oxidative phosphorylation, and pyruvate metabolism and
induced oxidative stress in the bacterial cells."*®

Lynronne-1 (58) is a 19 amino acid cationic peptide
isolated from the bovine rumen microbiome. It inhibited A.
baumannii ATCC 19606 with MIC values ranging from 16-8
ug mL™", respectively. It displayed more selectivity to bacterial
cells and exhibited the least hemolysis of the RBC cells. The
biophysical models confirmed that the lynronne-1 mode of
action is by membrane lysis. However, this has to be
confirmed on the bacterial cells."**

2.1.2. Humans. Humans possess three types of AMPs:
defensins, cathelicidins, and histatins. Cathelicidins are
canonical peptides found in humans and other species,
including cattle, reptiles, horses, and pigs. HCAP-18 belongs
to the cathelicidin AMP family of humans, comprising an N-
terminal, a cathelin, and a C-terminal LL-37 domain. LL-37
(LLGDFFRKSKEKIGKEFKRIVQRIKDFLRNLVPRTES) (59) is a
37 amino acid AMP produced from hCAP-18 by the catalyzing
effects of proteinase. LL-37 showed broad-spectrum activity,
including antibacterial, antiviral, and antifungal activity. It
killed A. baumannii by binding to the OmpA (AbOmpA)
protein membrane of A. baumannii."*®> LL-37 and its analogs
LL/CAP18 (60) (FRKSKEKIGKLFKRIVQRILDFLRNLV) and FF/
CAP18 (61) (FRKSK EKIGK FFKRI VQRIF DFLRN LV)
inhibited the growth of pan-drug-resistant A. baumannii
(PDRAB) with MIC values of 32-64, 32-64, and 8-16 ug mL™",
respectively. Moreover, LL/CAP18 and FF/CAP18 exhibited
biofilm inhibition and demonstrated rapid killing of the
bacteria.”****” The combination of LL-37 and oncorhyncin II
showed synergistic activity and demonstrated rapid killing of
A. baumannii.®*® P-10 (62) is a cationic AMP and a synthetic
derivative of LL-37 with a broad spectrum of antimicrobial
activity. P-10, in combination with nisin, demonstrated
synergistic activity against extensively drug-resistant A.
baumannii and colistin-resistant P. aeruginosa.'*®

HLF (1-11) (63) belongs to the cathelicidin family and is
derived from an N-terminal fragment of human lactoferrin.
HLF showed promising antibacterial activity against MDR
bacteria, including Staphylococcus aureus and A. baumannii,
in vitro and in vivo models of infections. HLF (1-11)
(GRRRRSVQWCA, C-terminal amide) contains N-terminal
arginine 2 and 3, essential for bactericidal activity.
Additionally, HLF (1-11) improves the survival of mice
infected with A baumannii-induced pneumonia by

suppressing  the pyroptosis of macrophages and
inflammatory cytokine production of activated
macrophages.'*° In a study, cathelicidin-related antimicrobial

peptide (CRAMP) was evaluated in a murine model for
immune response to multidrug-resistant A. haumannii. Wild-
type and CRAMP knockout mice were infected intranasally
with the multidrug-resistant Acinetobacter baumannii. These
studies demonstrated that CRAMP~~ mice exhibited an
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increase in the colony-forming units of the bacteria, and
levels of IL-6 and CXCL1 were lower, and IL-10 was more in
the BAL fluid compared to wild-type mice. The above results
suggest that the cathelicidin-related antimicrobial peptide is
essential in providing host defense against pulmonary
infection with bacteria by activating neutrophils and the
innate immune response.'*!

Defensins are derived from human peptides. They are
cationic amphipathic with a p-sheet-rich group. They form a
network of disulfide bridges leading to a conserved structural
fold, an important characteristic of defensins. Defensins
exhibit antibacterial activity by creating pores, leading to the
loss of cellular contents. They have three types, ie., a-, -, and
6-defensins. The a-defensin and B-defensin peptides can be
differentiated based on their disulfide bridge. In a-defensin
peptides, the intramolecular bonding occurs between cysteines
1-6, 2-4, and 3-5, whereas in f-defensins, intramolecular
bonding occurs between 1-5, 2-4, and 3-6 cysteine residues,
respectively.'*> Further, B-defensins are sub-classified into
B-defensin-1 (hBD-1), B-defensin-2 (hBD-2), B-defensin-3 (hBD-
3) and p-defensin-4 (hBD-4). Among them, pB-defensin-2
comprises 41 amino acids. The synthetic p-defensin-2 (64)
(GIGDPVTCLKSGAICHPVFCPRRYKQIGTCGLPGTKCCKKP)
showed bactericidal activity against A. baumannii, Pseudomonas
aeruginosa, Enterococcus faecalis, Enterococcus faecium and
Staphylococcus aureus. MDR A. baumannii (vVLD90 = 3.25-4.5 pg
mL™") was more susceptible to B-defensin-2 than wild-type A.
baumannii (VLD90 = 3.90-9.35 upg mL™"). Interestingly,
B-defensin-2 does not exhibit promising bactericidal activity in
Escherichia coli, Klebsiella pneumoniae, and Proteus mirabilis. In
contrast, B-defensin-2 showed enhanced activity in the bacterial
strains resistant to f-lactam antibiotics.***

Apolipoprotein E (ApoE) is a glycosylated protein in
humans. It regulates microglial activation and inflammatory
response during acute and chronic nerve injury. The
proteolytic fragments of apolipoprotein E demonstrated
antimicrobial and other biological activities. For instance,
ApoE (130-162) showed antibacterial activity against
Escherichia coli and Pseudomonas aeruginosa. Notably, ApoE,;
is active in A. baumannii. Wang et al evaluated the
apolipoprotein E mimetic COG1410 (65) peptide for
antibacterial activity. COG1410 mimics the residues located
between 138 and 149 of the ApoE N-terminal domain and
has substitutions at positions 140 and 145 with
aminoisobutyric acid. COG1410 inhibited A. baumannii
ATCC19606 and PDR A. baumannii YQ4 with the same MIC
value of 16 pg mL™" and quickly eliminated a large inoculum
of A. baumannii. COG1410 demonstrated antibacterial activity
by disrupting the plasma membrane, leaking the cytoplasmic
contents, and inhibiting biofilm formation. COG1410
exhibited synergistic activity with polymyxin B and cured C.
elegans infected with PDR A. baumannii. This finding suggests
that COG1410 can be combined with polymyxin B to reduce
the dose of polymyxins.'**

2.1.3. Bovine. Bovine myeloid antimicrobial peptide 28
(BMAP-28) (66) is an AMP belonging to the cathelicidin
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family. BMAP-28 exerts potent activity against Pasteurella
multocida, and its analogs are reported to possess inhibitory
activity against Staphylococcus aureus (MRSA) and Leishmania,

respectively. Guo et al. evaluated BMAP-28
(GGLRSLGRKILRAWKKYGPIIVPIIRI) and its analogues A837
(GGLRKLGRKILRAWKKYGPIIVPIIRI), A838 (KGLRKLGRKI
LRAWKKYGPIIVPIIRI), A839
(GGLRSLGRKILRAWKKGGPIIVPIIRI), and A840 (KGLRK
LGRKILRAWKKGGPIIVPIIRI) for antibacterial activities.

BMAP-28 and its analogs A837 (67), A838 (68), A839 (69), and
A840 (70) demonstrated antibacterial activity against pan-
drug-resistant A. baumannii strains with MIC values of 5, 10,
5-10, 5-10, and 5-10 pug mL ™', respectively. BMAP-28 and its
analogs depicted rapid killing of pan-drug-resistant
Acinetobacter baumannii by binding to its outer membrane
protein OmpA (AbOmpA).'**

Proline-rich peptides (Pr-AMPs) possess potent antimicrobial
activities against bacterial species, including K. pneumoniae, A.
baumannii, and E. coli. Pr-AMPs showed antimicrobial activity by
acting on targets other than bacterial membranes. Bac7 (1-35)
(71) is a proline-rich peptide that exhibits potent antimicrobial
activity against many GNB species, including A. baumannii, with a
MIC value of <8 uM. Notably, at the sub-MIC values of Bac7, it
decreased the biofilm formation and motility.'*® Bac5 (1-17) is a
bovine proline-rich cathelicidin, and its fragments possess
antibacterial activity against GNB, including E. coli, A. baumannii,
and K. pneumoniae. Notably, the N-terminal 1-17 fragment of Bac
5 is mainly responsible for antimicrobial activity and protein
synthesis inhibition. Mardirossian et al. modified Bac5 to identify
the critical residues for antimicrobial activity. Among the
synthesized compounds, the representative derivatives Bac5-258
(72) (RFRPPIRRPPIRPPFYR), Bac5-272 (73)
(RFRWPIRRPPIRPPFYR), Bac5-278 (74) (RWRWPIRRPPIRPPFYR),
Bac5-281 (75) (RWRRPIRRRPIRPPFYW), and Bac5-291 (76)
(RWRRPIRRRPIRPPFWR) showed broad spectrum activity against
GNB. Bac5-258, Bac5-272, Bac5-278, Bac5-281, and Bac5-291
inhibited A. baumannii ATCC19606 with MIC values of >64, 64, 8,
4,2, and 8 uM, and MBC values of >64, 64, 16, 8, 8, and 16 uM,
respectively. Only Bac5-281 demonstrated protein synthesis
inhibition among these peptides, mainly due to its membrane
permeabilization. The other peptides showed dual modes of
action, including protein synthesis inhibition and bacterial
membrane destabilization. Notably, the Bac5 derivatives, which
have more arginine and tryptophan residues, demonstrated
enhanced antimicrobial activity and broader spectrum activity
while retaining low cytotoxicity to eukaryotic cells.**’

2.1.4. Snake. Cathelicidin-BF is a broad-spectrum AMP.
However, it has instability in vivo and toxic effects such as
hemolysis and immunoregulation.™*® To improve cathelicidin-BF
stability, decrease its toxicity, and maintain its antibacterial
activity, Mawangi et al synthesized -cathelicidin-BF analogs,
including  cathelicidin-BF15  (77)  (VKRFKKFFRKLKKSV),
cathelicidin-BF15-a1 (78) (VKRFKKFFRKFKKFV-NH,), cathelicidin-
BF-a2 (79) (VKRWKKWFRKWKKWV), and cathelicidin-BF-a3 (80)
(VKRWKKWKRKWKKWV-NH,). The introduction of cysteine in
cathelicidin-BF-a3 led to the formation of cathelicidin-BF-a4 (ZY4)
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(81), increasing its stability by cyclization and introducing a
disulfide bridge formation. The increase in stability increases its
ti, of 1.8 h in vivo. ZY4 demonstrated antibacterial activity in A.
baumannii isolates with MIC ranging between 4.6 and 9.4 g
mL™". ZY4 showed antibacterial activity through membrane
permeabilization, disruption, and pore formation. It also inhibited
biofilm formation in the bacteria and decreased the susceptibility
of mice infected with P. aeruginosa and A. baumannii septicemia
models."*

2.1.5. Alligator and crocodile. In a study, five new
crocodylian B-defensin variants from Alligator mississippiensis
and Crocodylus porosus were selected based on their
preliminary investigation peptides, including Am2HR (82),
Am11RR (83), Am17RV (84), Am23SK (85), and Cp13QK (86),
and were synthesized in the lab. Among them, Am23SK (85)
(SCRFSGGYCIWNWERCRSGHFLVALCPFRKRCCK) from
Alligator mississippiensis displayed antibacterial activity
against A. baumannii Ab5075 with a MIC value of 2 ug mL ™.
Also, Am23SK was active against both planktonic cells and
inhibited biofilm production. Moreover, Am23SK showed no
toxicity towards mammalian cells and in vitro exhibited
immunogenicity and moderately suppressed the production
of proinflammatory mediators from stimulated human
bronchial epithelial cells.'*®

Barksdale et al. characterized and evaluated the antimicrobial
activity of peptides Apo5 (87), Apo6 (88), and A1P (89) derived
from Alligator mississippiensis. Apo5 and Apob6 are related peptides,
nested fragments of a purported apolipoprotein, and A1P is the
C-terminal fragment of the alpha-1-proteinase inhibitor of the
serpin family. Apo5 (FSTKTRNWFSEHFKKVKEKLKDTFA), Apo6
(KTRNWFSEHFKKVKEKLKDTFA), and A1P (PPPV
IKFNRPFLMWIVERDTRSILFMGKIVNPKAP)  exhibited  broad-
spectrum antibacterial activity. They inhibited A. baumannii ATCC
9955 and A. haumannii ATCC BAA-1794 with ECs, values of 0.644
and 0.234 pug mL ™, 0.233 and 0.126 pg mL™, and 224.0 and 23.6
ug mL™, respectively. Additionally, these peptides inhibited the
growth of S. aureus, Escherichia coli, and P. aeruginosa. The mode
of action of Apo5 and Apoé6 is by depolarisation of the bacterial
membrane. However, A1P was unable to depolarise the bacterial
membrane at low concentrations. This suggests that Apo5 and
Apo6 modes of antibacterial action are by membrane disruption.
Importantly, these peptides do not cause hemolysis of sheep red
blood cells.*>

2.1.6. Frog. Temporin-1CEc is a natural peptide obtained
from frog Rana chensinensis skin secretion. Ji et al
synthesized temporin-1CEc analogs and labeled them 2K4L
(90) (IILLLLKKFLKKL-NH,) and 2K2L (91) (IIPLPLKKFLKKL-
NH,). 2K4L and 2K2L adopt an o-helical secondary structure
in a membrane-mimetic environment. 2K4L and 2K2L
displayed bactericidal activity against A. baumannii MRAB
0227 and A. baumannii 22933 with MIC values of 6.25 and
3.13 uM and 25 and 12.5 pM, respectively. 2K2L and 2K4L
have the same net charge, with high mean hydrophobic
values of 14.94 and 17.14, respectively, suggesting that the
peptide's hydrophobicity plays a vital role in antibacterial
activity. The increase in the hydrophobicity remarkably
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increases the permeability of the peptides in the membrane.
Due to its strong positive charge on the 2K4L peptide, it
promotes interaction with lipopolysaccharides and disrupts
membrane integration, leading to leakage of cell contents.
Moreover, 2K4L inhibited biofilm formation. Interestingly,
2K4L showed protection activity in mice infected with A.
baumannii-induced sepsis.***

Hylin a1 (92) (IFGAILPLALGALKNLIK-NH,) was obtained
from the arboreal South American frog Hypsiboas
albopunctatus. It is an eighteen-amino acid peptide and
demonstrates antimicrobial activity by acting on the bacterial
membrane. However, hylin al exhibits hemolytic activity
against red blood cells. Park et al. designed and synthesized
hylin a1 analog peptides to decrease hemolytic activity. The
hylin a1l analogs, including hylin a1-11K (93) (IAKA
ILPLALKALKNLIK-NH,) and hylin a1-15K (94) (IAKA
ILPLALKALKKLIK-NH,), exhibited broad-spectrum
antimicrobial and anti-biofilm activity against carbapenem-
resistant A. baumannii and showed lower hemolytic effects
and lower selectivity to mammalian cells. Hylin a1-11K and
hylin a1-15K showed antibacterial activity against A.
baumannii by binding to lipopolysaccharides and causing the
disruption of the bacterial membrane. Moreover, these
analogs decreased the inflammation by suppressing the
proinflammatory response generated due to A. baumannii
infections and also ameliorated carbapenem resistance in
mice infected with A. baumannii.'>

Aurein is an antibacterial peptide secreted from the
granular dorsal gland of Litoria aurea. PO is a 45 amino acid
o-helical peptide belonging to the cathelicidin class, and AO
is an 11 amino acid o-helical aurein derived peptide. PO and
A0 were modified to P7 and A3 derivatives by truncating the
peptide chain and substituting amino acids with
hydrophobic and positively charged amino acids tryptophan
and arginine. From these two parent peptides, a-helical
cathelicidin (P7) and aurein (A3), a hybrid peptide was
synthesized and designated as A3P7. Jariyarattanarach et al.

Achain H—IDWKKVDWKKVSKKTTKVMXAKAjKFLrN}-Q

Mp1a (97) = XA
Mp1b (98) = XA=A,

H-IDWKKVDWKKVSKKTCKVMLKATKFL-NHZ

h-LIGLVSKGTCVLVKTVCKKVLKQNH,
Mp2a (101)
HIDWKKVDWKKVSKKTGKVMLKAGKF LNH,
Acm

V (Mp1a) Mpic (99) = XA

Mp1d (100) = XA=A XB=A

B chain n-ueLLv;KsTEL:T‘WCKKVLKQ-NH;_L.XB_A HZN’\/\/N:;N\):P\‘(N\/‘L J;EO\)LH‘/K\&( \)LI( J gNJ\zq/N\)L /¢ u\/d(

Acm
hLIGLVSKGTCVLVKTVEKKYLKQNH,
Mp2b (102)

HIDWKKVDWKKVSKKTCKVMLKACKFL-NH,
Mp3a (103)

HIDWKKVDWKKVSKKTSKVMLKASKF L-NH,
Mp3b (104) NHz

Fig. 11 Chemical structures of Mpla analogs, cecropin A, and mastoparan.
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modified the hybrid peptide A3P7 by flipping methodology.
The parent compound A3P7 exhibits potent antibacterial
activity against GNB and GPB but has hemolytic activity. To
reduce the toxicity of A3P7, a series of eight compounds
(AP12-AP19) were synthesized by truncating the C-terminal
amino acids. Among them, AP19 (RLFRRVKKVAGKIAKRIWK-
NH,) (95) demonstrated potent activity against A. baumannii
with minimal hemolytic and cytotoxic activities against RBCs
and mammalian cells. Further, to enhance the stability of
AP19, the p-form of amino acids was incorporated to give
p-AP19, which demonstrated antibacterial activity against
MDR and XDR clinical isolates of A. baumannii and rapidly
killed the bacteria. The mode of action of p-AP19 is by
membrane disruption and leakage of the cytoplasmic
intracellular contents. The bacteria treated with b-AP19
showed rough and shrunk surfaces, with blebbing and
distortion of the membrane.">*

Esculentin-1a (Esc) (96) is a 21-amino residue peptide
from frog skin. It is a broad-spectrum AMP active against
GPB and GNB. Amp Esc (1-21), in combination with colistin,
showed synergistic activity against MDR A. baumannii clinical
isolates. Esc (1-21), in combination with colistin,
demonstrated antibacterial action by potentiating the
membrane perturbation effects."”

2.1.7. Insects. A-Myrtoxin-Mpla (Mpla) was isolated from
the venom of jack-jumper bull ant Myrmecia pilosula. It
comprises 49 amino acid residues and two chains, i.e., a 26-
mer A chain and a 23-mer B chain connected by two disulfide
bonds in an antiparallel arrangement. Mpla A and B chains
were synthesized in their reduced forms using solid-phase
peptide synthesis. The chains were joined by cysteine
oxidation to form Mpla as a significant product along with
other synthetic analogs. Mpla (97, Fig. 11) and its analogs
Mp 1b-3b (98-104, Fig. 11) showed potent activity against
GPB and GNB, including E. coli, K. pneumoniae, A. baumannii,
P. aeruginosa, S. aureus, and S. pneumoniae. Mpla and its
analogs (1b-3b) (98-104, Fig. 11) inhibited A. baumannii

NH,

i,

Oy NH,

s
W

HN)\

NH;

Cecropin A (107)

"”ZU J#x qu Lﬁu Jix J{xji
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ATCC 19606 with MIC values of 0.025, 0.015-0.03, 0.015-0.03,
0.015-0.03, 0.05-0.1, 0.025-0.1, 0.2, and 0.4-0.8 uM,
respectively. Mpla and its derivatives demonstrated potent
cell membrane binding and disrupted the cytoplasmic
membrane. However, Mp1la causes the induction of calcium
ions in mammalian cells, which results in toxicity to human
kidney cells. For the same reason, the intraplantar injection
of Mp1a (10 pM) into mice causes spontaneous pain.'>*

LyeTx I (105) (H-IWLTALKFLGKNLGKHLAKQQLAKL-NH,)
is an AMP obtained from Lycosa erythrognatha spider venom
and exhibits broad-spectrum antimicrobial activity, including
GPB and GNB, and fungi. Lima et al. modified the C-terminal
portion of the LyeTx I peptide to generate LyeTx I mnAK (106)
(H-IWLTKALKFLGKNLGK-NH,), a short peptide comprising
16 amino acids. LyeTx I mnAK showed antibacterial activity
against carbapenem-resistant A. hbaumannii AC10, A.
baumannii AC37, A. baumannii AC30, A. baumannii AC31, A.
baumannii AC35, and A. baumannii AC03, with MIC and MBC
values of 2 and 2 uM, 4 and 4 uM, 8 and 8 uM, 16 and 16
uM, 4 and 4 pM, and 4 and 4 pM, respectively. Moreover,
intranasal dosing of LyeTx I mnAK reduced the bacterial load
in the mouse model of carbapenem-resistant A. baumannii.
Also, it showed synergistic activity with meropenem and
colistin against carbapenem-resistant A. baumannii. It
demonstrated significantly low cytotoxicity and hemolytic
activity in Vero cells and RBCs. LyeTx I mnAK exhibits an
antibacterial mode of action by disrupting the bacterial cell
membrane, causing leakage of cell contents and reducing the
preformed biofilms."?”

Cecropins are amphipathic peptides secreted by insects.
Cecropin A (107, Fig. 11) was first isolated from the giant silk
moth Hyalophora cecropia. Cecropin A is a hydrophobic cationic
AMP, which exhibits antibacterial activity by facilitating
membrane permeabilization and inhibiting proton gradient
formation. However, it suffers from stability issues due to
abundant lysine and arginine in the structure, a common
recognition sequence for protease enzymes. Several synthetic
modifications were carried out to address the inherent
instability issue of cecropin A."*®'* The insect Musca domestica
cecropin showed antibacterial activity by acting on the cell
membrane integrity of Escherichia coli and A. baumannii. Cec4
(108) (GWLKKIGKKIERVGQNTRDATIQAIGVAQQAANVAATLKG)
is an a-helix peptide, which exhibited antibacterial activity
against A. baumannii (ATCC 19606), MDR A. baumannii (ID:
4367661), and extensive drug-resistant A. baumannii (PRAB)
with the same MIC value of 4 ug mL™ and showed minimum
biofilm inhibition concentration (MBICy) values of 64, 64 and
128 ug mL ™" and minimum biofilm eradication concentration
(MBEC) values of 128, 128, and 256 pg mL™', respectively.
Importantly, Cec4 showed no toxicity to hemolytic effects on
human cells. Cec4 treatment of A baumannii led to the
destruction of the bacterial membrane and caused leakage of
the cytoplasmic contents."®® In another study, Cec4
demonstrated activity against carbapenem-resistant A.
baumannii with a MIC value of 4 ug mL™", a MBIC value of 64~
128 pug mL™", and a MBEC value of 256-512 pg mL ",
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respectively. Scanning electron microscopy (SEM) and confocal
laser scanning microscopy (CLSM) revealed that Cec4-treated A.
baumannii cells showed biofilm disruption. Meanwhile,
transcriptome analysis revealed that multiple metabolic
pathways were affected in A. baumannii.***

Papiliocin is an antimicrobial peptide of 37 amino acid
residues belonging to a class of cecropins. It is present in the
swallowtail butterfly larvae. It is active against MDR GNB.
However, it is responsible for immunogenic potential. Kim
et al. designed a short 12-meric antimicrobial peptide by
substituting 12 papiliocin (pap12-1) peptide residues at the
N-terminal end to increase the antibacterial activity and
bacterial membrane interactions. Notably, the designed 12-
meric peptides displayed enhanced antibacterial activity by
destabilizing and increasing the membrane's permeability
and causing leakage of cellular contents. Among these
peptides, Pap12-6 (109) (RWKIFKKVVKKW-NH,) inhibited A.
baumannii with a MIC value of 4 uM. Moreover, Pap12-6
significantly reduced the bacterial growth in a mouse sepsis
model. Also, it significantly reduced inflammatory
cytokines."®?

Mandel et al. synthesized OMN6 (110, Fig. 11), a cyclic
peptide of 40 amino acids. It displayed improved stability
and a significant decrease in proteolytic degradation. OMNG6
showed potent inhibitory activity against GNB, including A.
baumannii, Klebsiella pneumoniae, and Escherichia coli. OMNG6
showed antibacterial activity against A. baumannii ACC 00445,
A. baumannii ACC 00527, A. baumannii ACC 00535, and A.
baumannii ACC 01077 with the same MIC value of 4 pg mL ™",
respectively. The mode of action of OMN6 was determined
using E. coli. It disrupted the membrane and caused leakage
of the cell contents. Moreover, OMN6 did not cause
hemolysis of the red blood cells and was nontoxic to the
HEK293T cells."®

Peptides D6 and D8 are derived from cecropin-melittin
hybrids. D6 and D8 showed antimicrobial activity by binding
to the LPS of the bacterial membrane. In combination with
antibiotics, these peptides potentiated the effects of
vancomycin against a murine model for abscess formation by
P. aeruginosa. Also, D6 and D8 comprise p-amino acid
residues, which are costlier and are not recognized by
mammalian proteases, making them more stable in vivo
models. Keeping this in view, Schouten et al. synthesized L
forms of peptides L6 (111) (RRLFRRILRWL) and L8 (112)
(KRIVQRIKKWLR). The peptides L6 and L8 demonstrated
synergistic activity with vancomycin against E. coli, A.
baumannii, and K. pneumoniae. Further, L6 potentiated the
action of vancomycin in A. baumannii. However, the peptides
L6 and L8 were unstable in human serum. Stapled peptides
were generated by introducing hydrocarbons, which reduce
flexibility in the peptides. The stapled peptide L8S1
potentiated the activity of vancomycin in the in vivo model of
A. baumannii infections."®*

Protaetiamycine (113) is an AMP present in insects
belonging to the defensin class. Earlier studies have
identified Pro9-3 (114) (RLWLAIWRR-NH,) and Pro9-3D
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(rlwlairwrr-NH,) (115) peptides based on the chemical
structure of defensins. Further, based on the defensin, 10-
meric peptide Prol0-1 and its enantiomer, Pro10-1D, were
synthesized by including an Arg residue at the N-terminus of
Pro9-3. Krishnan et al. synthesized 9-meric peptides R-Pro9-3
(116) (RRWIALWLR-NH,) and R-Pro9-3D (117) (rrwialwlr-
NH,). Pro9-3, Pro9-3D, R-Pro9-3, and R-Pro9-3D inhibited A.
baumannii with MIC values of 16, 8, 16, and 8 uM,
respectively. Moreover, these peptides showed inhibitory
action against CRAB. Also, R-Pro9-3D protected mice infected
with the A. baumannii-induced sepsis model. These peptides
showed antibacterial activity by interacting with LPS in the
outer membrane, causing permeabilization. Furthermore, R-
Pro9-3D demonstrated good proteolytic stability and low
toxicity."®

CM11 (118) (COOH-WKLFKKILKVL-NH,) is a cecropin A-
melittin peptide hybrid. The modification of CM11 led to
peptide mCM11 (119) (NH,-WRLFRRILRVL-NH,). The
mCM11 peptide showed antibacterial and antibiofilm
formation activity. It inhibited MDR A. baumannii 31, PDR A.
baumannii 71, XDR A. baumannii 23, and XDR A. baumannii
59, with MIC values of <4, <4, 4, and 4 pg mL ™", respectively.
Moreover, mCM11 disrupted the bacterial membrane due to
its high arginine content, which enhanced its antimicrobial
activity. Furthermore, it demonstrated low hemolytic activity
on human RBCs."*°

Eales et al. assessed the antibacterial activity of bicarinalin
(120) and BP100 (121) against A. baumannii strains.
Bicarinalin  (120) (KIKIPWGKVKDFLVGGMKAV) is an
amphipathic obtained from the venom of the myrmicine ant
Tetramorium bicarinatum. It exhibits antibacterial activity
against GPB and GNB. Melittin is an alpha-helical peptide
isolated from the European honey bee, which is cytotoxic to
the cells. To overcome the proteolytic degradation and
melittin's toxicity, a peptide BP100 (121) (KKLFKKILKYL) was
synthesized. BP100 is a hybrid of cecropin A and melittin.
BP100 showed potent antibacterial activity against GNB.
Bicarinalin and BP100 inhibited A. baumannii with MIC and
MBC values of 4 and 4 pg mL™", respectively. Bicarinalin and
BP100 inhibited biofilm formation in A. baumannii. Notably,
A. baumannii treated with bicarinalin and BP100 showed
morphological changes in the cells, with pronounced
blebbing with variable cell shape, shrinkage, and membrane
disruption. Further liposome assays confirmed that these
peptides cause membrane disruption by pore-formation."®”

HP (2-20) (122) is a protein obtained from the N-terminal
region of Helicobacter pylori ribosomal protein L1 (RPL1). The
peptides cecropin A, melittin, magainin 2, and HP (2-20) are
known for their antibacterial activity. Gopal et al. synthesized
four chimeric peptides HPME (123)
(AKKVFKRLGIGAVLKVLTTG, a combination of HP 2-9 and
ME 1-12), HPMA (124) (AKKVF KRLGIGKFLHSAKKF-NH,, a
combination of HP 2-9 and MA 1-12), CAME (125)
(KWKLFKKI GIGAVLKVLTTG-NH,, a combination of CA 1-8
and ME 1-12), and CAMA (126) (KWKLFKK IGIGKFLHSAKKF-
NH,, a combination of CA 1-8 and MA 1-12). Interestingly,
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all these four peptides, HPME, HPMA, CAME, and CAMA,
exhibited antibacterial activity with MIC values ranging from
3.12-12.5 uM in A. baumannii strains that were resistant to
antibiotics, including ampicillin, cefotaxime, ciprofloxacin,
tobramycin, and erythromycin. Importantly, these peptides
exhibited synergistic activity with the commercial antibiotics
and inhibited biofilm formation.'®®

Mastoparan (127, Fig. 11) (H-INLKALAALAKKIL-NH,) is an
AMP that showed potent antibacterial activity against
colistin-susceptible and colistin-resistant A. baumannii.
However, mastoparan is unstable in serum. To enhance the
stability and maintain the antimicrobial activity, Vila-Farrés
et al synthesized mastoparan analogs. Among the
synthesized mastoparan analogs, H-inlkalaalakkil-NH, (128)
and Gu-INLKALAALAKKIL-NH, (129) showed activity against
A. baumannii Ab113 with MIC values of 2.7 and 2.6 uM,
respectively. In contrast, mastoparan inhibited A. baumannii
Ab113 with a MIC value of 2.7 uM. Importantly, mastoparan
analogs H-inlkalaalakkil-NH, and Gu-INLKALAALAKKIL-NH,
were stable for 24 h in human serum, whereas mastoparan
was stable for six hours. Also, A. baumannii treated cells with
mastoparan and its analogs showed structural damage to the
membrane, depicting fractures and causing dye leakage in
the dye-assay experiment. This finding suggests that the
mode of action of these peptides is by disruption of the
bacterial membrane."®

Lycosin-Il  (130) (VWLSALKFIGKHLAKHQLSKL) is a
peptide isolated from the venom of the spider Lycosa
singoriensis. It is a linear cationic amphipathic o-helical
peptide. Lycosin-II inhibited A. baumannii with MIC values
ranging from 3.1-6.3 puM. In the presence of magnesium
ions, there is an increase in the MIC of lycosin-II against A.
baumannii, which suggests that magnesium might compete
with the bacterial cell membrane. However, lycosin-II is
unstable in vivo, which limits further development.'”®

DvAMP (131) (EKKPWARLRFKFKLLKGLAKKMK) is a novel
antimicrobial peptide identified by pre-screening the uniport
database. A typical a-helical peptide showed 100% homology
to Drosophila virilis. 1t exhibits antifungal activity against
Cryptococcus negformans.””" DvAMP inhibited A. baumannii
ATCC19606, A. baumannii CRAB 01, A. baumannii CRAB 02, A.
baumannii CRAB 03, A. baumannii CRAB 04, and A. baumannii
CRAB 05, with the same MIC value of 8 pug mL™'. DvAMP
binds to exogenous lipopolysaccharides and phospholipids of
A.  baumannii, which results in enhanced membrane
permeability, causing the dissipation of proton motive force,
reducing intracellular ATP, and increasing ROS levels,
ultimately leading to bacterial death. Additionally, it showed
antibiofilm activity in A. baumannii. Moreover, it increases
the survival rates of mice infected with the A. baumannii
pneumonia model by decreasing the bacterial load."”*

2.1.8. Worm. Arenicins are AMPs obtained from the
coelomocytes of marine polychaeta lugworm Arenicola
marina. Arenicin-3 (132) (GFCWYVCVYRNGVRVCYRRCN)
belongs to the arenicin family. Arenicin-3 comprises a 21
amino acid residue amphipathic -hairpin and possesses two
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disulfide bonds. It showed antibacterial activity against MDR
and XDR E. coli with a MIC value of 1 pg mL™". However, it is
cytotoxic and induces hemolysis to erythrocytes. Elliott et al.
performed a structure-based design on arenicin-3 that
identified AA139 (133) (GFCWYVCARRNGARVCYRRCN).
AA139 inhibited non-MDR A. baumannii, MDR A. baumannii,
and XDR A. baumannii with MIC values of 2, 1, and 0.5 pg
mL™", respectively. Notably, arenicin-3 variants showed
antibacterial activity by causing membrane disruption and
leakage of cytoplasmic contents in P. aeruginosa. Moreover,
AA139 caused a release of ATP from the E. coli bacterial cells.
Also, AA139 displayed promising efficacy in several Gram-
negative infection in vivo models. It exhibited lower
mammalian toxicity than the native arenicin-3.'”*

2.1.9. Scorpion. Hp1404 (134) is a peptide obtained from the
venomous gland of the scorpion Heterometrus petersii. Hp1404
(GILGKLWEGVKSIF-NH,) is an amphipathic a-helical structure.
It exhibits antibacterial activity against GPB Staphylococcus
aureus. However, it has demonstrated cytotoxicity to mammalian
cells by causing hemolysis of red blood cells. Hong et al
designed analogs of Hp1404 by substituting the amino acids to
reduce toxicity and improve antibacterial activity. The Hp1404
analogues include Hp1404-A (135) (GILGKLWEGVKSIA-NH,,),
Hp1404-K (136) (GILGKLWEGVKSIK-NH,,), Hp1404-V (137)
(GILGKLWEGVKSIV-NH,,), Hp1404-L (138) (GILGKLWEGVKSIL-
NH,,), Hp1404-1 (139) (GILGKLWEGVKSII-NH,,), and Hp1404-W
(140) (GILGKLWEGVKSIW-NH,,). Hp1404 and its analogs
Hp1404-V, Hp1404-L, Hp1404-I, and Hp1404-W demonstrated
antibacterial activity against A. baumannii strains. The mode of
action of these peptides is through bacterial membrane
destruction and inhibition of biofilm formation.'”*

Luo et al screened peptides from different species of
scorpion, including VsCT1 from Vaejovis subcristatus, BmKn1
from Mesobuthus martensii Karsch, spiniferin from Heterometrus
spinifer, Hp1404 from Heterometrus petersii, ctriporin from
Chaerilus tricostatus, and Im4 and Im5 from Isometrus maculatus,
respectively. Peptides VsCT1 (141) (FLKGIIDTVSNWL), BmKn1
(142) (FIGAVAGLLSKIF), spiniferin (143) (ILGEIWKGIKDIL),
Hp1404 (134) (GILGKLWEGVKSIF),  ctriporin  (144)
(FLWGLIPGAISAVTSLIKK), Im4 (145) (FIGMIPGLIGGLISAIK)
and Im5 (146) (FLGSLFSIGSKLLPGVIKLFQRKKQ) showed
activity against Acinetobacter baumannii ATCC19606 with MIC
values of >40, >40, >40, 5, 20, >40, and 2.5 pg mL
respectively. Hp1404, ctriporin, and Im5 showed antibacterial
activity against a series of A. baumannii clinical isolates resistant
to carbapenem. Hp1404, Im5, and ctriporin showed activity
against CRAB strains with MIC values of 6.4, 5.0, and 29.1 ug
mL ™", respectively. Among these, Hp1404 was better compared
to Im5 and ctriporin due to its extensive therapeutic index. It
caused hemolysis of red blood cells at very high concentrations.
Hp1404 caused dose-dependent disruption of the bacterial cell
membrane and lysis of the bacterial membrane.'”

2.1.10. Octopus. Octopromycin (147) (N-RRLIRTDTG-
PIIlYDYFKDQLLKKGMVILRESMKNLKGM-C) was isolated
from Octopus minor. It has 38 amino residues having an
o-helix secondary structure. It showed antibacterial activity
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against A. haumannii with MIC and MBC values of 50 and 100
ug mL™, respectively. Octopromycin-treated A. baumannii
cells showed severe cell wall damage, including a rough
membrane structure, irregular cell shape, and holes in the
cell wall. Also, octopromycin enhanced the membrane's
permeability and caused a concentration-dependent increase
in reactive oxygen species (ROS) generation inside the cells.
Furthermore, it increased the survival of A. baumannii-
infected fish.'”® The antibiofilm activity of octopromycin
involves ultrastructural damage to the extracellular matrix
alteration in the membrane permeability of A. baumannii.
Moreover, octopromycin inhibited alginate production,
surface movements (swarming and swimming), and twitching
motility of A. baumannii, confirming its anti-quorum-sensing
activity."””

Octominin is a defensin protein-3-based AMP obtained
from Octopus minor. In O. minor, the prohibitin-2 gene is
responsible for the biosynthesis of prohibitin, which inhibits
cellular proliferation. Jayathilaka et al. used the prohibitin-2
gene to synthesize octoprohibitin using charged amino acid
residues, including arginine and lysine. Octoprohibitin (148)
exhibited moderate antibacterial activity against A. baumannii
with MIC and MBC values of 50 and 100 ug mL},
respectively. The field emission electron microscopy analysis
of A. baumannii cells treated with octoprohibitin showed
prominent and severe damage with opening and shrinkage of
the cells. It also inhibited the biofilm formation in A.
baumannii and increased the survival of zebrafish infected
with A. baumannii.'”®

2.1.11. Fish. Tilapia piscidin 2 (TP2) (149) is a peptide
found in Oreochromis niloticus (Nile tilapia), with no
antibacterial activity. The TP2
(GECIWDAIFHGAKHFLHRLVNP) peptide was modified to
give TP2-5 (150) (KKCIAKAILKKAKKLLKKLVNP) and TP2-6
(151) (KKCIAKAILKKAKKLLKDLVNP), which are amphipathic
with net positive charges of +9 and +7, respectively. TP2-5
and TP2-6 inhibited the growth of both sensitive and MDR
isolates of A. baumannii. TP2-5 and TP2-6 showed
antibacterial activity by membrane depolarization. The
bacterial cells treated with TP2-5 and TP2-6 peptides showed
a deformed membrane architecture and prevented biofilm
formation. Notably, both these peptides were of negligible
toxicity and did not cause hemolysis of RBC cells even at a
concentration of 100 pg mL™."”?

2.1.12. Bacteriophage-derived peptides. Lysins are
bacteriophage-derived antimicrobial agents. Exogenous
endolysins showed differentiated susceptibility to GPB and
GNB."® Endolysins are commonly known as lysins, which
possess hydrolytic enzymes.'®* The bacteriophages use
hydrolytic enzymes to degrade the host bacteria
peptidoglycan and to release its phages (progeny). Lysins
have several advantages, including high host specificity, rapid
host lysis, and inactivity to normal microflora compared to
other antibiotics and phages."®>

The cecropin A (CecA) N terminus is responsible for
antibacterial activity against A. baumannii. LysMK34 is
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prepared from the lysin of A baumannii phage MK34.
Notably, LysMK34 showed a turgor pressure-dependent
intrinsic antibacterial activity. Abdelkader et al. prepared a
chimeric protein by fusing lysin (LysMK34) with the
N-terminus of cecropin A via a linker of three Ala-Gly repeats
to give engineered LysMK34 (eLysMK34) (152). eLysMK34
showed antibacterial activity against sensitive and resistant A.
baumannii strains. Also, eLysMK34 was active against other
GNB, including P. aeruginosa, E. coli, and colistin-resistant
strains. Moreover, eLysMK34 was nontoxic to the HaCaT
human epithelial cell line. The eLysMK34 antibacterial
activity does not depend on high intracellular osmotic
pressure. The mode of action of eLysMK34 is due to its
combined actions of peptidoglycan degradation and
pressure-induced osmotic lysis, eventually killing bacterial
cells.'®?

Yang et al. prepared a peptide-modified lysin PlyA (153)
using cecropin A peptide residues 1-8 (KWKLFKKI) and
OBP,,279. Importantly, PlyA showed good antibacterial
activity against A. baumannii and P. aeruginosa but reduced
activity against bacterial cells in their stationary phase. It has
been found that the addition of the outer membrane
permeabilizers EDTA and citric acid enhances the
antibacterial activity against stationary phase cells. However,
PlyA gets deactivated in complicated media, including bio-
matrices, milk, and serum. This could limit its further
development as a therapeutic drug candidate."®*

Earlier studies demonstrated that AbEndolysin of phage
ADb1656-2 (154) consists of N-terminal N-acetylmuramidase
and  C-terminal  peptidoglycan  binding  domains.
AbEndolysin showed antibacterial activity against clinical A.
baumannii strains. Islam et al synthesized a chimeric
protein eAbEndolysin (155) by combining cecropin A with
the N-terminus of AbEndolysin. Interestingly, cecropin
A-fused AbEndolysin exhibited enhanced bactericidal
activity by 2-8 fold against various MDR A. baumannii
clinical isolates and more than its parent lysin. Moreover,
eAbEndolysin showed synergistic activity with f-lactam
antibiotics, including cefotaxime, ceftazidime, and
aztreonam, and an additive effect with meropenem and
imipenem against A. baumannii. Importantly, eAbEndolysin
did not show any toxicity to A549 cell lines and cured mice
infected with A. baumannii.'®®

LysAB2 (156) is endolysin obtained from A. baumannii phage
®AB2, which showed antibacterial activity against GPB and
GNB. Notably, the detailed assessment of LysAB2 revealed that
the sequence between 113 and 145 is essential for antimicrobial
activity. Peng et al. synthesized four peptides (LysAB2 P0-P3)
based on the amino acid sequence present between 113 and 145
of LysAB2. Among them, the representative LysAB2 P3 (157)
(NPEKALEKLIAIQKAIKGMLNGWFTGVGFRRKR) showed
antibacterial activity against MDR and colistin-resistant A.
baumannii strains. LysAB2 P3 caused damage to the bacterial cell
membrane, with the collapse of the cellular structure.
Furthermore, it decreased the bacterial load in a mouse model
infected with A. baumannii infections, and it cured 60% of the
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mice infected with bacteremia induced by A. baumannii.
However, it caused moderate hemolysis of RBCs."*°

The C-terminal region of A. baumannii phage lysin LysAB2
has a cationic character and is involved in the
permeabilization to the outer membrane. A. baumannii phage
lysin PlyF307 and its amino acids between 108 to 138 partly
resembled the LysAB2 peptide named P307 (158). Further,
P307 was modified with eight amino acids, with a complete
C-terminal part of native PlyF307 to give a peptide P307xg¢
(159). Additionally, the fusion of eight amino acids gave
P307gq.s. The derivatives P307 and P307gq.s exhibited
antibacterial activity against A. baumannii and inhibited
biofilm formation. Moreover, P307,g ¢ killed the bacteria by
disrupting the bacterial plasma membrane. It did not cause
hemolysis in human red blood cells."®”

The lysin LysP53 (160) is derived from A. baumannii phage
53. It showed the highest similarity of 87% with the
endopeptidase derived from Acinetobacter phage DMU1. The
time-kill kinetic studies revealed that LysP53 (100 pg mL™")
caused a 4-log reduction in A. baumannii in 15 minutes of
exposure. Additionally, it is active against P. aeruginosa, K.
pneumoniae, and E. coli. It contained an N-terminal domain
of a-helical fragments in the N-terminus of LysP53, especially
the N-terminal 33 amino acid sequence. Further, two
peptides were generated from LysP53, i.e., P103 (1-17 aa) and
P104 (1-33 aa), and these peptides did not show bactericidal
activity compared to whole-length peptides. Notably, LysP53
showed no toxicity to A549 cells even at a very high
concentration of 500 ug mL™'. Moreover, LysP53 (57.6 uM)
upon topical application to a mouse model infected with A.
baumannii-associated burn reduced the bacterial loads better
than minocycline."®>

Artilysins are prepared by an engineered fusion of
endolysins with membrane-destabilizing peptides. Using a
specific lipopolysaccharide destabilizing peptide facilitates
the translocation of the endolysin moiety, which eventually
leads to enzymatic degradation of peptidoglycan, resulting in
the lysis of the cells. Artilysin Art-175 (161) comprises a
modified variant of endolysin KZ144 and a giant P. aeruginosa
bacteriophage ®KZ, linking to the N-terminal of SMAP-29, an
antibacterial peptide derived from the sheep myeloid. Art-175
showed bactericidal activity against A. baumannii and P.
aeruginosa. It inhibited MDR A. baumannii with MIC values
ranging between 4 and 20 ug mL™" and eliminated a large
inoculant of A. baumannii >10° CFU mL™". It also killed the
actively dividing and persister cells. The antibacterial mode
of action of Art-175 is by osmotic lysis and peptidoglycan
degradation."®®

2.1.13. Sensitizer peptides. The antibiotics used for GPB
are generally ineffective for GNB infections. Sensitizer
peptides are used to sensitize the outer membrane of GNB
and allow the use of antibiotics targeting Gram-positive to be
used in GNB. The sensitizer peptide causes the relocation of
anionic lipopolysaccharides in the membrane, allows the
membrane to be demixed, and thus potentiates the activity of
antimicrobial agents or endolysins."®® KL-L9P is a well-known
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sensitizer that promotes bacterial membrane rearrangements
and allows most Gram-positive antibiotics to pass through.
LysSPN1S is an endolysin obtained from the Salmonella
phage SPN1S, which showed antibacterial activity against E.
coli by cleaving the glycosidic bond of the peptidoglycan. Son
et al. synthesized fusion endolysin, Lys1S-L9P (162), by fusing
the sensitizer peptide KL-L9P (KLLKLLKKPLKLLK) onto the
endolysin LysSPN1S. Notably, Lys1S-L9P showed broad-
spectrum antibacterial activity against GNB, including MDR
strains, E. coli, A. baumannii, and P. aeruginosa. Moreover, it
caused a significant decrease in the biofilm formation in E.
coli and A. baumannii. It also increased the survival rate of
Galleria mellonella larvae infected with A. baumannii.
Importantly, Lys1S-L9P did not exhibit any toxicity to human
cells.™°

2.1.14. Plants. Plants are rich sources of diverse chemical
scaffolds, including antimicrobial peptides. Porto et al
explored guava glycine-rich peptide Pg-AMP1 by using the
genetic algorithm. Further, they used Pg-AMP1 as a template
to generate guavanin peptides. The computationally designed
guavanins were found to be rich in arginine residues. In
comparison, some guavanins were rich in tyrosine residues.
The designed AMPs, guavanins 2, 12, 13, and 14, do not
exhibit hemolytic activity. The representative potent peptide
guavanin 2 (163) (RQYMRQIEQALRYGYRISRR) showed a
narrow-spectrum antibacterial activity. It showed antibacterial
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activity against Acinetobacter baumannii ATCC 19606 with a
MIC value of 6.25 ug mL™". Guavanin 2 acts preferentially
against GNB with a selectivity index of 23.93. Moreover,
guavanin 2 showed antibacterial activity in a mice model
induced with P. aeruginosa abscess skin infection. Guavanin
2 (6.25 ug mL™") caused a decrease in the 3-log reduction in
bacterial counts after four days of application. Moreover,
guavanin 2 exhibits antibacterial activity by allowing slow
permeation through the cytoplasmic membrane, triggering
hyperpolarization and causing membrane disruption in the
bacterial cells.”"

2.2. Synthetics and peptidomimetics

2.2.1. Dendrimers. The branched peptide dendrimers of
specific amino acids are considered better antibacterial
agents."”> The dendrimer topology allows the multivalency of
pre-existing AMP sequences or single amino acids, typically
by attachment of particular amino acids to a dendritic tree.
Recent research suggested that the antimicrobial activity of
dendrimers is due to their dendritic effect, cationic residue
within the dendrimer branches, and conformation flexibility
at the water-membrane interface that allows the membrane's
permeability. Moreover, the protects  its
degradation from protease enzymes. G3KL (164,
Fig. 12) is a novel AMP dendrimer identified from high-
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throughput screening assays. In dendrimer G3KL
((KL)g(KKL,)4(KKL),KKL), K is lysine, K is branched lysine,
and L is leucine. G3KL exhibited in vitro antibacterial activity
against several GNB strains, including A. baumannii and P.
aeruginosa.'®® Importantly, it demonstrated very low toxicity
to human red blood cells at a very high concentration of
>840 pug mL™" and was stable in human serum with a t;,,
value of 9 h."®* G3KL and its p-enantiomer did not show any
antibacterial activity in an in vivo model of A. baumannii
infections. Siriwardena et al designed and synthesized
dendrimers T4 ((KL)g(KK)4(KLKL),KLKL), T5
((KL)g(KKL),(KLL),KKKL) and T7 ((KL)s(KKL)(KKLL),KKKL)
which were similar in activity to G3KL. Among the identified
dendrimers, T7 (165, Fig. 12) showed broad spectrum activity
against Gram-negative MDR strains, including A. baumannii,
E. coli, P. aeruginosa, E. cloacae, and K. pneumoniae. Moreover,
T7 demonstrated higher stability in serum with >24 h. It also
increased the survival of mice infected with MDR strain A.
baumannii abaX1605034. Interestingly, these dendrimers exist
in a hydrophobically collapsed conformation in water and
rearrange after coming in contact with the bacterial
membrane to an extended partially a-helical conformation,
thus exposing hydrophobic leucine residue side chains and
enabling interactions with the lipid membrane leading to the
membrane disruption of the bacteria. In another study,
Siriwardena et al. synthesized DC5 ((OF)g(KBL)4(KKLL),KKKL)
by combining the outer branches of TNS18
((OF)4(KBL),KKLK(Cy,)) and an inner branch core of T7 which
retained activity against GNB.'”® The above studies on
dendrimers symbolize that dendrimers' size does not limit
their antibacterial activity.'®
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2.2.2. Chimeric and synthetic peptides. TAT-RasGAP315_3,6
(166) is a chimeric peptide consisting of the cell-permeable
HIV peptide TAT,3_5; (RRRQRRKKRG) linked to a ten amino
acid sequence of the Src homology 3 domain (SH3 domain)
(DTRLNTVWMW) of p120 RasGAP with two glycine residues.
It possesses several positive charges due to multiple arginine
residues. TAT-RasGAP;,;_3,¢ inhibited A. baumannii ATCC
19606 and P. aeruginosa PA14 with MIC values of 8 and 32 ng
mL™". It inhibited the biofilm formation in A. baumannii
ATCC 19606 and P. aeruginosa PA14 with biofilm prevention
concentration (BPCy,) values ranging between 16 and 32 g
mL™". The molecular mode of antibacterial action of TAT-
RasGAP;,5 3,6 has to be established.'®”

SA4 (167) (IOWAGOLFOLFO-NH2) is a cationic
amphiphilic peptide.’®® It inhibits GPB and GNB strains with
MIC values ranging between 1 and 32 ug mL™". The calcein
dye leakage and transmission electron microscopy studies
confirmed that SA-4 acts on the bacterial membrane and
causes perturbation in the membrane.’®® Sharma et al
synthesized a poly-N-substituted glycine congener of SA4 and
named it SPO (168, Fig. 13). SA4 and SPO exhibited
antibacterial activity against A. baumannii strains with MIC
values ranging between 50 and 100 pg mL" and
demonstrated biofilm inhibition activity. Even SPO at a
higher concentration of 500 ug mL™" did not cause hemolysis
of the erythrocytes. A. baumannii cells treated with SA4 and
SPO showed abnormalities like disrupted cell structures and
cellular debris."*’

Paenipeptin is a synthetically derived lipopeptide AMP,
consisting of an N-terminal Cg fatty acyl chain with three
positive charge amino acids. From the initial study of
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paenipeptin analogs, two compounds, paenipeptin A and
paenipeptin B (169 and 170, Fig. 13), were found to be non-
hemolytic. Analog A has a shorter lipid chain of Cg than
paenipeptin, whereas analog B has a lipid chain modified
with the carboxybenzyl group. Importantly, these two analogs
potentiated the activity of clarithromycin and rifampin
against carbapenem-resistant K. pneumoniae, A. baumannii,
and A. baumannii FDA-CDC AR 0063 strains. Both
paenipeptin analogs A and B were stable in 95% human
serum for 24 hours. Moreover, 169 and 170 analogs were
nontoxic to kidney cells.>*°

Nagarajan et al. designed AMPs using computational
graph optimization and a maximum common subgraph
approach. This work led to the design and identification of
five peptides, Q03, Q13, Q17, Q76, and Q93. Q76 (171)
(FLKAIKKFGKEFKKIGAKLK) displayed antibacterial activity
against carbapenem and tigecycline-resistant
microorganisms. Q76 displayed antibacterial activity against
E. coli and A. baumannii with the same MBCs, value of 4 mg
per liter. In infected mice models of A. baumannii, Q76
displayed high efficacy against carbapenem and tigecycline-
resistant A. baumannii. Interestingly, Q076 adopts an a-helical
structure in the membrane, causing rapid membrane
disruption, leakage, and bacterial death.”®"

B-Lactam antibiotics showed antibacterial activity by
inhibiting the bacterial cell wall synthesis. However, the
B-lactam antibiotics are deactivated by bacterial B-lactamases.
In recent years, linking the core structure of the p-lactam ring
and its synthetic modification allows the escape from the
B-lactamase, and thus it retains antibacterial activity.
7-Aminodesacetoxycephalosporanic acid is a precursor to
B-lactam and cephalosporin antibiotics. MSI-78, CA(1-7)M(2-
9)NH,, and des-Chex1-Arg20 are cationic AMPs. Li et al
carried out the chemical modification of
7-aminodesacetoxycephalosporanic acid by linking it to MSI-
78, CA(1-7)M(2-9)NH,, and des-Chex1-Arg20. MSI-78 is a
modified AMP from the magainin family. Among these,
B-lactam antibiotics linked to MSI-78 conjugates MSI-78-
ADCA (172 Fig. 13) and MSI-78-ACA (173, Fig. 13) have shown
significant antibacterial activity against GNB, including K.
pneumoniae, A. baumannii, and P. aeruginosa. Moreover, these
peptides were found to be nontoxic to mammalian cell
lines.>*

In a study, He et al. screened cyclic peptides acting against
Staphylococcus aureus, E. coli, and A. baumannii. Among the
screened peptides, the cyclic peptide B2 (174) (cyclo-
RRWWRRW) showed activity against A. baumannii and MDR
A. baumannii with the same MIC value of 6 pg mL™. The
antibacterial activity of peptide B2 was retained in salt,
including NaCl and CaCl,. However, the peptide B2 exhibited
slight toxicity to sheep red blood cells and human lung
fibroblast HLF-1 cells. The MDR A. baumannii treated with
peptide B2 displayed membrane rupture, full perforations,
and the leakage of cellular contents from lysed cells.
Moreover, the peptide B2 showed significant therapeutic
effects on lung infections in mice infected with MDR A.

This journal is © The Royal Society of Chemistry 2025

Table 2 AMPs with their mode of action and their targeted bacteria

Ref.

Other targeted bacteria

Source Mode of action Morphological changes  Targeted A. haumannii

Compound name

Category

99

P. aeruginosa, K.
1 pneumoniae, E. cloacae

Polymyxin B (1) MIC A.
baumannii ATCC19606

Polymyxin and colistin

The polymyxin

Polymyxin B (1)

Lipopeptides

disrupt membrane lipid
packing and make the
outer membrane
permeable

molecule binds to

lipid A

-1

pg mL

Polymyxin B (1) MIC A.
baumannii FADDI-AB03

0.5 pg mL™"
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Other targeted bacteria

0.25, and 0.25 (0.12-1) mg

(<0.06-0.5) mg L™, <0.06,
L7, respectively

<0.06, and 0.12 (<0.06-

of <0.06, 0.12, and 0.5
0.12) mg L', and <0.06,

Mode of action Morphological changes  Targeted A. haumannii

Source

Compound name

Table 2 (continued)

Category
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baumannii. Further analysis suggests that the mode of
binding of peptide B2 is by forming a complex with BamA.>*?

2.2.3. Tethered macrocyclic peptide (MCP). Zampaloni
et al. carried out screenings of macrocyclic peptides of
Tranzyme Pharma. From the initial screenings, they
identified compounds with a tripeptide subunit tethered to
diphenylsulfide with a closed ring-like structure. Among
them, the compounds RO7036668 (175, Fig. 13), RO7075573
(176, Fig. 13), RO7055137 (177, Fig. 13), and RO7202110 (178,
Fig. 13) showed antibacterial activity against A. baumannii.
RO7075573 is a potent antibacterial compound; however, it
demonstrated poor plasma compatibility by causing the
formation of aggregated low-density lipoprotein and
aggregated high-density lipoprotein vesicles through an
unknown mechanism. Later, this problem was solved by
forming the compound zwitterionic tethered macrocyclic
peptide zosurabalpin (179, Fig. 13), which showed reduced
plasma  precipitation. = RO7075573, RO7055137, and
zosurabalpin were found to be active against sensitive and
MDR A. baumannii isolates. Moreover, zosurabalpin
effectively reduced the infections caused by drug-resistant
contemporary isolates of CRAB both in vitro and in mouse
disease models. Zosurabalpin exhibited antibacterial activity
by inhibiting the bacterial inner membrane LptB2FGC
complex to block the LPS transport in A. baylyi.*** AMPs with
their source, mode of action, and antibacterial activity are
summarised in Table 2.

3. Conclusion

A. baumannii is on the list of nosocomial ESKAPE pathogens
of the WHO, and there is an urgent need for research to
discover antibiotics to tackle its infections. Several
antibiotics, including carbapenems, aminoglycosides,
fluoroquinolones, cephalosporins, and B-lactamase
inhibitors, are used to treat A. baumannii infections. However,
in recent decades, abuse and misuse of antibiotics to treat
other diseases other than the mentioned use led to the rapid
emergence of MDR A. baumannii, consequently leading to an
increase in the MICs of prescribed antibiotics. The
emergence of MDR A. baumannii, XDR A. baumannii, and
PDR A. baumannii strains significantly affect health, and it is
a threat to human life and health and is responsible for a
significant economic burden to society. Several targets,
including ribosomes, DNA gyrase, and the cell wall, have
already been explored in A. baumannii to control its growth.
However, targeting the cell wall and its components is one of
the primary focuses of antibiotics research, and it continues
to hold the center stage in antibiotics discovery, as cell wall
targeting antibiotics are less likely to acquire mutation-based
resistance. Moreover, membrane-targeting antibiotics do not
have to cross the plasma membrane to exhibit their activity.
Among them, AMPs are next-generation membrane-targeting
antibiotics and exhibit broad-spectrum activity against GNB,
GPB, and related clinical-resistant strains. Moreover, most
AMPs act on the membrane targets and other generalized

This journal is © The Royal Society of Chemistry 2025
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cytoplasmic targets, and some of them activate the human
immune response for the effective eradication of pathogens
from the body. This paper discussed AMPs from natural or
synthetic origins and their congeners acting through
membrane disruption of A. baumannii.

Abbreviations

AbaR Antibiotic resistance island

Acb Acinetobacter calcoaceticus-Acinetobacter baumannii

ADC Acinetobacter-derived cephalosporinase

AMPs Antimicrobial peptides

ApoE Apolipoprotein E

BAP Biofilm-associated protein

CecA Cecropin A

CLSM Confocal laser scanning microscopy

CRAB Carbapenem-resistant A. baumannii

Dab, L-2  4-Diaminobutyric acid

Dpa Diaminopropane acetyltransferase

ELISA Enzyme-linked immunosorbent assays

ESKAPE  (Enterococcus faecium, Staphylococcus aureus,
Klebsiella pneumoniae, Acinetobacter baumannii,
Pseudomonas aeruginosa, and Enterobacter spp.)

GIcNAc  N-Acetylglucosamine

hBD-1 Human B-defensin-1

hBD-2 Human B-defensin-2

hBD-3 Human B-defensin-3

hBD-4 Human B-defensin-4

HD5 Human defensin 5

Hst5 Histatin 5

Kdo Ketodeoxyoctanoic acid

LPS Lipopolysaccharides

LpsB Glycosyltransferase

LOS Lipooligosaccharides

LPLATs  Lysophospholipid acyltransferase

MBEC Minimum biofilm eradication concentration

MBICy, Minimum biofilm inhibition concentration

MCP Tethered macrocyclic peptide

MDR Multidrug-resistant

MICs Minimum inhibitory concentrations

MurNAc  N-Acetylmuramic acid

OMP Outer membrane protein

OMR Outer membrane receptors

OMVs Outer membrane vesicles

PBPs Penicillin-binding proteins

PDR Pan-drug-resistant

PMR Polymyxin-resistant

Pr-AMPs  Proline-rich peptides

qPCR Quantitative polymerase chain reaction

SEM Scanning electron microscopy

SPase Signal peptidase

syn-BNP  Synthetic-bioinformatic natural product

TCA Tricarboxylic acid cycle

TLR4 Toll-like receptor 4

WHO World Health Organization

XDR Extensively drug-resistant
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XDR-ABC Drug-resistant Acinetobacter baumannii-calcoaceticus
complex
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