
 

 

Since January 2020 Elsevier has created a COVID-19 resource centre with 

free information in English and Mandarin on the novel coronavirus COVID-

19. The COVID-19 resource centre is hosted on Elsevier Connect, the 

company's public news and information website. 

 

Elsevier hereby grants permission to make all its COVID-19-related 

research that is available on the COVID-19 resource centre - including this 

research content - immediately available in PubMed Central and other 

publicly funded repositories, such as the WHO COVID database with rights 

for unrestricted research re-use and analyses in any form or by any means 

with acknowledgement of the original source. These permissions are 

granted for free by Elsevier for as long as the COVID-19 resource centre 

remains active. 

 



Medicine in Drug Discovery 9 (2021) 100078

Contents lists available at ScienceDirect

Medicine in Drug Discovery

j ourna l homepage: ht tps: / /www. journa ls .e lsev ie r .com/medic ine- in -d rug-d iscovery
Review Article
Emerging peptide antibiotics with therapeutic potential
Gregory Upert a,⁎, Anatol Luther b, Daniel Obrecht a, Philipp Ermert a,⁎

a Polyphor Ltd, Hegenheimermattweg 125, 4123 Allschwil, Switzerland
b Bachem AG, Hauptstrasse 114, 4416 Bubendorf, Switzerland
Abbreviations:ADMET, absorption, distribution, metabol
tion; BAM, β-barrel assembly machinery; bid, bis in die (two
laboratory standards institute; CMS, colistin methane sulfona
tibiotic resistance): Enterococcus faecium, Staphylococcus aure
HABP, hospital acquired bacterial pneumonia; HDP, host-def
cells (proximal tubular cell line); Hpg, 4-hydroxy-phenyl gly
sistant; LPS, lipopolysaccharide; LptA, lipopolysaccharide tra
MIC, minimal inhibitory concentration; mITT population, m
(mode) of action; MRSA, methicilline-resistant S. aureus;
odilorhabdin; OMPTA, outer membrane targeting antibio
buffered saline; PK, pharmacokinetics; POPC, 1-palmitoyl-2-
bial peptides; RBC, red blood cell; SAR, structure-activity rel
monia; VIM-1, beta-lactamase 2 (K. pneumoniae); VISA, vanco
teichoic acid; XDR, extremely drug-resistant.
⁎ Corresponding authors.

E-mail addresses: gregory.upert@polyphor.com (G. Uper

http://dx.doi.org/10.1016/j.medidd.2020.100078
2590-0986/©2021TheAuthors. Published by Elsevie
0/).
A B S T R A C T
A R T I C L E I N F O
Article history:
Received 25 November 2020
Received in revised form 15 December 2020
Accepted 27 December 2020
Available online 30 December 2020
This review covers some of the recent progress in the field of peptide antibiotics with a focus on compoundswith novel
or established mode of action and with demonstrated efficacy in animal infection models. Novel drug discovery ap-
proaches, linear and macrocyclic peptide antibiotics, lipopeptides like the polymyxins as well as peptides addressing
targets located in the plasma membrane or in the outer membrane of bacterial cells are discussed.
Keywords:
Antibiotic
antimicrobial peptide
antimicrobial resistance
OMPTA (outer membrane targeting antibiotic)
peptide antibiotic
lipopeptide
Contents
1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
2. Drug discovery approaches to identify new antibiotic lead structures. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
3. Linear peptide antibiotics addressing diverse targets . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

3.1. Odilorhabdins . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
3.2. Proline-rich antimicrobial peptides . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

4. Lipopeptides . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
4.1. Introduction. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
4.2. Tridecaptins . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
4.3. Malacidins . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
4.4. Lipopeptides of the polymyxin/colistin/octapeptin family . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

5. Peptide antibiotics addressing targets located at the inner membrane . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
ism and excretion – toxicity in pharmacokinetics; AMP, antimicrobial peptide; AMR, antimicrobial resistance; ATCC, ATCC cell collec-
times a day); CC50, cytotoxic concentration to kill 50% of cells; CD, circular dichroism; CFU, colony forming unit; CLSI, clinical and
te; DMPC, 1,2-dimyristoyl-sn-glycero-3-phosphocholine; ESKAPE, acronym encompassing six bacterial pathogens (often carrying an-
us, Klebsiella pneumonia, Acinetobacter baumannii, Pseudomonas aeruginosa, Enterobacter spp; FDA, U. S. Food and Drug Administration;
ense peptide; HEK293, human embryonic kidney 293 cells; HepG2, human hepatocellular carcinoma cell line; HK-2, human kidney 2
cine; i.p., intraperitoneal; i.v., intravenous; ITC, isothermal titration calorimetry; KPC, Klebsiella pneumoniaemetallo-β-lactamase C re-
nsport protein A; LptC, lipopolysaccharide transport protein C; LptD, lipopolysaccharide transport protein D;MDR,multidrug-resistant;
inimal intend-to-treat population; MH-I, Müller-Hinton broth I; MH-II, Müller-Hinton broth II (cation adjusted); MoA, mechanism
MSSA, methicilline-sensitive S. aureus; NDM-1, New Delhi metallo-β-lactamase resistant; NOAEL, no adverse effect level; ODL,
tic; Omp, outer membrane protein; PBMC, peripheral mononuclear blood cell; PBP, penicillin-binding protein; PBS, phosphate-
oleoyl-sn-glycero-3-phosphocholine; POPG, 2-oleoyl-1-palmitoyl-sn-glycero-3-phospho-(1-glycerol); PrAMPs, polyproline antimicro-
ationship; s.c., subcutaneous; SPase I, signal peptidase I; SPR, surface plasmon resonance; VABP, ventilator associated bacterial pneu-
mycin-intermediate S. aureus; VRE, vancomycin-resistant enterococcus; WHO, World Health Organization; WT, wild type; WTA, wall

t), philipp.ermert@polyphor.coms (P. Ermert).

r B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.medidd.2020.100078&domain=pdf
http://dx.doi.org/10.1016/j.medidd.2020.100078
philipp.ermert@polyphor.coms
http://dx.doi.org/10.1016/j.medidd.2020.100078
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.sciencedirect.com/science/journal/
https://www.journals.elsevier.com/medicine-in-drug-discovery


G. Upert et al. Medicine in Drug Discovery 9 (2021) 100078
5.1. Arylomycin . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
5.2. Teixobactin . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
5.3. Ramoplanin . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

6. Peptide antibiotics addressing targets located at the outer membrane . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
6.1. Thanatin . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
6.2. Murepavadin . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
6.3. OMPTA-BamA. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
6.4. Darobactin . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
6.5. Arenicin-3, NZ17074, and AA-139 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

7. Summary and outlook . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
Author agreement . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
CRediT author statement . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
Funding Source . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
1. Introduction

The Infectious Disease Society of America (IDSA) report “Bad bugs, no
drugs: noESKAPE”published in2009 (1)hasurgedequallyhealthcareorga-
nizations, politicians, doctors, and scientists to comeupwith a clear strategy
to fight the global problem of antimicrobial resistance (AMR) (2,3). The
global emergenceof pan-resistant bacterial strains against essentially all cur-
rently available classes of standard of care antibiotics in combinationwith a
dry pipeline (4–6) of novel classes of antibiotics with novel mechanisms of
action (MoA) (7), require urgent and concerted actions to fight a global
AMR crisis. The COVID-19 outbreak with its devastating consequences for
peopleandeconomies,and itspotential tofurtherworthentheAMRproblem
(8), should be enoughmotivation to take action before it is too late.

The WHO has issued a global priority pathogens list (PPL) of antibiotic
resistant bacteria (2) which currently constitute a severe threat to society.
WHO priority 1 pathogens include carbapenem-resistant P. aeruginosa,
A. baumannii, and third-generation cephalosporin and carbapenem-
resistant Enterobacteriaceae, belonging all to the Gram-negative bacteria.
Problematic Gram-positive strains include methicillin-resistant S. aureus
and vancomycin-resistant enterococci. There is an urgent need of novel
classes of antibiotics with novel mechanisms of action (MoA) against
these pathogens (4,6,7).

In this review,wedescribe someof themost recentprogress in thefieldof
peptide antibiotics. This vast class of antibiotics comprises ribosomally and/
or nonribosomally synthesized linear and cyclic peptides, and semisynthetic
and fully synthetic linear and macrocyclic peptides in many forms and
shapes (9). Many important classes of peptide antibiotics such as
cyclopeptides (lysobactin, katanosin, pristinamycin, or enopeptins), glyco-
peptides (e.g., vancomycin, telavancin, dalbavancin, or ramoplanin), and
lipopeptides (e.g., daptomycin and colistin) (7) aremacrocyclic natural pep-
tide antibiotics and some representatives are under clinical evaluation (10)
or have been approved. The classical antimicrobial peptides (AMPs) or
host-defensepeptides(HDPs)are importantconstituentsof the innate immu-
nity (9,11,12) and form probably the most abundant class of peptide antibi-
otics.While many AMPs and HDPs target rather unspecifically the bacterial
membrane, there is an increasing number of reports of peptide antibiotics
that act via specific inhibition of targets located in the bacterial cell wall or
membrane (13). In particular, compounds that inhibit specifically key com-
ponents of the outermembrane assemblymachines of Gram-negative bacte-
ria (14), such as LptD (15), LptA (16), and BamA (17,18) were discovered
recently. In addition, peptide antibiotics can also address successfully intra-
cellular antimicrobial targets (19); the odilorhabdins (20) are examples.

Despite the fact that AMPs often show limited safety and efficacy pro-
files, they can provide interesting scaffolds and serve as excellent starting
points for peptide medicinal chemistry programs. Our focus in this review
will be on peptide antibiotics for which novel or established mechanisms
of action and targets have been identified, and antimicrobial efficacy has
been broadly demonstrated at least in animal infectionmodels. As a prereq-
uisite, such natural peptide-derived hits or leads should allow for a peptide-
2

based medicinal chemistry approach in order to modulate and improve
activity and ADMET properties.

2. Drug discovery approaches to identify new antibiotic lead
structures

Antibiotic discovery constitutes a unique challenge as bacteria have de-
veloped powerful tools to resist the action of antibiotics by having devel-
oped hardly permeable cell walls and efficient resistance and efflux
mechanisms that make penetration of antibiotics to the site of action very
difficult. In particular, Gram-negative bacteria have developed a formida-
ble shield against lipophilic antibiotics (21) by having a classical inner
and an asymmetric outer membrane with lipopolysaccharide located at
the outer and regular phospholipids at the inner leaflet (21).

It is therefore not surprising that most of the successful antibiotic classes
to date have been discovered by isolation of natural products from extracts
of soil microbes from actinomycetes mainly, and by phenotypic screening
approaches (4,21,22), while target-based approaches have unfortunately
not really been successful (23). Next generations of semisynthetic ana-
logues derived from the original natural antibiotic classes (such as
β-lactams, glycopeptides, aminoglycosides, tetracyclines, and macrolides)
with improved antimicrobial spectrumand resistance profileswere success-
fully developed (4). However, the AMR crisis asks for novel antimicrobial
drug discovery strategies and novel antibiotic classes with novel targets
and/or mechanisms of action, for which the current pipeline is scarce.

Since to this date less than 1% of environmental microbes have been
cultured and analyzed for their antibiotic natural product content, novel ap-
proaches and technologies of tapping into the universe of uncultured bacte-
ria have significantly progressed and are generating first promising results
(21,24). On the novel antibiotic class-novel target front, there have been re-
cently some positive developments (13,21).

It is quite remarkable that among the new antibiotic classes with novel
targets and/or MoA described recently, many belong to macrocyclic pep-
tides. They were either isolated as unmodified natural products or made
semi- or fully synthetically starting from a natural product scaffold (7).

3. Linear peptide antibiotics addressing diverse targets

3.1. Odilorhabdins

The discovery of Odilorhabdins (ODLs) resulted from the screening of
Xenorhabdus and Photorhabdus strains from the Enterobacteriae family that
are symbiotic bacteria of entomopathogenic nematodes. These bacteria
produce a large diversity of antifungal and antimicrobial compounds
(25). Their particular genomeswith enriched nonribosomal peptide synthe-
tase and polyketide synthase genes allow generation of secondary metabo-
lites with high chemical diversity. The evaluation of the metabolites
allowed the isolation of ODLs as a novel class of AMPs against Gram-
positive and Gram-negative pathogens (20,26). The first ODL structures
were characterized using NMR and LC/MS/MS fragmentation and



Figure 1. Structures of Odilorhabdin derivatives.
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confirmed by resynthesis are summarized in Figure 1 (NOSO-95A, NOSO-
95B, and NOSO-95C). These ODLs are short linear cationic peptides com-
prising between 9 and 11 residues and containing natural and up to six un-
natural amino acids, that is, aminothreonine or dehydroarginine. Themode
of action of the ODLs was investigated first by assessing their effects on
macromolecular synthesis pathways (protein, RNA, DNA, and peptidogly-
can synthesis) by standard incorporation of radiolabeled precursors. The
ODLs interfere with protein biosynthesis and were shown to bind to the
small 30S ribosome subunit leading to the inhibition of protein translation
(20).

After isolating the natural compounds, a structure–activity relation-
ship’s study was developed to understand which residues are important
for membrane crossing and inhibition of the bacterial translation resulting
in the best antibacterial activity against Enterobacteriaceae strains, for exam-
ple, Escherichia coli, K. pneumoniae, or Enterobacter cloacae including
carbapenem-resistant strains (i.e., KPC-3, NDM-1, or VIM-1) (27). In partic-
ular, NOSO-95179 (2) showed good activity (MIC 4–8 μg/mL for E. coli 2–8
μg/mL for K. pneumoniae) with low-resistance propensity (spontaneous re-
sistance frequencies in the 10−9 range). In addition, this compound showed
Table 1
Amino Acid Sequences of Proline-Rich Antimicrobial Peptides

Name Sequence

Apidaecin-Ib G-N-N-R-P-V-Y-I-P-Q-P-R-P-P-H-P-R-L
Api137 TMG-Orn-N-N-R-P-V-Y-I-P-R-P-R-P-P-H-P-R-L-OH
Api88 TMG-Orn-N-N-R-P-V-Y-I-P-R-P-R-P-P-H-P-R-L-NH2

Bac7(1–35) R-R-I-R-P-R-P-P-R-L-P-R-P-R-P-R-P-L-P-F-P-R-P-G-P
Metalnikowin-I V-D-K-P-D-Y-R-P-R-P-R-P-P-N-M
Pyrrhocoricin V-D-K-G-S-Y-L-P-R-P-T-P-P-R-P-I-Y-N-R-N
Onc112 V-D-K-P-P-Y-L-P-R-P-R-P-P-R-r-I-Y-N-r-NH2
Onc72 V-D-K-P-P-Y-L-P-R-P-R-P-P-R-Orn-I-Y-N-Orn-NH2

OncΔ15–19 V-D-K-P-P-Y-L-P-R-P-R-P-P-R
OncΔVD K-P-P-Y-L-P-R-P-R-P-P-R-R-I-Y-N-R

r = D-arginine; Orn = ornithine; TMG= N,N,N’,N’-tetramethylguanidino; NH2 = C-te

3

lower cytotoxicity against mammalian cells (HepG2; IC50~250 μM) and
low hemolysis (0.36% at 100 μM). In vivo, NOSO-95179 showed a 2 and
3 log CFU reduction of bacterial burden at 40 and 80 mg/kg, respectively,
in a K. pneumoniae ATCC 13883 lung efficacy model after subcutaneous in-
jection in mice (27). Currently, a new derivative NOSO-502 (3, Figure 1)
coming from the lead optimization phase is in preclinical phase and devel-
oped by Nosopharm.

3.2. Proline-rich antimicrobial peptides

Proline-rich antimicrobial peptides (PrAMPs) were first isolated from
mammalian and insect cells for which they serve as host-defence peptides
against Gram-negative bacteria (28–30). Their characteristics are a high
content of proline and cationic amino acid residues (e.g., arginine) in re-
peated motifs (see Table 1). Despite a content of positive charges, PrAMPs
do not exhibit an unspecific membranolytic mechanism of action typically
observed for other cationic AMPs, which show antimicrobial activity
against both Gram-positive and Gram- negative bacteria (30). In contrast,
PrAMPS show good activity against Gram-negative bacteria without mem-
brane disruption. The full D-enantiomer of PrAMP Bac7(1–35) does not dis-
play the same activity as the initial L-version pointing to a specific
nonmembranolytic mechanism of action of Bac7(1–35), which contrasts
to lytic AMPs where the D-enantiomers show the same activity (31). It
was shown that PrAMPs can translocate actively the membrane through
permease/transporter uptake and have an intracellular mode of action
(28,29). One of the first identified intracellular targets of PrAMPs was the
bacterial heat-shock protein DnaK. DnaK inhibition leads to protein
misfolding and aggregation and ultimately to bacterial death. X-ray struc-
ture determination andmodeling studies of PrAMPs with E. coliDnaK iden-
tified two binding sites (32–35). Subsequently, the 70S ribosome was
identified as a new target for PrAMPs (i.e., Api88, Api137, Onc72, and
Onc112 (36,37)). Binding to the 70S ribosomal subunit by PrAMPs leads
to inhibition of bacterial protein translation. The crystal structure of
Onc112 (see Table 1) in complex with Thermus thermophilus 70S ribosome
subunit has been solved (37). Onc112 binds to the initiation complex
preventing entry into the elongation phase and therefore the protein trans-
lation. The same binding mode with other PrAMPs was shown using X-Ray
crystallography with Bac71–35, Pyrrhocoricin, Metalnikowin, and shorter
oncocin derivatives OncΔ15-19 and OncΔVD (see Table 1) (38). Roy et al.
(39) showed that Onc112 binds to the 70S ribosome subunit around 50-
fold stronger than to DnaK, highlighting the 70S ribosome as the main tar-
get of PrAMPs (39,40).

Derivatives of Apidaecins (Api88 and Api137) and Oncocins (Onc 72
and Onc112) were tested in vivo using different routes of administration,
that is i.p., s.c., or i.v. Pharmacokinetic studies showed a low residence
time for the different compounds with high clearance through the kidney
(41–43). The compounds have low stabilities in plasma, which explains
their low bioavailability. Interestingly, Onc72 showed an unexpected better
in vivo activity than meropenem, despite its 44-fold lower in vitro activity
(44). This discrepancy between in vitro and in vivo activity was attributed
to a negative effect on the in vitro activity by the MH-II media used
Length Ref

18 (28)
18 (41,45)
18 (41,45)

-R-P-I-P-R-P-L-P-F-P 35 (46)
15 (47)
20 (48,49)
19 (50)
19 (50,51)
14 (38)
17 (38)

rminal primary amide.
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according to the CLSI standard antimicrobial activity tests. At present, the
high doses used for achieving in vivo efficacy in different models and the
lack of safety data require significant additional work for this interesting
family of antibiotics to progress for further development.

4. Lipopeptides

4.1. Introduction

Within the vast structural diversity of antimicrobial peptides,
lipopeptides are of special importance highlighted by daptomycin and the
polymyxins, which are valuable commercial antibiotics of therapeutic use.

Lipopeptides are characterized by the existence of a mostly macrocyclic
peptidic core to which a hydrocarbon lipid tail (usually > C6) is linked via
the N-terminus and may include hydroxy groups and unsaturation(s). The
lipid tail interacts with lipids of bacterial and potentially mammalian cell
membranes generally enhancing the bactericidal effect of lipopeptide anti-
biotics. The macrocyclic peptidic core is important for specific interactions
of the lipopeptide with lipid and/or protein targets. Nevertheless, the lipo-
philic hydrocarbon tail does not generally improve desirable drug proper-
ties like good aqueous solubility and is prone to generate unspecific
binding to phospholipid bilayers, thus increasing potential off-target
effects.

In the last decades, a large number of antimicrobial lipopeptides of nat-
ural source has been discovered. Besides the mentioned daptomycin and
polymyxins, there are many additional interesting lipopeptides, for exam-
ple, the actinocarbasin (arylomycin D; 19, Figure 4), globomycin,
enopeptins, or friulimicin (11,52).

Within this part of the review, we would like to focus only on a few se-
lected examples of lipopeptide antibiotics that stand out based on their
Figure 2. Structures of Tridecaptins; structures of Malacidin A and

4

novelMoA, have available in vivo efficacy data, and/ormoved into preclin-
ical or clinical development.

4.2. Tridecaptins

Tridecaptins (Figure 2) are nonribosomally synthesized natural prod-
ucts within the class of linear cationic tridecapeptides, which have been
first isolated in 1978. Tridecaptins display good antimicrobial activity
against Gram-negative bacteria with single-digit MICs [μg/mL] on Entero-
bacteriaceae andweaker activity againstA. baumannii andmoderate activity
against P. aeruginosa (53,54). The antimicrobial activity against Gram-
positive bacteria is generally moderate. SAR and MoA studies of one mem-
ber of this family, Tridecaptin A1 (TriA1; 5, Figure 2) isolated from
Paenibacillus terrae, have been described in more detail (54–56). Cochrane
et al. have observed that the structure of the lipid tail of TriA1 could be var-
ied without loss of antimicrobial activity (55). The analogue OctTriA1 (6)
containing an octanoyl lipid chain fully retained its activity against all or-
ganisms (55). In a first step, TriA1, and also the derivatives Ent-TriA1 (enan-
tiomer), Oct-TriA1, and H-TriA1 (unacylated TriA1) bind with a similar
affinity to lipopolysaccharide located in the outer membrane of Gram-
negative bacteria (54). However, the unacylated H-TriA1 (4) as well as an-
alogues with shorter lipid tail (<C6) are significantly less active, pointing
to the important contribution of the lipid chain to the antimicrobial activity
by interaction with phospholipids. TriA1 is a membrane-targeting peptide
but does not act by generic membrane lysis mechanism like many other
AMPs. The enantiomer of TriA1 (Ent-TriA1) is fourfold less active than the
natural peptide, suggesting that TriA1 interacts with a chiral target. Indeed,
TriA1 binds to lipid II, the monomeric intermediate in the peptidoglycan
biosynthesis, located on the inner surface of the plasma membrane. Inter-
estingly, it could be shown that TriA1 binds much weaker to the lipid II of
B. Amino acids of tridecaptin M (7) are annotated in brackets.
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Gram-positive bacteria (structure cf. Figure 9), which explains the lower ac-
tivity on Gram-positive bacteria. In line with the postulated mechanism,
Cochrane et al. nicely elucidated by ITC binding studies that the enantiomer
of TriA1 (Ent-TriA1) lacks binding to lipid II (54). In addition to the interac-
tion with lipid II, disruption of the proton motive force, a vital process to
produce bacterial ATPwithin the bacterial membrane, seems to be affected
and could explain the antibacterial activity of TriA1 (54). Another member
of the tridecaptin class, tridecaptin M (7), exhibited good in vivo efficacy at
10 mg/kg bid s.c. in a neutropenic mouse thigh infection model against a
colistin-resistant strain of K. pneumonia (57). Although reported to be not
hemolytic on rabbit erythrocytes at 100 μg/mL, hemolysis of 50% of cells
at 200 μg/mL has been observed (57). Therefore, possible future lead opti-
mization based on the tridecaptin scaffold should focus on minimizing he-
molysis and cytotoxicity (58). The design of synergistic dual-acting
bifunctional antimicrobial conjugates (chimeric antibiotics) has become a
popular approach to increase antimicrobial activity (59). Vederas and
colleagues synthesized antibiotics conjugates starting from H-TriA1

(unacylated TriA1) linked via copper(I)-mediated click chemistry to van-
comycin, rifampicin, and erythromycin analogues (60). These chimeric
compounds showed enhanced but not synergistic activity in vitro in
checkerboard studies. In vivo, survival rates were compared to both par-
ent drugs in combination and alone in a K. pneumonia murine survival
experiment, all conjugates and both parent compounds being adminis-
tered intravenously (tail vein). Only the conjugate H-triA1-erythromy-
cin led to a 2-fold higher survival rate compared to both parent drugs
in combination (60). However, surprisingly, in this study, vancomycin
alone, which has no activity on Gram-negative bacteria, showed an
80% survival rate in this model.

4.3. Malacidins

Asmentioned before, it is assumed that less than 1% of all environmen-
tal microbes have been cultured in laboratory settings as a source to dis-
cover new antimicrobial molecules (4). Through applying emerging
technologies such as environment-mimicking cultivation and genome min-
ing of Biosynthetic Gene Clusters (BGCs), Brady and colleagues have dis-
covered malacidin A and B (8a, 8b; Figure 2) as members of a new class
of calcium-dependent macrocyclic lipopeptide antibiotics (61,62).
Malacidin A consists of a macrocyclic nonapeptide, containing four
nonproteinogenic amino acids, and an unsaturated C9-fatty chain acylated
to an exocyclicβ-methylaspartic acid. The total synthesis ofmalacidinA has
been reported by Sun et al. and the absolute configurations of its five
nonproteinogenic amino acid residues have been elucidated (63).
Malacidin A exhibits broad activity against Gram-positive bacteria includ-
ing methicillin-resistant S. aureus (MRSA) and vancomycin-resistant En-
terococcus (VRE) and has potent antimicrobial activity (MIC range 0.2–2
μg/mL) in the presence of Ca2+ ions. Malacidin A was also able to clear
S. aureus infection in a skin infection rat model. The MoA of malacidins in-
volves binding to lipid II as described for other known antibiotics like van-
comycin and teixobactin. However, since no cross resistance to vancomycin
has been observed, binding of malacidin A to lipid II must be different from
the binding mode of vancomycin.

4.4. Lipopeptides of the polymyxin/colistin/octapeptin family

The polymyxin lipopeptide antibiotic family was discovered in 1947
and is characterized by its potent, specific activity against Gram-negative
bacteria (64). Polymyxin B (Polymyxin B1, 9, Figure 3), polymyxin E (colis-
tin, 10), and colistin methanesulfonate (CMS, 11) were used clinically.
However, they were subsequently gradually withdrawn from clinical prac-
tice in the 1960s after several reports of partially severe nephrotoxicity and
rather mild neurological effects in a large number of patients (65,66). CMS
(11) is a colistin prodrug that is applied parenterally and by inhalation (67).
With the urgent need of new antibiotics due to increased emergence of
multidrug-resistant bacteria and new and more stringent dosing regi-
mens (68), colistin (10) has experienced a revitalization in the clinical
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use as a “last resort” antibiotic against P. aeruginosa, A. baumannii, and
K. pneumoniae (69). Due to conservative use of polymyxins in the last
century, resistance development has been rare and mostly based on
modifications of lipid A (70). However, with their late use as last-line
treatment against MDR infections and for their massive overuse in agri-
culture and poultry, resistance in clinical pathogens is on a global rise,
especially the worrisome plasmid-borne mcr containing strains (71,72).

The mode of action of these rapidly bactericidal antibiotics is still not
completely understood. Presumably, in an initial step, the positively
charged polymyxins bind to the negatively charged lipid A part of lipopoly-
saccharides (LPS) followed by displacement of Ca2+ ions (73). The peptides
cross the outer membrane through a “self-promoted uptake” mechanism
and then interact with the cytoplasmicmembrane to inhibit cellular energi-
zation, and possibly cause inhibition of cell division and/or cytoplasmic
membrane permeabilization and subsequent cell death (74). In this context,
the lipid tail of the polymyxins is crucial for activity as a shortened variant
of polymyxin without the hydrophobic N-terminal fatty-acyl chain exhibits
much reduced activity (75). In the context of the revival of their use, further
research in their mechanism of resistance and action led to the proposal of
new alternative mechanisms. In particular, research groups have explored
the ability of polymyxins to bind to ribosomes, prevent cell division, and in-
hibit bacterial respiration (74).

The high need for new antibiotics in particular against Gram-negative
bacteria (last new class were the Quinolones over 50 years ago (21)) and
probably also the relative straightforward chemical accessibility has
spurred the search for novel synthetic polymyxin derivatives and more re-
cently also for the closely related octapeptin analogues (12, Figure 3)
(64), with the potential to overcome polymyxin resistances and reduced
renal toxicity (76).

Modifications within the cyclic heptapeptide ring, variation of the exo-
cyclic amino acids and with particular focus, the replacement of the fatty-
acyl chain lead to equally potent derivatives compared to the polymyxins
B and E and with some derivatives partially overcoming polymyxin resis-
tance. Many of these next-generation polymyxins have been extensively
reviewed elsewhere (76,77). However, designing and optimizing com-
pounds with reduced renal toxicity in animal settings translating reliably
into human is still a challenge. So far, none of the new active analogues
have shown improvement of the therapeutic index compared to polymyxins
particularly regarding nephrotoxicity.

Recently, Brown et al. have described an interesting approach to tackle
the problem of nephrotoxicity (76). SPR206 (14; Figure 3) is a polymyxin B
analogue where the lipid tail was replaced by (S)-4-amino-3-(3-
chlorophenyl)butanoic acid. SPR206 has been selected as a result of an in-
triguing medicinal chemistry effort based on the understanding of
structure–activity relationship of antimicrobial activity, in vitro cytotoxic-
ity against human kidney proximal tubular epithelial cell line (HK-2), and
kidney exposure (78). The exact mechanism of renal toxicity of polymyxins
is not completely understood, but it has been shown that polymyxins are
reabsorbed through the proximal tubular cells and accumulate to exert
renal toxicity (79). SPR206 showed 12 times lower cytotoxicity toward
the HK-2 cell line compared to polymyxin B1 resulting in lower nephrotox-
icity in an acute (24 hours) mouse in vivo model based on biomarkers and
kidney histopathology assessment at comparable dose. Interestingly, kid-
ney exposure of SPR206 in mice was similar compared to polymyxin B1.
Recently, SPR206 has finished phase-I trial (NCT037992308). It will be in-
teresting to see if SPR206 can successfully further progress in the clinic.

In the search of polymyxin derivatives with more favorable antimicro-
bial activity on colistin-resistant strains and nephrotoxicity profiles, deriva-
tives of octapeptins (12, e.g., octapeptin C4 and octapeptin B5 (13;
Figure 3) have been investigated (80,81). Battacin (13) shows interesting
antimicrobial activity (MICs = 2–4 μg/mL) against some multidrug-
resistant clinical strains of E. coli and P. aeruginosa (64). The overall positive
charge together with the N-terminal fatty-acyl chainwas considered to be a
main contributor to the renal toxicity within the polymyxin class (82). In-
terestingly, octapeptins contain at least one cation less compared to poly-
myxins. However, octapeptin C4 shows a fourfold higher toxicity



Figure 3. Structures of the polymyxin/colistin and octapeptin antibiotics.

G. Upert et al. Medicine in Drug Discovery 9 (2021) 100078
compared to polymyxin B on HK-2 cell line (80). Recently, a group at the
University of Queensland, Australia, has received significant funding to fur-
ther develop new octapeptin derivatives (83).

Different approaches were explored by Vaara and coworkers (84). By
reducing the number of positive charges and altering of the exocyclic
amino acids of polymyxin B, they obtained potentially less nephrotoxic
derivatives. Polymyxin nonapeptide (PMBN) is a polymyxin derivative
lacking the N-terminal fatty-acyl chain and the last exocyclic Dab-residue.
It has no antibiotic activity; however, it binds to LPS, permeabilizes the
outer membrane of Gram-negative bacteria, and thereby potentiates
synergistically the antimicrobial activity of antibiotics like rifampin,
clarithromycin, and azithromycin when applied in combination. NAB741
(SPR741) is a PMBN-derivative with three positive charges (at physiologi-
cal conditions) and has completed two phase-I trials envisaged to be used
as potentiator in combination with other antibiotics. In future clinical stud-
ies, SPR741 will be combined with other antibiotics using the i.v. route to
show hopefully a clinical benefit (6).

5. Peptide antibiotics addressing targets located at the inner
membrane

5.1. Arylomycin

Arylomycin A2 (15; Figure 4) and the synthetic derivative arylomycin
A-C16 (16) are macrocyclic lipo-hexapeptide representatives of the
arylomycin class of antibiotics (85,86). Arylomycin A2 was isolated from
Streptomyces extracts (87) and is formed by nonribosomal peptide synthesis
(86,88). The peptide scaffold has the sequence D-MeSer, D-Ala, Gly,
L-MeHpg, L-Ala, and L-Tyr where the N-methyl-4-hydroxy-phenylglycin
(L-MeHpg for biosynthesis see (89)) residue is covalently linked by a 3,3-
biaryl bridge with the C-terminal tyrosine forming a 14-membered
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macrocyclic ring. In addition, a fatty acid is attached to the N-terminal
D-MeSer residue forming a tertiary amide bond. Arylomycins A2 (15) and
B2 (17) were reported to exist as a mixture of cis/trans isomers around
the tertiary amide bond inMeOH andDMSO solution, with the trans isomer
predominating (87). In DMSO solution, atropisomers around the biaryl
bond were observed in addition (90). Likewise, the macrocyclic model
compound 21 was found to exist as a 4:1 mixture of isomers in DMSO.
The major form was also observed in arylomycin A2 in complex with the
target protein (86,90). Peters et al. (91) recently used Cu-mediated oxida-
tive phenol coupling to convert the linear tripeptide 22 into the macrocycle
23 (60% on 5 g scale; Figure 5). C-H functionalization catalyzed by a P450
enzyme is responsible for the biaryl bond formation in the biosynthesis of
arylomycins (88).

Arylomycin targets the bacterial protein secretion by inhibition of signal
peptidase I (SPase I) of Gram-positive and Gram-negative bacteria
(85,86,92). The E. coli enzyme is the best characterized signal peptidase
I (85) and is a plasma membrane-bound protein (two helical transmem-
brane segments) with the catalytically active site residing in the large peri-
plasmic region. The catalytic nucleophile Ser91 is activated by Lys146. Ser89

contributes to transition-state stabilization. SPase I cleaves off the signal
peptide from secreted proteins. Signal peptides (Figure 6) have an amino
terminal region (n-region), followed by hydrophobic residues (h-region)
and the C-terminal region (c-region), which contains the recognition and
cleavage site. Small aliphatic residues are found in P1 and the P3 positions
(Ala-X-Ala substrate specificity). The c-region of the signal peptide binds in
the extended β-strand conformation (85).

Gram-positive SPase I differs in its extra-cytoplasmic region from the
periplasmic region of Gram-negative SPase I and has only a single trans-
membrane segment (85). Crystal structures of the S. aureus SPhase I protein
SpsB in complex with cleavable and inhibitory peptides have been de-
scribed by Ting et al. (93).



Figure 4.The arylomycin family of natural products comprises nonglycosylated and glycosylated lipopeptides A–D,with a common tripeptidemacrocyclic scaffold. Structure
of the synthetic actinocarbasin derivative M131 with a β-alanine moiety present in the lipophilic tail.
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A cocrystal structure of a complex of arylomycin A2 (15) and the
catalytically active fragment of E. coli SPase I (SPase Δ2-75; construct
of E. coli signal peptidase lacking the transmembrane segments and the
cytoplasmic region) was reported by Paetzel et al. (86). Arylomycin A2 is
a noncovalently binding inhibitor. Previously, by crystal structure
Figure 5. Cu-mediated oxidative phenol coupling mimic
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determination, a β-lactam type inhibitor was found to covalently bind to
the γ-oxygen atom of the nucleophilic Ser of SPase Δ2-75 (94). Arylomycin
A2 was reported to bind in parallel β-sheet fashion with the C-terminal
carboxylate exhibiting hydrogen bonds with the catalytic Ser90 and Lys145

residues and with the oxyanion stabilizing Ser88 (Figure 7). The methyl
king the biosynthesis; reported by Peters et al. (91).



Figure 6. Signal peptides: N-terminal region (termed n-region) 1–5 amino acids;
h-region 7–15 hydrophobic amino acids; c-region 3–7 amino acids; consensus
sequence for the cleavage site consists of small aliphatic residues in P1 and P3
positions.

Table 2
MICs of Arylomycin A-C16 for Wild-Type and Mutant Gram-Positive and Gram-
Negative Bacterial Strains; Taken from Ref. (98)

Bacterial strain SPase MIC [μg/mL]

S. epidermidis RP62A WT 0.25
S. epidermidis PAS9001 S29P 8
S. aureus NTCT8325 WT >128
S. aureus PAS8001 P29S 2
E. coli MG1655 WT >128
E. coli PAS0232 P84S 4
P. aeruginosa PAO1 WT >128
P. aeruginosa PAS2006 P84S 8
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group of Ala of arylomycin A2 occupies the P3 position and the D-Ala
methyl group, the P5 position. All hydrogen bond donors and acceptors
of the macrocyclic ring system make hydrogen bonds with SPase atoms ei-
ther directly or through water molecules; the tail of the inhibitor contrib-
utes two additional hydrogen bonding interactions. The phenolic OH
groups are solvent exposed. The fatty acid chain was discussed by Paetzel
et al. (86) to possibly contribute to the inhibitor binding by presenting the
ligand in the correct orientation to the enzyme within a lipid bilayer. Bio-
physical analyses were reported to bemost consistent with a two-step bind-
ingmechanism involving rapid bindingmode followedby a slow isomerism
to the final bound state.

Despite inhibiting an essential target, arylomycins exhibit no activity
againstmany pathogens, including S. aureus, E. coli, and P. aeruginosa. Insuf-
ficient penetration of the outer membrane was proposed to explain the lack
of activity against Gram-negative bacteria (90,96). This hypothesis is sup-
ported by the comparison of the activity of arylomycin A-C16 (16) against
a hyper-permeable strain of E. coli (with an LptD mutation; MIC = 16
μg/mL) with that against E. coli MG1655 (MIC of > 64 μg/mL) (97).
The penetration hypothesis, however, would not explain the lack of ac-
tivity against Gram-positive bacteria as pointed out by Smith et al. (98),
who studied the resistance development of the sensitive organism Staph-
ylococcus epidermidis to arylomycin A-C16 and identified two-point mu-
tations in SPase I, among them Ser to Pro in position 29, with marked
increase in arylomycin resistance. In the SPase I sequence of resistant
S. aureus, E. coli and in one of two SPases I of P. aeruginosa a Pro is
found in the corresponding positions (Pro29 in Gram-positive S. aureus
SPase I; Pro84 in Gram-negative E. coli and P. aeruginosa SPase I). Mutant
strains of S. aureus, E. coli, and P. aeruginosa with Pro replaced by Ser ex-
hibited increased sensitivity to arylomycin A-C16 (Table 2). The sensitiv-
ity of the latter two organisms demonstrates that arylomycin penetrates
the outer membrane. Biological consequences of SPase I inhibition and
mechanisms of resistance have been recently reviewed and discussed
by Craney and Romesberg (99).
Figure 7. Hydrogen bonding interactions between arylomycin A2 and E. coli SPase I (
available hydrogen bonding interaction with the N-terminal fatty acid carbonyl group
different by one residue, due to an error in the originally reported sequence of the E. co
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The Pro residue, which confers resistance, interacts with the lipopeptide
tail of arylomycin A2. Initial efforts to optimize the arylomycins focused on
derivatives with altered lipopeptide tails (100). Of particular interest was
compound 24 (Figure 8) with improved activity againstWT S. aureusNCTC
8325 compared to arylomycin A-C16 (16). No gain of activity was, however,
observed against Gram-negative E. coli MG1655 and P. aeruginosa PAO1.
The D-MeSer of the natural product is replaced in 24 by a homolog inserting
additional methylene groups in the peptide tail, increasing its flexibility.
Later, based on a screening for compounds, which synergize with β-lactams
against methicillin-resistant S. aureus (MRSA), scientists at Merck identified
actinocarbasin (19, also called arylomycin D, Figure 4) and derived thereof
the synthetic derivative M131 (20, Figure 4), both with a β-alanine moiety
present in the lipopeptide tail (101). Remarkably, cotreatment with M131
(20), apotentSpsB inhibitorwithan IC50of 10nM, restoresβ-lactamsensitiv-
ity ofMRSA in vitro and in vivo probably by preventing signal-peptidaseme-
diated secretion of resistance-conferring proteins (99,101).

Other approaches comprised modifications of the arylomycin
C-terminus. The introduction of phosphonate groups to mimic the transi-
tion state of the acyl enzyme intermediate formation (e.g., compounds 25
and 26, Figure 8) went along with loss of activity for SPase I (97). Com-
pound 27, however, with a glycyl aldehyde function—thought to form a co-
valent bond with the catalytic Ser-OH in the position of the scissile bond of
the peptide substrate—was found to bemore potent than arylomycin A-C16

against the E. coli and S. aureus enzyme, demonstrating that the presence of
the C-terminal carboxylate is not required for binding. The position of the
electrophilic group is important as the homologue aldehyde 28 was re-
ported to be inactive (97). The increase in biochemical activity translated
in an increased activity against MRSA (USA300) but did—like arylomycin
A-C16—not exhibit activity against S. aureus 8325 or E. coli MG1655 (97).

Attempts to improve target accessibility inwhole cells led to the synthe-
sis of the arylomycin A-C16 analogue 29 (Figure 8), which retained bio-
chemical activity against E. coli and S. aureus SPase I (97). Compound 29
retained activity against sensitive bacterial strains and gainedweak activity
against MRSA, which was explained by Liu et al. (97) by an interaction of
Δ2-75) (86). Pro84 (Pro83)⁎ in the E. coli enzyme is preventing a in the Ser mutant
of arylomycin. ⁎SPase numbering used in SPase structures discussed is reported

li protein, c.f. (95).



Figure 8.Optimization of arylomycins affordedG0775 (31) (102,103) a novel compoundwith potent broad spectrum of activity against Gram-negative organisms, acting on
a new antibiotic target (SPase I).
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the positively charged amine with the negatively charged teichoic acids of
the Gram-positive cell wall.

In compound 30, modification of the N-terminal peptide and introduc-
tion of positively charged groups were combined providing activity against
Gram-negative pathogens (K. pneumoniae MIC = 0.5 μg/mL; P. aeruginosa
MIC = 8 μg/mL) (91).

The molecule G0775 (31; Figure 8), disclosed by Genentech scien-
tists, integrates C-terminal electrophilic group, positively charged
substituents, and an altered lipopeptide tail (102). A cocrystal struc-
ture of G0775 with Gram-negative SPase I revealed that the inhibitor
binds like arylomycins and that the amino acetonitrile warhead forms
a covalent bond not with Ser91 (the catalytic nucleophile) but with
the Lys146 (the catalytic base) through amidine bond formation.
The activity against laboratory strains of Gram-negative ESKAPE
pathogens was reported (102) to be markedly improved (MICs of
0.125–2 μg/mL) and maintained against MDR clinical isolates of
E. coli and K. pneumoniae and MDR strains of A. baumannii and
P. aeruginosa. The uncharged analogue G8126 (32, Figure 8) (102)
showed reduced activity against Gram-negative and Gram-positive
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strains indicating that the amines contribute to the potency of
G0775 beyond facilitating the entry into the periplasma.

The in vivo efficacy of G0775was demonstrated in amurine neutropenic
thigh infectionmodel (>2-logdecrease incolony-formingunits (CFU)against
E. coli ATCC 25922 at 1mg/kg; K. pneumoniaeATCC 43816 at 5 mg/kg; and
A. baumannii ATCC 17987 at 40 mg/kg; > 1 log decrease in CFU against
P. aeruginosa ATCC 27853 at 40 mg/kg). In a lung infection model using the
MDR strainK. pneumoniaeCDC 0106, the compound showed a bacteriostatic
effect at 2 mg/kg and a bactericidal effect at 20 mg/kg. In addition, G0775
was reported to protect mice in a peritonitis model from a lethal challenge
of K. pneumoniae Z strain ATCC 43816 at 5 mg/kg delivered subcutaneously
twice(2and11hafter initiationof the infection)with100%ofthemiceviable
after 84 h (102).The compound exhibited IC50 values > 50 μM against the
mammalian cell lines A549 (human lung cancer), HEK-293T (human embry-
onic kidney cell line), Jurkat (immortalized human T lymphocyte cell line),
and H23 (human lung cancer cell line) (102).

Arylomycins were suggested by Romesberg and colleagues (99,104)
to be “latent antibiotics,” which were in the past potent and had a
broad-spectrum activity. Selection of resistance (and not poor intrinsic



G. Upert et al. Medicine in Drug Discovery 9 (2021) 100078
properties) then narrowed their spectrum by a single point mutation in
SPase I. Producer strains in turn start to synthesize variants of
arylomycins (such as actiocarbasin/arylomycin D) to regain activity.
This “coevolution hypothesis for producer and susceptible organisms”
(104) describes a situation comparable to that of clinically used antibi-
otics with resistance compromised spectrum, leading to the development
of next-generation compounds (100).

Optimization of arylomycins resulted in the novel compound G0775
with potent broad-spectrum activity against Gram-negative organisms, act-
ing on a new antibiotic target. Serial passage experiments demonstrated
that spontaneous resistance evolves with moderate frequency in the pres-
ence of low concentration (4 xMIC) of G0775, whereas with higher concen-
trations (8–16 x MIC), the frequency was found to be very low (102).

5.2. Teixobactin

The discovery of teixobactin (33; Figure 9), published in 2015 (105),
got a lot of attention both in academia (106,107) and in the press (108)
as it represented a new class of antibiotics with a novel MoA isolated by a
new technique. New antibiotics are found only on rare occasions and
teixobactin was discussed “to challenge the dogma of inevitable resistance”
(109) as it was not possible to generate resistance in the laboratory (105).
Figure 9. Teixobactin, depsipeptide antibiotic isolated from E. terrae, inhibits cell-wall
dissociation constants of teixobactin determined by Chiorean et al. (117) applying isoth
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Discovery of teixobactin and development of analogues was recently
reviewed by Iyer et al. (110) and byMcCarthy (111). Karas et al. (112) sum-
marized synthesis routes providing the natural product and analogues,
structure–activity relationship (SAR) as well as structural studies.

Teixobactin (33) is produced by the soil-dwelling Gram-negative bacte-
rium Eleftheria terrae by nonribosomal peptide synthesis. Using a novel cul-
tivation technique by isolation chip (iChip), the natural product antibiotic
was produced by a bacterium that could previously not be cultivated by tra-
ditional methods. The iChip is a diffusion chamber allowing to isolate and
grow bacteria in soil in the presence of natural nutrients and growth factors.
Teixobactin was identified by screening of extracts from 10’000 (!) bacte-
rial strains (105,113,114).

Teixobactin (33) is a twofold positively charged depsipeptide with amo-
lecular mass of 1242 Da, consisting of 11 amino acids. It contains four D-
configured amino acids, among them at the N-terminal position N-methyl-
D-phenylalanine and in position 5 D-allo-isoleucine. In addition, the uncom-
mon amino acid L-allo-enduracididine was found in position 10. Amino
acids1–7formtheN-terminal tail,whereas theC-terminalmacrolactonecom-
prising13ringatomsisclosedbetweentheβ-hydroxygroupofD-Thr8andthe
carboxylic acid group of Ile11most probablymediated by thioesterase (105).

Teixobactin was reported by Lewis, Schneider, and colleagues (105) to
exhibit potent activity against Gram-positive organisms, including S. aureus
biosynthesis (105,113). Structure of lipid II; precursor of the cell wall biosynthesis;
ermal calorimetry. Structure of lipid III; precursor of the wall teichoic acids.
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(MRSA; MIC: 0.25 μg/mL),Mycobacterium tuberculosis (MIC: 0.125 μg/mL),
and C. difficile (MIC: 0.005 μg/mL). The potency against S. aureus (MSSA;
MIC: 0.25 μg/mL) was retained in the presence of serum. (Ramchuran
et al. (115) reported that MIC values of teixobactin analogues against
S. aureusATCC 29213 and Bacillus subtilisATCC 6051were not significantly
affected by the presence of 50% human serum. Pamar et al. (116) also ob-
served no serum shift of the MIC values of two analogues tested against
MRSA ATCC 33591 (Table 3)). Teixobactin has bactericidal activity against
S. aureus but was found to be inactive against Gram-negative bacteria like
P. aeruginosa,K. pneumoniae, or E. coli (MIC: 25 μg/mL).However, the strain
E. coli asmB1 with defective outer membrane permeability barrier is sensi-
tive to teixobactin (MIC: 2.5 μg/mL), indicating that the outer membrane
protects the (Gram-negative) producer bacterium against it.

Teixobactin was not cytotoxic againstmammalianNIH/3T3 and HepG2
cells at 100 μg/mL, not hemolytic, and did not exhibit genotoxicity. The
compound showedminimal inhibition of the hERG channel and CYP isoen-
zymes, a half-life of 190min in human plasma and goodmicrosomal stabil-
ity (105). The aqueous solubility, however, was found to be poor as a 1:20
dilution of a 10 mg/mL DMSO stock solution with PBS buffer at pH 7.4 led
to gelation (118). A positive correlation of good antibiotic activity and pro-
pensity to form gels was reported by Nowick and colleagues (118,119) for
teixobactin analogues.

Mode of action studies (105,113) revealed that teixobactin simulta-
neously inhibits thepeptidoglycanandwall teichoicacid (WTA)biosynthesis
triggering synergistic effects. It binds to the surface-exposed peptidoglycan
precursor lipid II (teixobactin/lipid II 2:1 stoichiometric complex) and to
theWTA precursor lipid III. Binding to both targets relies on the interac-
tion of teixobactin with the pyrophosphate and the first sugar moieties
(Figure 9). Teixobactinwas also found to bind toundecaprenyl pyrophos-
phate. The apparent absence of resistance development is in linewith the
targets being lipid molecules and not proteins. Lipid II is targeted by sev-
eral other antibiotics, including the glycopeptide antibiotic vancomycin
(120). Vancomycin resistance occurred after 30 years of use in hospitals
(4,114) probably resulting from of horizontal gene transfer (114,121).

Vancomycin interacts with the pentapeptide moiety of lipid II (specific
interactionwith the D-Ala-D-Alamotif) and is inactivated by binding toma-
ture peptidoglycan. However, teixobactin does not bind to mature peptido-
glycan (which does not have a pyrophosphatemoiety). It is therefore active
against vancomycin-intermediate S. aureus (VISA) strains (113) with mod-
ified cell walls including thicker peptidoglycan layers, and lower degree of
cross linking, exposing more D-Ala-D-Ala binding sites to trap vancomycin
(122). Teixobactin was furthermore found to be active against vancomycin-
resistant enterococci (VRE) with modified lipid II (lipid II D-Ala-D-Lac or
lipid II D-Ala-D-Ser instead of lipid II D-Ala-D-Ala) (105).

Pharmacokinetic parameters were determined inmice. After i.v. admin-
istration of a single dose of 20 mg/kg teixobactin, a serum level above MIC
was found at 4 h post administration with a plasma half-life of 4.7 h, a C0 of
27.2 μg/mL, and an AUC0–24h of 57.8 μg.h/mL (105).

In vivo efficacywas demonstrated in amouse septicemiamodel (MRSA)
by intraperitoneal administration of a single dose of 0.5 mg/kg teixobactin
Table 3
Activity of Teixobactin Analogues against S. aureus (MRSA) ATCC 33591 (116,132)

Compound MIC
[μg/mL]

MIC
(10% human serum)
[μg/mL]

Reference

Teixobactin (33) 0.25 – (116,132)
Arg(10)-teixobactin (34) 2 – (116,132)
Lys(10)-teixobactin (35) 1 – (132)
Ala(10)-teixobactin (36) 1–2 – (116,132)
Leu(10)-teixobactin (38) 0.25 0.25 (116,132)
Ile(10)-teixobactin (39) 0.25 0.25 (116,132)
D-Arg(4)-Leu(10)-teixobactin (40) 0.125 – (132)

D-Arg(4)-Leu(10)-teixobactin (40; structure not shown) was evaluated in vivo in a
topical instillation in a mouse-eye model of S. aureus ATCC 29213 (MIC < 0.0625
μg/mL) keratitis. As compared to untreated mice, the peptide 40 was found to re-
duce bacterial bioburden (by >99%) and to decrease corneal edema (132).
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1 h post infection resulting in 100% survival of the animals (105). In a thigh
infection model (neutropenic mice, MRSA), teixobactin was reported to be
efficacious at 2.5 and 5 mg/kg doses (105). In a lung infection model
(S. pneumoniae) with immunocompetent mice, treatment with 5 and 10
mg/kg (i.v., 24 and 36 h post infection) caused a CFU/mL reduction of
six log units in the lung 48 h after infection, showing an effect comparable
to amoxicillin at 10 mg/kg (105).

The research groups around Payne (123), Li (124), Nowick (118,125),
Su (126), Albericio (127), Singh (128), and Brimble (129) developed syn-
theses of native teixobactin and/or analogues. Zhang and colleagues de-
scribed a thioesterase-based chemo-enzymatic approach for the synthesis
of teixobactin analogues (130). A gram-scale synthesis of teixobactin, ap-
plying a convergent strategy, was recently reported by Rao and colleagues
(131). Many teixobactin analogues have been evaluated to establish a
structure–activity relationship (SAR). These studies as well as the synthetic
access to the parent natural product and analogues have been summarized
in detail by Karas et al. (112). Therefore, only selected findings of the SAR
studies are listed below.

Residues of the tail region and of the macrocycle were found to contrib-
ute to antibacterial potency of teixobactin, which is abrogated by substitu-
tion of nonpolar amino acids with lysin of appropriate configuration (127).
The lysine scan was performed with Arg10-teixobactin (34) as a reference,
where the hardly accessible L-allo-enduracididine residue in position 10
was replaced by arginine (Figure 10). The L-allo-End residue in position
10 can be replaced by positively charged amino acids maintaining similar
activity than the natural product. Lys10-teixobactin (35) exhibited compa-
rable potency against Gram-positive bacteria than Arg10-teixobactin (34)
(125,126). Compound 35 was found to be nonhemolytic and not cytotoxic
(RBCs and PBMCs showed a viability >90% at 64 μg/mL) (115).

A systematic alanine scan on Lys10-teixobactin (35) revealed that re-
placement of Lys10 by alanine surprisingly results in the still moderately ac-
tive compound Ala10-teixobactin (36), which illustrates that a positive
charge in this position is not essential (118). In line with this, also the
L-citruline10 analogue 37 described by Schumacher et al. (129) showed
considerably reduced but not completely abrogated activity. Remarkably
hydrophobic substitution leading to Leu10- and Ile10-teixobactin was toler-
ated; the corresponding analogues 38 and 39 were reported by Singh and
colleagues to be in vitro against MRSA as potent as teixobactin (Table 3)
(116,132).

Substitution of NMe-D-Phe1 by D-biphenylalanine led to 41 (Figure 11),
which exhibited excellent potency against MRSA and VRE. Further replace-
ment of D-Thr8 by 2(R),3(S)-diaminobutanoic acid gave the twofold more
potent lactam 42. The more readily available lactone 41 (dosed i.v. at
1–5 mg/kg) showed high efficacy in a mouse model of S. pneumoniae septi-
cemia (133).

Nowick and colleagues (125) compared the activity of two diastereo-
mers 44 and 45 (Figure 11) of Arg10-teixobactin (34) and the enantiomer
ent-Arg10-teixobactin (ent-34). While the diastereomers lost activity, the
enantiomer conserved the activity of 34 against four Gram-positive organ-
isms tested. The authors concluded that the NH groups of the macrolactone
ringmay undergo hydrogen-bonding interactions with the target pyrophos-
phate group. This view is corroborated by the X-ray crystal structure of Ac-
Δ1–5-Arg10-teixobactin (46, Figure 11), a truncated analogue with the tail
residues 1–5 replaced by an acetyl group, which crystallized as hydrochlo-
ride salt (even in presence of inorganic pyrophosphate anions and HCl)
rather than forming a gel. The two amide groups of the depsipeptide ring
residues Arg10 and Ile11 as well as the amide groups of Ser7 and D-Thr8

and the guanidinium group of Arg10 create a cavity into which the chloride
anion is accommodated (134).

Furthermore, the Nowick group described the X-ray structure of the
Lys10-teixobactin homologue 47 (MIC against S. aureus 16 μg/mL;
Figure 12) with an α-N-methyl substituent at D-Gln4, which crystallized
in the presence of sulfate ions as a hydrogen-bonded dimer (119). The
NH-groups of the depsipeptide macrocycle (D-Thr8, Ala9, Lys10, and Ile11)
of one molecule and the N-terminal methylammonium group of the other
molecule form sulfate-binding sites. The tail regions of the two molecules



Figure 10. Teixobactin analogues obtained by substitution of L-allo-enduracididine in position 10.
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form an amphipathic antiparallel β-sheet with the lipophilic side chains
creating a hydrophobic surface. These β-sheet dimers form a larger
β-sheet assembly, which consist of 16 molecules of homologue 47. Two
such larger β-sheets form a double helix containing 32molecules (119). Un-
like 47, teixobactin and its gel-forming analogues are thought to form large
β-sheet fibrils of this type (119). Based on these observations, Nowick and
colleagues proposed that dimers or higher order assemblies of the antibiotic
form pyrophosphate binding sites and adhere to the membrane surface.

Efforts made to prepare teixobactin analogues with improved activity
against Gram-negative bacteria, for example by increasing the number of
positively charged side chains (Figure 13), unfortunately gave so far mini-
mal results only (115,136). Synergy between teixobactin analogues and
outer membrane disrupting peptides has been reported by Ng et al. (122)
and Chiorean et al. (117).

5.3. Ramoplanin

Ramoplanin A1–A3 are macrocyclic glycolipodepsipeptides produced
by Actinoplanes through nonribosomal peptide synthesis (for details cf.
Hoertz et al. (137)). Ramoplanins consist of 17 amino acid residues of
which 13 are nonproteinogenic and ten of the amino acid residues have
β-branched side chains. The 49-membered macrocyclic ring (which is es-
sential for activity) is formed by 16 amino acid residues with a lactone
bond between the β-hydroxy substituent of the asparagine residue in posi-
tion 2 (HAsn2) and the C-terminus of the chloro-hydroxyphenylglycine in
position 17. A disaccharide moiety is attached to the phenol OH group of
hydroxyphenylglycine (Hpg) in position 11. The N-terminal exocyclic
Asn1 is acylated with fatty acids. Ramoplanin A1–A3 differ only by this
lipid substituent. Ramoplanin A2 (50; Figure 14) is most abundant and
was evaluated in clinical trials. The structure elucidation, chemistry, and bi-
ology of ramoplanin including identification of the cellular target have
been discussed and reviewed by Walker, Boger, and colleagues (138,139).

Ramoplanin is active against Gram-positive bacteria including S. aureus,
B. subtilis, and E. faecalis strains and has no activity against Gram-negative
bacteria as it probably cannot cross the outer membrane. The antibiotic is
bactericidal and active against vancomycin-resistant enterococci,
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methicillin-resistant staphylococci, and vancomycin-intermediate-resistant
C. difficile (138,140). Ramoplanin inhibits the cell-wall synthesis, leading
to bacterial death. The intracellular enzyme MurG, catalyzing the conver-
sion of lipid I into lipid II, has been proposed as target based on biochemical
experiments using permeabilized bacterial cells and ramoplanin was
thought to bind to the substrate (138,141). In the presence of an intact
membrane, ramoplanin was proposed to block the polymerization of lipid
II catalyzed by the bifunctional (transglycosylase, transpeptidase)
penicillin-binding proteins PBP (138) by binding to the substrate, which
is, as well as the enzyme, found on the external surface of the bacterial cel-
lularmembrane and thus accessible (138,142). Upon titrationwith the lipid
II analogue 52 (Figure 14), ramoplanin complexes were found to polymer-
ize to form fibrils, as evidenced by NMR and CD spectra and electron mi-
croscopy (142).

Ramoplanin was reported to exhibit good aqueous solubility (>100
mg/mL) (143). A solution structure of ramoplanin A2 monomer has been
determined by NMR methods in water/DMSO-d6 4:1 (144) but did not
allow tounderstand how themolecule binds lipid II. Lo et al. (145) observed
in D2O spectrum of ramoplanin A2 sharp resonances of a single species. In
CD3OD, two distinct species were observed, with concentration-dependent
relative signal intensities. Lo et al. (145) found the data to be consistent
with the presence of a monomer and a C2-symmetric dimer (as both species
had only one set of signals for each ramoplanin proton). The interface of the
dimer comprises amino acid residues 10–14 of each monomer and is stabi-
lized by four hydrogen bonds. Based on their observations, Lo et al. (145)
proposed ramoplanin A2 to exist as monomer in aqueous environment
and to self-associate in proximity of the cellular membrane, creating lipid
II binding sites. Enzyme-kinetic studies with E. coli PBP1b revealed a
rapid rate increase with substrate (heptaprenyl lipid II) concentrations
being more than half of the ramoplanin concentration which is in line
with the antibiotic binding in 2:1 ratio to lipid II (146).

More recently, Hamburger et al. (147) reported a crystal structure of
ramoplanin A2. Crystals were obtained in the presence of 1-hexadecyl-
trimethylammoium bromide, with this detergent acting as membrane mi-
metic. Ramoplanin A2 was found to form a C2-symmetric amphipathic
dimer. The hydrophobic face of the dimer is formed from Phe9, Leu15,



Figure 11. SubstitutionD-Thr8 of lacton41 by 2(R),3(S)-diaminobutanoic acid gave the twofoldmore potent lactam 42 (133). The disulfidemacrocycle43 (ring size increase
by one atom) however was inactive (135).While the diastereomers 44 and 45 lost activity, the enantiomer conserved the activity of 34 against four Gram-positive organisms
tested (125). The X-ray crystal structure of the truncated analogue 46 revealed that the amide groups of the depsipeptide ring residues Arg10 and Ile11 and those of Ser7 and
D-Thr8 and the guanidinium group of Arg10 form a chloride anion-binding site (134).
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D-Ala16, and the Asn1-attached acyl substituent. The U-shaped monomers
interact with residues 9 to 15 with each other in antiparallel orientation,
forming six intermolecular backbone hydrogen bonds and a hydrogen
bond between D-Orn10 δ-NH and Asn1 γ-CO stabilizing the dimer. The pep-
tide backbone of each monomer forms an antiparallel β-sheet connected at
the ends by turns; the side chains of most residues are oriented outward (on
the convex side of the U-shaped sheet). The two β-strands of eachmonomer
are stabilized by eight (intramolecular) CO to backbone NH hydrogen
bonds.

Boger and colleagues (150) performed an alanine scan for Dap2 ana-
logue of ramoplanin A2 aglycon (53; Figure 15). The lactam 53 rather
13
than the lactone was chosen for stability reasons (rapid hydrolysis of the
lactone (151)) and its easiest synthesis. The antibacterial activity of 53
against S. aureus ATCC 25923 is comparable to that of ramoplanin A2 agly-
con (150,151). In particular, D-Orn10 and then also D-Hpg3, D-Hpg7, and D-
Orn4 were shown to be most critical for activity against the S. aureus strain
(Table 4).

Based on their crystal structure, Hamburger et al. (147) explained these
results: D-Orn10 is positioned at the interface between hydrophilic and hy-
drophobic regions of the ramoplanin A2 dimer and is thought to interact
with the pyrophosphate moiety of lipid II. Walker et al. (138) compiled a
list of lipid I analogues or fragments, which bind to ramoplanin and



Figure 12. The X-ray crystal structure of the teixobactin homologue 47 solved by Nowick and colleagues (119) showed that β-sheet dimers are the subunits of larger
assemblies. The NH-groups of the depsipeptide macrocycle of one molecule and the N-terminal methylammonium group of the other molecule create binding sites for
oxy anions.

Figure 13. The threefold positively charged teixobactin analogue 48 exhibits only weak activity against Gram-negatives (115). In the presence of colistin, which disrupts the
outer membrane, analogue 49 showed increased activity against P. aeruginosa PAO1 (MIC > 256 to 32 μg/mL) (122).
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reported the presence of the pyrophosphate to be essential. D-Hpg3 was
found to play a role in structure stabilization, D-Hpg7 and D-Orn4 in ligand
recognition (147). The following (simplified) model for lipid II recognition
by ramoplanin II was proposed by Hamburger et al. (147): Ramoplanin an-
chors (mediated by the N-acyl substituent) in the cellular membrane. The
membrane stabilizes the dimer. The pyrophosphate group of lipid II forms
a salt bridge with D-Orn10, lipid II polar head groups interact with the sol-
vent exposed hydrophilic face of the dimer. The disaccharide (not impor-
tant for activity (152)) serves a solubility mediator. The 2:1 stoichiometry
was explained by formation of ligand-bridged ramoplanin dimers.

The alanine analogues of 53 have been tested later against S. aureus
ATCC 29213 and among the four most affected positions were again D-
Orn10 and D-Orn4 besides aThr8 and D-aThr12 (Table 4). Fang et al. (139)
reported along with MIC values also the impact to bind a fluorescent lipid
II analogue (and thus to inhibit the enzyme-mediated glycan polymeriza-
tion). The D-Orn 10 → D-Ala analogue has the highest MIC and exhibits
also a strongly decreased (ca 200-fold) binding of the lipid II analogue;
the aThr8 → Ala analogue however showed an even larger increase (260-
fold) in KD.

The hydrolysis products 55 and 56 (Figure 15) of ramoplanin A2 and
ramoplanin A2 aglycon, respectively, were found to be markedly less po-
tent (>250–500-fold against S. aureus ATCC 25923) than the macrocyclic
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natural product (152). Comparison of [Dap2]ramoplanin aglycon (53)
with [Dab2]ramoplanin aglycon (54) also showed that the macrocycle is
critical for antibacterial activity and introduction of the additional methy-
lene group caused a > 100-fold loss in activity against S. aureus (151).
The N-terminal lipid substituent contributes to potency, which was 16-
fold reduced upon replacement by an acetyl group (→ 57) (151). The pri-
mary amide group of HAsn2, which is not present in 53, seems not to be re-
quired for activity.

Compound 54 showed in vitro inhibition of the E. coli PBP1b-catalyzed
transglycosylation reaction comparable to 53 or ramoplanin A2 (50). The
reduced potency observed in the antimicrobial assay resulted from an in-
creased tendency of the compound to self-aggregate (153) rather than
from reduced capability to inhibit the enzymatic reaction. Similarly, re-
placement of the lipid substituent of ramoplanin A2 aglycon by an acetyl
group resulted inMIC value increase (reduced antimicrobial potency)with-
out influencing the in vitro inhibition of the transglycosylase. This is in line
with the key role of the lipid substituent in targeting the bacterial mem-
brane (153). Ramoplanin was demonstrated by Cheng et al. (143) applying
SPR methods to bind in concentration dependent manner to anionic (“bac-
terial”) membranes preferentially over zwitterionic (“mammalian”) ones.

Ramoplanin is not orally absorbed and in the plasma the lactonewas de-
scribed to be rapidly hydrolyzed (150,151,154). Jabes et al. (148),



Figure 14. Structure of ramoplanin A2 (50) (138) and schematic representation of the ramoplanin A2 dimer (147). Structure of the lipid II analogue 52 and the ramoplanin
derivative NAI-603 (51) (148,149).
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however, reported a half-life of 3.8 h in rat plasma. The local tolerability
is low if injected i.v. (swelling and progressive necrotization at injection
site, hemolysis revealed by urine discoloration within 24 h if dosed to
rats at 10 mg/kg) (149,154). These properties are limiting the therapeu-
tic application. Orally administered ramoplanin A2 was in clinical trials
(10,155,156) and was approved by the FDA as antibiotic against gut col-
onization by vancomycin-resistant enterococcus (VRE) and against
C. difficile (13). In 2017 and in 2019, no clinical trials were ongoing
with ramoplanin (157,158) or there was no recent information.

Disease recurrence is observed in ca 25% of the patients after standard
treatment against C. difficile and is thought to be at least in part a conse-
quence of spores that remain in the gut lumen, tolerating the treatment of
the acute infection. In an in vitro model, ramoplanin showed activity
against C. difficile spores. Spore counts were reported by Kraus et al. (159)
to be below the level of detection for 28 days after 30 minutes exposure
to ramoplanin at 300 μg/mL (concentration found in feces). Vancomycin
(500 μg/mL) or metronidazole (10 μg/mL) exposure however did not sup-
press spore counts. Kraus et al. postulated that ramoplanin adheres to the
exosporium (an outer surface layer protecting the spores and preventing
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the release of inflammation triggering signals) ready to attack germinating
cells. Ramoplaninmight thus help to reduce relapse rates.Nanotherapeutics
seeminglyplannedin2016aclinical investigationof theantisporeproperties
of ramoplanin (155).

Attempts to overcome the limitation of ramoplanin to gastrointestinal
and topical applications and to gain access to systemic use included the de-
velopment of protecting formulations and the synthesis of analogues and
derivatives with better stability/tolerability properties.

Ramoplanin administered in emulsions containing intralipid (160) as
well as cyclodextrin-based formulations (154) have been reported to im-
prove tolerability (in animals) while maintaining antimicrobial effective-
ness (in vivo or in vitro).

Modificationof the lipid substituent ledtocompound51 (Figure14;NAI-
603; selected out of a set> 50 derivatives) with an improved pharmacologi-
cal profile (148,149). Compound 51, while exhibiting potent in vitro anti-
bacterial activity (spectrum comparable to that of the parent compound),
caused no hematuria if dosed i.v. to rats at 20mg/kg. No lesions at injection
site or suffering was observed (148,149). The compoundwas further evalu-
atedinvivo.Theplasmahalf-life (3.27h)was reportedbyJabes etal. (148) to



Figure 15. Structures of lactam analogues 53 and 54 of ramoplanin A2 aglycon and structure of analogue 57with truncated acyl chain (150,151). Structures of the hydrolysis
products 55 and 56 of ramoplanin A2 (1) and ramoplanin A2 aglycon (152).

Table 4
Antibacterial activity of alanine analogues of Dap2-ramoplanin A2 aglycon (53)
(139,150)

Compound MIC S. aureus
ATCC 25923 [μg/mL]

MIC S. aureus
ATCC 29213 [μg/mL]

Ramoplanin A2 aglycon 0.11 –
[Dap2]ramoplanin aglycon (53) 0.07 0.4
D-Hpg3 → D-Ala3-53 5.2 13
D-Orn4 → D-Ala4-53 3.1 (44-fold) 31 (78-fold)
D-Hpg7 → D-Ala7-53 3.7 13
aThr8 → Ala8-53 2.5 38
D-Orn10 → D-Ala10-53 38 (540-fold) >50 (>125-fold)
D-aThr12 → D-Ala12-53 0.7 33
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be comparable to that of ramoplanin, the Cmax (207 μg/mL,measured 3min
afterdosing)of51was2.6-foldhigherafter i.v. administrationatadoseof20
mg/kg. S.c. administration of the same dose gave a bioavailability of 52%.
The in vivo potency of the compound was demonstrated in a rat granuloma
pouch model (induced by MRSA). NAI-603 (51) induced a 2–3 log10-
reduction in viable bacteria, if dosed at 40 mg/kg i.v.

6. Peptide antibiotics addressing targets located at the outer
membrane

6.1. Thanatin

Isolated from hemipteran insect Podisus maculiventris (spined soldier
bug), the 21-amino acid peptide Thanatin (G1SKKPVPIIYC11NRRTGKC18-

QRM, with a disulfide bond between Cys11 and Cys18, 58; Figure 16) was
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first described in 1996 (161). Thanatin showed antibacterial activity
against some Gram-positive and Gram-negative bacteria, and also antifun-
gal activity. The all-D thanatin enantiomer was significantly less active, in
particular against E. coli. The MoA was not known until recently
(16,162,163).

A close analogue of thanatin, S-Thanatin (Thr15 replaced by Ser), binds
to lipopolysaccharide (LPS) and shows good in vivo efficacy in a mouse
model of septic shock (164) (ED50 = 7 mg/kg). Alanine-scanning studies
showed that residues in the disulfide loop seem critical for antimicrobial ac-
tivity (165). S-Thanatin was well tolerated in mice (166). As shown by
NMR, thanatin forms in solution a β-hairpin-like structure from residue 8
to the C-terminus stabilized by the disulfide loop and three C-terminal res-
idues (167). The hairpin structure has been confirmed by an NMR solution
structure in zwitterionic micelles (168). The hairpin conformation seems to
be relevant for activity, especially against Gram-negative bacteria (165).

Several MoA hypotheses have been postulated. In Gram-negative bacte-
ria, thanatin binds to LPS and leads to membrane permeabilization, how-
ever, at concentrations that are well above the observed MICs. Recently,
it was postulated that thanatin disrupts the outer membrane of NDM-1-
producing bacteria by competitively displacing divalent cations on the
outer membrane and inducing release of LPS. In addition, it was shown
that thanatin binds to the NDM-1 enzyme by displacing zinc ions from
the active site, and reverses carbapenem resistance in NDM-1 producing
bacteria in vitro and in vivo (163). However, this MoA alone does not ex-
plain the potent Gram-negative antimicrobial activity and spectrum of
thanatin.

Robinson et al. showed conclusively by various biochemical, biophysi-
cal, structural biology, and genetic experiments (16) that the promising
Gram-negative antimicrobial activity of thanatin was mainly driven by
the interactionwith lipopolysaccharide transport proteinA (LptA), a crucial



Figure 16. Structure of thanatin.

Figure 17. Structure of Murepavadin.

G. Upert et al. Medicine in Drug Discovery 9 (2021) 100078
component of the LPS export machinery (169). These results were recently
fully confirmed by another group showing that thanatin breaks the LptA-
LptA and LptA-LptC interactions leading to inhibition of LPS transport
across the periplasm (162).

In summary, MoA studies show that thanatin has some membrane per-
meabilization characteristics, which explains its relatively weak antimicro-
bial activity against Gram-positive bacteria and fungi. However, additional
studies show that the promising Gram-negative activity of thanatin is
mainly driven by its binding to LptA by inhibition of LPS export.

The thanatin example is a very interesting show case highlighting that
AMPs can exert different MoAs. On one hand, thanatin targets rather
unspecifically bacterial and fungal membranes, whereas in Gram-negative
bacteria, it addresses a specific protein target.

6.2. Murepavadin

Naturally occurring antimicrobial peptides make interesting starting
points for the design and synthesis of biologically active peptide mimetics.
Phenotypic screening of a library of protein epitope mimetics (PEMs)
(170,171[176]), inspired by antimicrobial peptides such as protegrin I, on a
panel of Gram-negative bacteria gave initial hits with interesting antimicro-
bial activity against P. aeruginosa, an important pathogen causing ventilator-
and hospital-associated/acquired bacterial pneumonia (VABP and HABP).
A significant lead optimization effort led to highly potent and selective
17
antibiotics such as POL7001 and POL7080 (59; Figure 17) with excellent ef-
ficacy in various mouse infection models (15). POL7080 (Murepavadin)
was selected as a clinical candidate for further development (172).

By various biochemical, biophysical, and structural biology experiments,
itwasshownthatPOL7080(Murepavadin)bindsto theperiplasmatic jellyroll
domain of lipopolysaccharide transport protein D (LptD) of Pseudomonas,
which significantly differs from LptD of other Gram-negative bacteria,
blocking translocation of LPS from the periplasm to the outer membrane
(15,173,174).Murepavadinwas thefirst antibiotic to target specificallyanes-
sential outer membrane protein (Omp). The in vitro and in vivo pharmacol-
ogy, pharmacokinetics, and clinical pharmacology were recently described
(172). In a phase II open-label study in VABP (NCT02096328), 25 VABP pa-
tients receivedmurepavadinofwhichtwelvepatientshadamicrobiologically
documented infection due to P. aeruginosa (mITT population), nine of which
caused by a multidrug-resistant or extensively resistant isolate. Clinical
cure at test of cure was achieved in 10 out of 12 (83%) patients with con-
firmed P. aeruginosa (mITT population) and the 28 days all-cause mortal-
ity in this population was very low (8%), far below the expected 20–40%
mortality rate. Based on these promising results and albeit a small sample
size, two phase III trials, PRISM-MDR (NCT03409679) and PRISM-UDR
(NCT03582007), in HABP/VABP were initiated. Due to elevated inci-
dences of acute kidney injury compared to the comparator arm, the trials
were temporarily halted in May 2019.

Murepavadin is currently also investigated as an inhaled formulation
for treatment of people with cystic fibrosis (CF). Initial in vitro and
in vivo feasibility studies were done with POL7001, a close analogue of
murepavadin (POL7080) (175), showing excellent antimicrobial activity
on a large panel of a P. aeruginosa clinical CF strain collection. PK studies
in mice showed a high compound exposure in the lung with low exposure
in plasma by intratracheal administration. The excellent exposure in the
lung translated in good efficacy in murine models of P. aeruginosa-RP73
acute and chronic infection. Pulmonary administration also resulted in
body weight recovery and reduced inflammatory markers (175).

6.3. OMPTA-BamA

By linking two macrocyclic pharmacophores against two essential bac-
terial targets, LPS and BamA, located in proximity at the outer membrane
of Gram-negative bacteria, a novel class of antibiotics with potent activity



Figure 19. Structure of chimera 61, corresponding to compound 3 in Ref. (17).
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against carbapenem-resistant P. aeruginosa and A. baumannii and carba-
penem and third-generation cephalosporin-resistant Enterobacteriaceae
(WHO priority-1 pathogens) was discovered. First hits (e.g., 60;
Figure 18) with good activity against MDR-XDR strains were discovered
by phenotypic screening of a library constituted of 14-amino acidmacrocy-
clic β-hairpinmimetics (7) derived from active peptide sequences of antimi-
crobial peptides, such as protegrin-1 or murepavadin (15). While 60 shows
structural similarity to murepavadin in the basic loop region (LPS binding
region), it differs significantly in the key β-hairpin region (Omp binding re-
gion) suggesting a different MoA from murepavadin. While MICs of 60
were in the range of 1–4 μg/mL in MH-II broth, there was a significant
and problematic serum deactivation effect observed requiring further struc-
tural improvements.

By linking a 7-amino acid macrocycle derived from colistin, known
to have affinity towards the lipid A part of LPS, a favorable binding of
such a chimeric antibiotic to LPS and neighboring essential β-barrel
outer membrane proteins such as LptD and BamA was expected.
After a significant library synthesis effort optimizing the β-hairpin
and linker sequences as well as finding the optimal positioning of
the linkage to the 7-amino acid macrocycle derived from colistin, chi-
meric antibiotics such as compound 61 (Figure 19) with potent
in vitro antimicrobial activity against all priority-1 Gram-negative bac-
teria were discovered (17,177,178). The compounds were selective
against Gram-negative bacteria with no residual activity against
Gram-positive bacteria or fungi. In a substantial medicinal chemistry
effort, initial hits were then optimized to obtain molecules with potent
in vivo activity in various murine infection models and with appropri-
ate ADMET properties. The chimeric antibiotics are bactericidal, not
hemolytic, only moderately cytotoxic, and show a very low propensity
to generate resistance. Excellent in vitro antimicrobial activity was ob-
tained on a large panel of WHO priority-1 strains (MIC range
0.06–0.25 μg/mL).

After further optimization of ADMET properties such as cytotoxicity on
different cell lines, a new scaffold was found where the hairpin structure
was stabilized by a disulfide bond as represented by chimera 62
(Figure 20), which showed an excellent in vitro and in vivo profile. Potent
in vivo efficacy was for example obtained in murine infection models
against extensively drug-resistant A. baumannii NCTC 13301, resistant
Figure 18. Structure of β-hairpin mimetic 60, corresponding to compound 2 in
Ref. (17).
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NDM-1 metallo-β-lactamase containing E. coli ATCC BAA2469 and
colistin-resistant (mcr-1) E. coli AF45. POL7306, a close analogue of 62,
was tested against a total of 891 clinical isolates collected by the SENTRY
Antimicrobial Surveillance Program, focusing on MDR/XDR/colistin-
resistant priority-1 Gram-negative pathogens, and demonstrated potent
in vitro activity (MIC50/90, 0.12/0.25 μg/mL) (179). By combining bio-
chemical, biophysical, and genetic studies as well as high-resolution NMR
experiments, the mechanism of action could be identified and confirmed
the initial hypothesis of LPS and BamA interaction. BamA is a bacterial
β-barrel protein and an essential part of the BAM (β-barrel assembly ma-
chinery) complex, which is critical for proper folding and insertion of
outer membrane protein precursors into the outer membrane (180). Opti-
mized lead compounds are currently under preclinical evaluation.

6.4. Darobactin

Whereas most of the large successful antibiotic classes were discov-
ered from soil microorganisms (mainly Actinomycetes), darobactin
was isolated from Photorhabdus symbionts of nematodes (18,177,178).
Darobactin (63; Figure 21) is a ribosomally synthesized peptide and fea-
tures an unusual structure with two fused macrocyclic rings containing
two substituted tryptophan indole rings forming a compact hairpin-like
structure.

Darobactin has a molecular weight of 965 Da and shows a good to
moderate activity against a range of Gram-negative bacteria such as
E. coli and K. pneumoniae, including colistin-resistant, extended spectrum
β-lactamase-resistant (ESBL), and carbapenem-resistant clinical isolates in
the 2 μg/mL range. Low activity was observed against A. baumannii and
E. cloacae. Bactericidal activity was observed at concentrations around
8 μg/mL. The promising in vitro activity was confirmed in vivo in mouse
thigh infection and septicemia models with three doses of 25 mg/kg per
day given intraperitoneally (18). By a series of experiments, themode of ac-
tion and the target of darobactin were identified. Darobactin causes



Figure 20. Structure of chimera 62, corresponding to compound 7 in Ref. (17).
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blebbing of the membrane, and eventual swelling and lysis of the cells indi-
cating a membranolytic effect. However, mutational studies unambigu-
ously showed several mutations in the gene encoding for BamA.
Transferring the BamA mutations from resistant strains into a clean E. coli
background by allelic replacement conferred resistance to darobactin and
confirmed BamA as the main target. Binding of darobactin to BamA was
also confirmed by NMR studies (18). BamA is an essential protein and a
member of the BAM complex critically involved in folding and insertion
of β-barrel outer membrane proteins (180).
Figure 21. The structure of darobactin was generated performing a conformational
search using low-mode molecular dynamics simulation in implicit water as
implemented in MOE from the Chemical Computing Group (Molecular Operating
Environment (MOE), 2019.01; Chemical Computing Group ULC, 1010 Sherbrooke
St. West, Suite#910, Montreal, QC, Canada, H3A 2R7, 2020).
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6.5. Arenicin-3, NZ17074, and AA-139

Arenicin-1 and -2 are small antimicrobial peptides isolated from
coelomocytes of marine lugworm Arenicola marina (Figure 22; Table 5;
(181)) consisting of one disulfide bond and are rich in arginine and hydro-
phobic amino acids. Arenicin-3, originally isolated from the same lugworm,
contains nine hydrophobic residues, four positively charged arginine resi-
dues, and two disulfide bonds (Cys3-Cys20 and Cys7-Cys16), which stabilize
an amphipathic β-hairpin structure. NMR solution structures (deposited as
PDB5v0y and BMRB30259) revealed that the two β-strands are connected
by a type I’β-turn, formed by Asn11 and Gly12, and the β-sheet is further sta-
bilized by four hydrogen bonds (182). Arenicin-3 shows good activity
against a variety of Gram-negative bacteria (182,183), however, shows
high protein binding (99%) to serum components (183), and was discussed
to be hemolytic and cytotoxic (182).

NZ17074 is an arenicin-3 variant, which was identified by Neve et al.
from Novozyme by high throughput screening of yeast libraries
(183,187). NZ17074 differs from arenicin-3 in positions 5 (Y→N) and
17 (Y→H). Based on the analysis of CD spectra, Wang et al. (186) reported
NZ17074 to adopt in aqueous solution a secondary structure with β-sheet
character; however, in lipophilic environment, in the presence of 10 mM
sodium dodecyl sulfate, an α-helical structure was induced.

Synthetic NZ17074 was obtained by solid-phase peptide synthesis
applying Fmoc chemistry (185). Recombinant NZ17074 (rNZ17074) was
produced in yeast (Pichia pastoris) by expression as SUMO3-NZ17074
fusion protein, followed by purification, cleavage to release rNZ17074,
and final purification. Recombinant NZ17074 has an additional Pro at the
N-terminus; it was demonstrated to be active in antibacterial assays like
NZ17074 (188). It is worth noting that recombinant 15N-labeled AA-139
(a further arenicin-3 analogue, see below) was expressed as His-tagged
SUMO fusion protein in a bacterial system (E. coli) described by Zhang
et al. (189).

Against Gram-negative bacteria, NZ17074 displays MIC values in the
range 0.25–8 μg/mL (E. coli strains 0.25–1 μg/mL; Salmonella strains
0.25–0.5 μg/mL; P. aeruginosa strains 2–8 μg/mL) (183,186). Weaker activ-
ity (MICs of 2–32 μg/mL) has been reported against a selection of Gram-
positive bacteria (186). In addition, NZ17074 exhibits antifungal activity
against Candida albicans (MIC 4–16 μg/mL) (185,186) and low tomoderate
cytotoxicity against porcine intestinal epithelial cells and mouse peritoneal
macrophages (186). As compared to arenicin-3, NZ17074 shows reduced
serumprotein binding (79% (183,187)) andwas found to bind LPS as deter-
mined by MIC and probe displacement methods.

The antibacterial mechanism against E. coli cells proposed and investi-
gated by Wang et al. (186) comprises binding to LPS, rapid penetration
through the outer membrane, disruption of the plasma membrane and re-
lease of cell content, binding to DNA and induction of conformational
changes, inhibition of DNA and RNA synthesis, and induction of
apoptosis-like cell death.
Figure 22. Arenicins 1–3 and analogue NZ17074.



Table 5
Physicochemical Properties of Arenicins and Analogues of Arenicin-3

Peptide Nr of aa MW [Da] S-S Bonds calc. pI Net Charge Reference

Arenicin-1 21 2758.3 3–20 +6 (181)
Arenicin-2 21 2772.3 3–20 +6 (181)
Arenicin-3 21 2611.1 3–20; 7–16 11.17/9.25 +4 (182,184)
NZ-17074⁎ 21 2538.0 3–20; 7–16 9.37 +4 (182–185)
N2 21 2570.0 3–20; 7–16 9.38 +4 (184)
N6 21 2477.8 7–16 10.72 +4 (184)
AA-139 21 2548.1 3–20; 7–16 9.69 +5 (182)
NZ17143 21 2529.2 3–20; 7–16 10.45 +5 (182)
NZ17224 21 2550.1 3–20; 7–16 9.88 +5 (182)

Reported molecular weight (MW) of peptides in different literature references may
vary depending on considered oxidation state of Cys residues.
⁎ NZ17074 is abbreviated as N1 in (184) and as N4 in (186).
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In a mice peritonitis model (E. coli CVCC1515; i.p. injection of 2.5x108

CFU), survival of 100% of the animals was observed after i.p. injection of
1.25 and 2.5 mg/kg NZ17074 (administration at 0.5 h and 8 h after inocu-
lation). Mice without treatment died within 24 h; a dose of 0.625 mg/kg
polymyxin B resulted in 100% survival (186). Survival of the animals was
monitored for 7 days. The activity of NZ17074 was also investigated in
an endotoxemia model (i.p. injection of 30 mg/kg LPS in mice) where
100% of the mice treated at 0.5 and 8 h after inoculation with 5 mg/kg
NZ17074 survived. In contrast, none of the mice treated with only 2.5
mg/kg NZ17074 survived in the same model (186).

AnaloguesN2, N6, and AA-139 starting from NZ17074 and arenicin-3,
respectively, were obtained bymodulation of lipophilicity/amphipathicity,
optimizing cytotoxicity, charge distribution, and reducing the overall net
positive charge content.

Yang et al. (184) reported the evaluation of seven analogues of
NZ17074, which were prepared with the objective to reduce cytotoxicity.
Essential for antimicrobial activity were the Val residues in positions 6, 8,
13, and 15 as well as Asn in positions 11 and 21 (184,187). Two analogues
(Figure 23) with potent antibacterial activity were obtained: inN2, the Gly
residues in positions 1 and 12 were replaced by Ala; inN6, the two Cys res-
idues in positions 3 and 20were replaced by Ala, leading to amolecule with
only one disulfide bond.

Analogue N2 exhibits MIC values of 0.25–2 μg/mL against E. coli, Sal-
monella, and Pseudomonas strains and compound N6 was found to show
equal or slightly reduced activity as compared to parent NZ17074 (184).
Hemolysis against murine erythrocytes by N2 (0.4%) and N6 (0.04%)
was reported to be lower than that of NZ17074 (3% against human RBC
(185)) at 128 μg/mL. Compared to parent NZ17074, both analogues also
exhibit lower cytotoxicity (determined as % survival at 64 and 128
μg/mL) against murine peritoneal RAW264.7 macrophage cells. Anti-
fungal MICs were reported to be increased by one or two dilutions
(C. albicans CGMCC2.2411: from 16 μg/mL for NZ17074 to 32 (N2) and
64 μg/mL (N6)) (184).

Like parent NZ17074, N2 and N6 were found to potently bind to LPS
(comparable to polymyxin B) as determined by a probe displacement
assay. Docking calculations suggest that the three molecules differ in the
sites of interaction with lipid A (184).

In vivo activity of N2 and N6 was evaluated in mice peritonitis models
(inoculation with E. coli CVCC1515 or with S. enteritidis CICC22956). In the
E. coli model, 100% of the mice treated by i.p. injection of 2.5 mg/kg N2
0.5 h and 8 h after inoculation survived, whereas, however, only 66.7%
of the mice receiving the same dose of N6 survived. In the S. enteritidis
model, 100% survival was observed if mice were treated with 7.5 mg/kg
Figure 23. NZ17074 derived analogues (184).

20
N2 or N6; at lower dose, N2 administration resulted in higher survival
rate than N6 administration. The LPS detoxifying activity of the two ana-
logues was also demonstrated in vivo; N2 and N6 were reported to be
more efficacious than polymyxin B (184).

AA-139 (Figure 24) is a synthetic analogue derived from arenicin-3,
prepared by solid phase peptide synthesis. Val in positions 8 and 13 of
arenicin-3 was replaced by Ala; Tyr in position 9 by Arg. These mutations
reduced the lipophilicity and increased the overall charge (Figure 24,
Table 5). The peptide was obtained as a member of a library, which was
based on an alanine scan and removal or mutation of one to four residues
at varying positions, while keeping the Cys residues to maintain integrity
of the secondary structure (182).

AA-139 exhibited potent activity against a variety of Gram-negative
bacteria, like the reference strain E. coli ATCC 25922 (MIC 0.125 μg/mL),
the New Delhi metallo β-lactamase producing strain K. pneumoniae BAA-
2146 (MIC 1 μg/mL), as well as MDR and XDR strains, including
polymyxin-resistant P. aeruginosa clinical isolate (MIC 2 μg/mL) and
XDR/PmxR A. baumannii clinical isolate (MIC 0.5 μg/mL). Lower activity,
however, was observed against Gram-positive bacteria and yeasts. In the
presence of serum or the lung surfactant Survanta®, a 2–16-fold loss of
in vitro antibacterial activity was reported against a panel of Gram-
negative control strains and clinical isolates (182) (Table 6). Compound
NZ17143, combining the structural changes of NZ17074 (Y5N, Y17H)
with the Y9R replacement of AA-139, shows comparable activity as well
asNZ17224with the Y5H, V8A, and Y9Rmutations. (The compound com-
bining all changes of NZ17074 and AA-139, so Y5N, V8A, Y9R, V13A, and
Y17H was not reported).

AA-139 as well as the analogues NZ17143 and NZ17224 showed
higher CC50 values against three human cell lines (Table 7) than arenicin-
3 and were less hemolytic. AA-139 was further reported to show an IC50

of 330 μg/mL against human primary hepatocytes.
The mode of action of arenicin-3 and analogues was addressed in sev-

eral additional experiments. Zhang et al. (189) used cyclized lipid bilayer
nanodiscs as a membrane model to characterize the membrane binding
properties of AA-139. Nanodiscs are self-assembled soluble particles
consisting of two membrane scaffold proteins (MSP) wrapped around a
phospholipid bilayer. In cyclized nanodiscs, the MSP C- and the N-termini
are ligated. NMR methods and ITC were used to study the interaction of
AA-139 with nanodiscs containing either zwitterionic (POPC) or anionic
(POPC: POPG 4:1) lipids. They found that AA-139 interacts with lipophilic
and positively charged residues at the termini of the β-hairpin structure
with the anionic membrane (KD ca 1 μM) exclusively. No evidence was ob-
tained for AA-139 disrupting the membrane in this model system.

Based on SPR experiments comparing the binding of arenicin-3 and an-
alogues including AA-139 to DMPC and DMPC combined with E. coli lipid
A (9:1 molar ratio), Elliott et al. (182) concluded that there was no binding
to lipid A, as in the SPR experiment no significant difference in binding was
observed. These authors also tested the permeabilization activity of
arenicin-3 variants in several assays. The results were consistent with
binding to and disruption of bacterial membranes, cell permeabilization,
cytoplasmic leakage and cell death. Phospholipid transport was also associ-
ated with the mechanism of action of arenicin-3 in E. coli. Whole-genome
sequencing of 20 days serial passage (forced resistance) isolates of E. coli
ATCC 25922 in the presence of arenicin-3 led to a point mutation T32G
in the mlaC gene, which translated into the L11R replacement in the
Figure 24. Sequence of the arenicin-3 analogue AA-139. NZ17143 combines the
structural changes of NZ17074 (Y5N, Y17H) with the replacement with the Y9R
replacement of AA-139. NZ17224 has like NZ17074 a Tyr replaced by His,
combined with the V8A and Y9R mutations of AA-139.



Table 6
Broth MicrodilutionMIC Values [μg/mL] of Arenicin-3 and Analogues inMueller Hinton Broth (MHB); in the Presence of 50% Serum; in the Presence of 5% Survanta® (Hu-
man Lung Surfactant). Comparison with Colistin and Polymyxin B (PB); Data taken from (182) (incl. suppl. Information/Data)

E. coli ATCC 25922 P. aeruginosa ATCC 27853 P. aeruginosa FADDI-070

MHB 50% Serum 5% Survanta MHB 50% Serum 5% Survanta MHB 50% Serum 5% Survanta

Arenicin-3 1 16 8 1 16 32 4 ≥32 ≥64
AA-139 0.125 2 0.125 0.25 8 0.5 2 8 8
NZ17143 0.25 1 0.5 1 8 1 8 16 8
NZ17224 0.06 1 0.25 0.25 16 1 1 8 8
Colistin 0.25 0.125 64
PB 0.25 0.25 32

Table 7
Cytotoxicity of Arenicin-3 and Analogues against Human Cell Lines; as Reported by
Elliott et al. (182)

HEK293 CC50

[μg/mL]
HepG2 CC50

[μg/mL]
HK-2 CC50

[μg/mL]

Arenicin-3 271 >300 170
AA-139 >300 >300 >250
NZ17143 >300 >300 >250
NZ17224 >300 >300 >250
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protein. The mla operon (regulating the expression of the phospholipid
transport system mlaABCDEF) maintains the outer membrane asymmetry
(182).

Good efficacy for i.v. administered AA-139 was demonstrated in neu-
tropenic murine peritonitis and thigh infection models (182). Aerolized
AA-139, generated by a Hudson RCI Micro-mist nebulizer, was tested in a
pneumonia model (P. aeruginosa ATCC 27853). When infected mice were
exposed 2, 12, and 24 h after infection to aerosol of AA-139 (30 mg/mL)
for 30min, a 6.6 log reduction of bacterial burden in the lung was reported.
To determine the exactly delivered dose was not possible. The PK profile of
inhaledAA-139 showed high concentrations in epithelial lining fluid (ELF)
and low concentrations in plasma (182). Finally, AA-139 was also demon-
strated to be active in a urinary tract infection model; the analogue
NZ17143 showed similar efficacy in this model (182).

Target organ toxicity was reported to affect the kidney with tubular ne-
phropathy after i.v. dosing at 20, 25 or 30 mg/kg of AA-139 per day to
minipigs for seven days. Severity increase was found to be dose related. A
NOAEL of 20 mg/kg AA-139 per day (10 times the dose required for effi-
cacy in murine infection models) by i.v. administration over 2 h once or
twice daily was reported in mice. For inhaled AA-139, the NOAEL was 20
mg/kg per day in mice (182).

7. Summary and outlook

Natural products have been the cornerstone of antibiotic discovery and
development. Among the different natural product classes, peptide-derived
antibiotics play an increasingly important role. Within the peptide-derived
antibiotics, AMPs and HDPs, as constituents of the innate immune system,
have attracted a lot of attention as potential scaffolds for antibiotic drug de-
sign. It is clear now that AMPs and their derivatives are not simply mem-
brane disrupting agents, but scientists start to uncover novel intriguing
molecular targets and mechanisms of action.

Wehavefocusedinthisshortreviewonpeptide-derivedantibiotics,which
havethepotential toleadtonovelantibioticclasseswithnovelMoA,whichare
eagerly awaited by patients, doctors, and healthcare organizations.

Examples such as the odilorhabdins (30S ribosomal subunit),
tridecapeptins and malacidins (lipid II), arylomycins (SPase I), teixobactin
(lipid II and lipid III), and ramoplanin (lipid II) are nice examples of prom-
ising peptide-derived antibiotics with well-described targets andMoAs. Re-
cently, novel peptide-derived antibiotics have been discovered against so
called “undruggable” essential targets located in the outer membrane of
Gram-negative bacteria. Murepavadin (LptD), chimeric β-hairpin mimetics
21
and darobactin (both BamA), and thanatin (LptA) are promising examples
of natural products or nature-inspired peptide antibiotics that underscore
the uniqueness and promise of peptide antibiotics to significantly contrib-
ute in the fight against antimicrobial resistance. An important success fac-
tor, however, will be the ability of medicinal chemists to optimize peptide
scaffolds in order to achieve the appropriate required balance between
in vivo antimicrobial activity and safety.
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