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1. Introduction

Resistance to antibiotics is possibly the greatest health threat
that humanity will face in the coming years.[1] Unlike infections

caused by susceptible bacteria, the infections and diseases
triggered by resistant strains of bacteria, such as Escherichia

coli, methicillin-resistant Staphylococcus aureus (MRSA), vanco-
mycin-resistant Enterococci (VRE), are responsible for complex,

severe, and hard-to-treat infections in humans.[2–4]

The World Health Organization’s (WHO) new Global Antimi-
crobial Surveillance System (GLASS) reported high levels of re-

sistance to a number of serious bacterial infections in both
high- and low-income countries.[5] Most clinically available anti-

biotics have become ineffective against such bacteria, thereby
increasing medical expense, prolonging the duration of illness,

and raising the mortality rate.[4, 6–8] GLASS encourages countries
to establish surveillance standards based on national priorities

and resources available.[9] In 2017, the same organization an-
nounced a priority list of antibiotic-resistant bacteria, with the

aim of facilitating the research, discovery, and development of

novel and efficient antibiotics to treat infections caused by
these pathogens.[1, 5] In response to the WHO’s call to action, it

is imperative to invest time and effort in the search for a new
generation of effective antibiotics.

Natural products are an important source of novel antibiot-
ics. Among the antibiotics that are being developed, peptides
are increasingly becoming key therapeutic agents for a wide

range of antimicrobial applications.[10] Peptides are potent nat-
ural products from a variety of origins, including bacteria,[11]

fungi,[12] plants,[13] animals,[14, 15] and marine sources.[16] All or-
ganisms are equipped with host defense antimicrobial pep-

tides (HDPs), which reinforce the immune system against exter-
nal microbes.[17]

Antimicrobial peptides (AMPs) can be classified into two

main categories: linear and cyclic. Both groups show high po-
tency, selectivity, a broad range of targets, and high chemical

and biological diversity.[18] However, interestingly, cyclic pep-
tides overcome most of the shortcomings of linear peptides,

showing higher metabolic stability, higher membrane permea-
bility, and greater oral bioavailability.[19–21]

Herein, we focus on the chemical classification of cyclic

AMPs isolated from bacteria, and some of the synthetic strat-
egies used to mimic them.

In the last few decades, peptides have been victorious over
small molecules as therapeutics due to their broad range of

applications, high biological activity, and high specificity. How-
ever, the main challenges to overcome if peptides are to
become effective drugs is their low oral bioavailability and in-
stability under physiological conditions. Cyclic peptides play a
vital role in this context because they show higher stability
under physiological conditions, higher membrane permeability,

and greater oral bioavailability than that of their corresponding
linear analogues. In this regard, cyclic antimicrobial peptides

(AMPs) have gained considerable attention in the field of novel
antibiotic development. Bacterial strains produce cyclic AMPs
through two pathways: ribosomal and nonribosomal. This
review provides an overview of the chemical classification of
cyclic AMPs isolated from bacteria, and provides a description
of their biological activity and mode of action.
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2. Bacterial Antimicrobial Cyclopeptides

Bacterial strains produce AMPs through either ribosomal or
nonribosomal pathways (Figure 1 and Table 1). The production

of AMPs in bacteria favors, in a competitive manner, the pro-

ducer, based on the killing properties of the produced pep-
tides against other bacteria in their living environments.[22]

Peptides synthesized through the ribosomal pathway and
with the ability to inhibit the growth of other bacteria are

called “bacteriocins.” Bacteriocins require the attachment of
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the ribosome to mRNA to form a ribonucleoprotein complex,

which is a translation form of mRNA to the corresponding
linear chain peptide or protein. After release of the peptide

from the ribosome into the cytoplasm, several post-translation-

al modifications (including epimerization, and cyclization, as
discussed later) then occur to adapt the peptide to its specific

function.[23]

Bacteriocins vary in size, structure, mode of action, and

source of isolation. Based on their source of isolation, it has
been reported that 99 % of bacteria produce at least one bac-

teriocin.[24] Bacteriocins isolated from Gram-positive bacteria

are more diverse than those isolated from Gram-negative bac-
teria because, for the latter, they are isolated mainly from En-

terobacteriaceae, including E. coli and Enterobacter cloacae.[22]

On the basis of their size, bacteriocins, in the case of Gram-
positive bacteria, for instance, fall into one of two major

classes. Class I comprises small peptides varying from 2 to
4 kDa, for example, lantibiotics with post-translational modifi-

cations, whereas class II is formed by unmodified heat-stable
bacteriocins (< 10 kDa).[25]

Figure 1. Classification of ribosomal and nonribosomal bacterial AMPs.

Table 1. A summary of the main differences between the ribosomal (RP) and nonribosomal peptides (NRP).

RP NRP

sources in nature all eukaryotic and prokaryotic cells bacteria and fungi only
synthetic pathway ribosome attached to mRNA multienzyme complex (peptide synthetases)
mRNA required not required
amino acids involved in synthesis only 20 proteinogenic l -amino acids proteinogenic and non-proteinogenic amino

acids, including d- and N-methylated
epimerization applicable in post-translational step applicable in synthetic step
N-methylation not applicable applicable
incorporation of fatty acids difficult to introduce in synthetic steps easy to introduce in synthetic steps
glycosylation not common applicable in post-synthetic steps
cleavage precursor linear linear or cyclic
cyclization step applicable in post-translational step applicable in synthetic steps
homodetic cycles only head to tail head to tail or head to side chain
macrolactonization not common applicable
disulfide bond applicable in post-translational step not common
biaryl linkage not applicable applicable
dehydration of Ser/Thr applicable in post-translational steps applicable in synthetic steps
lanthionine formation applicable in post-translational steps not applicable
thioether formation applicable in post-translational steps not common
oxazole/thiazole formation applicable in post-translational steps applicable in synthetic steps
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In contrast, peptides produced through the nonribosomal
pathway are more specialized for one particular function, with-

out the need to have a corresponding mRNA. In this pathway,
peptides are formed by nonribosomal peptide synthetases

(NRPS).[26] In contrast to the ribosomal pathway, NRPSs have
the ability to self-modify and incorporate d- or non-proteino-

genic amino acids without the need for epimerization post-
translational modification. Moreover, a cyclization step is a pre-
dominant way to build these peptides, through macrolactoni-

zation or macrolactamization without further post-translational
requirements.[27]

All classes of cyclic peptides enumerated in Figure 1 (except
classes IIb and IId) are covered herein. Members of class IIb

and IId have been omitted because the former comprises two
peptides responsible for activity and the latter are mainly

linear members.[22]

Table 2 shows some examples of cyclic AMPs with their sour-

ces of isolation, activities, and mode of action. They are listed
in alphabetical order and classified on the basis of their chemi-
cal structure, following the regular classification of cyclic pep-

tides (homo- and heterodetic).

Table 2. Cyclic AMPs extracted from bacteria.[a]

Synthesis
pathway

Peptide Producer organism Active against Mode of action Ref.

Homodetic Cyclic Peptides
R acidocin B Lactobacillus acido-

philus
Listeria monocytogenes, Clostri-
dium sporogenes

destabilizes sensitive cell membranes [28, 29]

NR aerosporin Bacillus polymyxa E. coli, Pseudomonas aerugino-
sa

causes cell leakage followed by hydroxyl radical produc-
tion and inhibits the respiratory enzyme NADH-quinone
oxidoreductase

[30]

R amylocyclin A Bacillus amylolique-
faciens

Lactobacillales, Bacillales, Mi-
crococcus

interacts with negatively charged phospholipid layer of
cell membrane

[31, 32]

R bacicyclin Bacillus BC028 E. faecalis, S. aureus not yet specified [33]
NR bacitracin Bacillus lichenifor-

mis
S. aureus inhibits the dephosphorylation of C55-PP [34]

R butyrivibriocin A Butyrivibrio fibrisolv-
ens

Lactobacillales, Bacillales, Clos-
tridiales

interacts with phospholipid layer of cell membrane [31]

R carnocyclin A Carnobacterium
maltaromaticum

Listeria interacts with phospholipid layer of cell membrane [35]

R circularin A Clostridium beijer-
inckii

Lactobacillales, Bacillales inhibits cell membrane [31]

NR colistin B. polymyxa subsp.
colistinus

E. coli, P. aeruginosa causes cell leakage due to interaction with negatively
charged phosphate head groups of lipid A

[36–39]

R enterocin AS-48 E. faecalis Lactobacillales, Bacillales, Pseu-
domonas

inhibits cell membrane synthesis [31, 40]

NR desotamides A/B Streptomyces scopu-
liridis

Streptococcus pneumonia,
S. aureus, MRSA

not available [41]

R garvicin ML Lactococcus gar-
vieae

Lactobacillales, Bacillales interacts with phospholipid layer [31, 42]

R gassericin A Lactobacillus gasseri Lactobacillales, Bacillales inhibits cell membrane synthesis [31]
NR gramicidin S Bacillus brevis broad spectrum of both Gram-

positive and -negative bacteria
thins polar/apolar interfacial region of phospholipid bi-
layers, increasing motional freedom of lipid hydrocar-
bon chains, while increasing volume compressibility and
decreasing density of its host bilayer

[43–45]

R lactocyclicin Q Lactococcus species Lactobacillales, Bacillales disrupts cell membrane [31]
R leucocyclicin Q Leuconostoc mesen-

teroides
Lactobacillales, Bacillales causes leakage from cell membrane [31–46]

NR longicatenamycin A Streptomyces dia-
staticus

Bacillus anthracis, S. aureus not available [47]

R microcin J25 E. coli Lactobacillales, Bacillales inhibits transcription by bacterial RNAP [31–48]
NR nicrophorusamide A Actinomycete, Mi-

crobacterium spe-
cies

S. aureus, E. faecalis, Salmonella
enterica

not available [47]

NR pargamicins A Amycolatopsis spe-
cies ML1-hF4

S. aureus, E. faecalis, MRSA disrupts membrane potential, leading to loss of mem-
brane function

[49, 50]

R plantaricyclin A Lactobacillus plan-
tarum

Alicyclobacillus acidoterrestris not available [11]

R reutericin 6 Lactobacillus reuteri Lactobacillales, Bacillales disrupts cell membrane [31]
NR thermoactinoamide A Thermoactinomyces

vulgaris
S. aureus not available [51]

R uberolysin A Streptococcus uberis Lactobacillales, Bacillales causes leakage from cell membrane [31]
NR viomycin Streptomyces spe-

cies
Mycobacterium tuberculosis inhibits bacterial protein synthesis by blocking EF-G-cat-

alyzed translocation of mRNA on the ribosome
[52, 53]
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Table 2. (Continued)

Synthesis
pathway

Peptide Producer organism Active against Mode of action Ref.

NR wollamides A–B Streptomyces MST-
115088

S. aureus, M. tuberculosis not available [54, 55]

Heterodetic CyclicPeptides
disulfide bridge
R bovicin HJ50 Streptococcus bovis Lactobacillus curvatus, Bacillus

subtilis
inhibits lipid II and has pore-forming activity [56]

R carnobacteriocin B2 Carnobacterium pis-
cicola

Enterococcus, Listeria causes dissipation of PMF with leakage of intracellular
components, possibly through formation of pores

[57–59]

R curvacin A L. curvatus Lactobacilli, Listeria, E. faecalis hydrophilic part (aas 19–24) interacts with membrane,
allowing residues (aas 21, 23, 24) to interact with lipid
head groups or proteins

[60]

R divercin V41 Carnobacterium di-
vergens

Carnobacterium, Enterococcus,
Listeria

not specified, but studies show that, unlike other bac-
teriocins, the hydrophobic part is more crucial than the
cationic part

[61]

R enterocin P Enterococcus faeci-
um

Lactobacillus, Pediococcus forms specific K+ ion-conducting pores in cytoplasmic
membrane of target cells

[60]

R leucocin A Leuconostoc geli-
dum

L. monocytogenes, E. faecalis interacts with a chiral receptor (EIIt
Man) at surface of

target cell
[61, 62]

R mesentericin Y105 L. mesenteroides L. monocytogenes, E. faecalis same as leucocin A [61]
R mundticin Enterococcus mund-

tii
Lactobacillus, Enterococcus, Lis-
teria

destabilizes phospholipid bilayers and causes loss of
membrane potential and intracellular ATP

[63]

R plantaricin W L. plantarum Bacillus, S. aureus forms a pore in the membrane through barrel-stave
mechanism

[64]

R pidiocin PA-1 Pediococcus acidi-
lactici

Pediococcus pentosaceus causes leakage of K+ , changes membrane potential,
and releases amino acids and other low-molecular-
weight compounds

[61]

R piscicolin 126 C. piscicola L. monocytogenes causes rapid K+ efflux [65]
R sublancin 168 B. subtilis B. subtilis 6633, Bacillus mega-

terium, S. aureus, Streptococcus
pyogenes

forms pores in cytoplasmic membrane through a me-
chanosensitive channel of conductance, MscL

[66–68]

R sakacin A Lactobacillus sake Lactobacilli, Listeria, E. faecalis shows a dual mechanism of action: 1) disturbs PMF, and
2) breaks down the polysaccharide and peptide compo-
nents of the cell wall peptoglycan

[69]

thioether due to lanthionine amino acid (lantibiotics)
R actagardine Actinoplanes ligur-

iae
S. pyogenes forms aqueous transmembrane pores [70, 71]

R ancovenin Streptomyces spe-
cies A647P-2

B. subtilis inhibits angiotensin I converting enzyme [72]

R carnocin U149 Carnobacterium pi-
sicola

Carnobacteria, Lactobacilli, Ped-
iococci, Lactococci

depolarizes cytoplasmic membrane [73, 74]

R cinnamycin Streptomyces cinna-
moneus

B. subtilis increases membrane permeability [75]

R cypemycin Streptomyces spe-
cies OH 4156

Micrococcus luteus not specified [76]

R duramycin B Streptoverticillium B. subtilis indirectly inhibits phospholipase A2 [77]
R epidermin Staphylococcus epi-

dermidis
S. epidermidis interacts with lipid II in cell wall synthesis [78]

R gallidermin Staphylococcus gal-
linarum

S. aureus, S. epidermidis interacts with lipid II, lipid intermediates lipid III (unde-
caprenol pyrophosphate-N-acetylglucosamine) and lipid
IV (undecaprenol pyrophosphate-N-acetylglucosamine-
N-acetylmannosamine) of WTA biosynthesis pathway

[73, 74, 78]

R haloduracin Bacillus halodurans
C-125

Lactococcus lactis causes efflux of K+ and phosphate ions [79]

R lactocin S L. sake P. acidilactici disrupts PMF through the formation of discrete pores in
the cytoplasmic membrane; thus deprives cells of an es-
sential energy source

[80]

R lacticin 481 L. lactis L. lactis inhibits transglycosylation involved in biosynthesis of
peptidoglycan

[79]

R mersacidin B. subtilis Streptococci, Bacilli, MRSA inhibits peptidoglycan synthesis [79]
R mutacin 1140 Streptococcus

mutans
S. aureus, Lactobacillus salivar-
ius

binds electrostatically to bacterial membrane, followed
by inhibition of lipid II

[79]
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Table 2. (Continued)

Synthesis
pathway

Peptide Producer organism Active against Mode of action Ref.

R nisin A L. lactis Lactococcus, Streptococcus,
Staphylococcus, Listeria, Myco-
bacterium, Bacillus, Clostridium

forms transient multistate pores, allowing passage of
hydrophilic solutes, and interacts with lipid II precursor
of peptidoglycan synthesis

[74, 78, 81]

R nisin Z L. lactis Lactococcus, Streptococcus,
Staphylococcus, Listeria, Myco-
bacterium, Bacillus, Clostridium

causes loss of cellular K+ and depolarizes cytoplasmic
membrane with partial efflux of cellular ATP

[74, 81]

R Pep5 S. epidermidis 5 S. epidermidis forms transient multistate pores in membrane [73, 74, 82]
R plantaricin C L. plantarum Lactobacillus, Enterococcus,

Staphylococcus
forms pores in cytoplasmic membrane and interacts
with lipid II

[79, 83]

R salivaricin B Streptococcus sali-
varius

L. monocytogenes, Bacillus
cereus, Enterococcus

interferes with cell wall biosynthesis by inhibiting UDP-
MurNAc-pentapeptide, which is the backbone of bacte-
rial peptidoglycan

[84]

R subtilin B. subtilis broad spectrum of Gram-posi-
tive bacteria

forms stable pores with lifetimes up to tens of seconds,
followed by binding with lipid II precursor of peptido-
glycan

[73, 74]

R variacin 8 Micrococcus varians
MCV8

Listeria, Staphylococcus, lactic
acid bacteria

forms pores in membrane [79]

thioether due to sulfur of Cys linking with an a-carbon (sactibiotics)
R propionicin F Propionibacterium

freudenreichii
P. freudenreichii causes alterations of membrane, leads to cell lysis [85, 86]

R subtilosin A B. subtilis L. monocytogenes, Gardnerella
vaginalis

disrupts PMF, leads to efflux of intracellular ATP [85, 86]

R thuricin CD Bacillus thuringien-
sis

Clostridium difficile, B. cereus,
Bacillus firmus

interacts with cell membrane through specific receptors
in cell envelope

[85, 86]

R thurincin H B. thuringiensis Listeria, Bacillus not yet specified [85, 86]

biaryl bridge
NR arylomycin Streptomyces sp. Tu

6075
broad spectrum of Gram-posi-
tive and -negative bacteria

inhibits type I SPase [87, 88]

NR biphenomycin A/C Streptomyces gri-
seorubiginosus N

S. aureus, B. subtilis not specified [89]

biaryl and aryl ether linkage
NR vancomycin Amycolatopsis ori-

entalis (Streptomy-
ces orientalis)

most Gram-positive bacteria targets peptidyl terminal d-Ala-d-Ala in peptidoglycan,
leads to inhibition of cell wall synthesis

[90]

ester linkage (depsipeptide)
NR ambobactin Streptomyces ambo-

faciens F3
B. subtilis, E. coli targets cardiolipin within membrane of Gram-positive

bacteria
[91, 92]

NR daptomycin Streptomyces roseo-
sporus

MSSA, MRSA forms K+ channels in bacterial membrane, resulting in
rapid membrane depolarization and cell death

[93, 94]

NR echinomycin Streptomyces echi-
natus

VRE inhibits DNA replication and RNA synthesis [95]

NR empedopeptin Empedobacter hal-
oabium

S. aureus, S. pneumoniae inhibits N-acetylglucosamine and accumulates peptido-
glycan precursor UDP-MurAc-pentapeptide in cytoplasm

[96]

NR etamycin Streptomyces laven-
dulae

MRSA inhibits protein synthesis by interacting with ribosome
subunit

[97, 98]

NR fusaricidin A B. polymyxa KT-8 S. aureus and M. luteus activates SigA, a protein that regulates RNAP, to control
cell growth

[99]

NR fijimycin A Streptomyces CNS-
575

MRSA not specified [100]

NR gramicidin S B. brevis Gram-positive and -negative
bacteria

disrupts permeability barrier of outer membrane, and
stimulates efflux of K+ through cytoplasmic membrane

[101]

NR globomycin Streptomyces halste-
dii

E. coli, Klebsiella pneumoniae inhibits cell wall synthesis through inhibition of precur-
sor of outer membrane lipoprotein

[102]

NR griseoviridin Streptomyces griseo-
viridus

Streptococcus species, E. coli interacts with ribosome subunit and inhibits protein
synthesis

[98]

NR hormaomycin Streptomyces griseo-
flavus

Coryneform actinomycetes acts as ionophore to facilitate the transport of cations
through plasma membrane

[103]

NR himastatin Streptomyces hygro-
scopicus

B. subtilis inhibits cell membrane [104, 105]

NR katanosin Cytophaga MRSA inhibits peptidoglycan biosynthesis (N-acetylglucosa-
mine)

[106, 107]
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Heterodetic cyclic peptides can be further classified into six
sections on the basis of the cyclization point: disulfide bridge,

thioether linkage, biaryl linkage, biaryl and aryl ether linkage,
ether linkage, and oxazole/thiazole-containing cycles. Table 2 is

followed by a brief explanation of each cyclic group and a

short description of the synthetic strategies used to prepare
them in laboratories. To facilitate drawings of the structures,

the configuration of the examples was not taken into consider-
ation.

2.1. Homodetic cyclic peptides

Ring formation in homodetic cyclic peptides is caused by

lactam macrocyclization between amino and carboxylic
groups. This macrocyclization point in bacterial AMPs can be

classified into head to tail or head to side chain macrocy-
cles.[131] Head to tail cyclization takes place between the car-
boxylic terminus (head) and the amino terminus (tail), whereas

head to side chain cycles require the presence of an w-amino
group, such as Lys, Orn, Dap, or Dab, in the backbone of the

linear peptide to condense with the carboxylic terminus of the
peptide (head; Figure 2).

Table 2. (Continued)

Synthesis
pathway

Peptide Producer organism Active against Mode of action Ref.

NR LI-F04a Paenibacillius poly-
myxa

S. aureus, M. luteus not specified [108, 109]

NR ohmyungsamycins Streptomyces spe-
cies

M. tuberculosis activates antibacterial autophagy through AMPK and
suppresses inflammation during M. tuberculosis infec-
tions

[110]

NR oleamycins Streptomyces spe-
cies

S. aureus, M. luteus not specified [111]

NR paenibacterin Paenibacillus thia-
minolyticus

E. coli, S. aureus disrupts outer membrane of Gram-negative bacteria
and damages cytoplasmic membrane of both Gram-
negative and -positive bacteria

[112, 113]

NR pitipeptolides Lyngbya majuscula M. tuberculosis not specified [114]
NR plusbacin A3 Pseudomonas spe-

cies
VRE, S. aureus inhibits bacterial cell wall biosynthesis through inhibi-

tion of transglycosylation step in peptidoglycan biosyn-
thesis

[115–117]

NR pristinamycin Streptomyces pristi-
naespiralis

S. aureus inhibits protein synthesis [98]

NR ramoplanin Actinoplanes spe-
cies

C. difficile, S. aureus inhibits peptidoglycan biosynthesis [118]

NR salinamide F Streptomyces E. coli, E. faecalis inhibits RNAP [119]
NR teixobactin Eleftheria terrae most Gram-positive bacteria

M. tuberculosis
inhibits peptidoglycan synthesis through inhibition of
lipid II and lipid III biosynthesis

[120]

NR tumescenamide C Streptomyces spe-
cies

Streptomyces coelicolor, Strep-
tomyces lividans

not specified [121]

NR unnarmicin Photobacterium
species

Pseudovibrio not specified [122]

NR vernamycin Streptomyces loi-
densis

S. aureus inhibits protein synthesis [98]

NR virginiamycin S1 Streptomyces virgin-
iae

S. aureus inhibits protein synthesis [98]

oxazole- and thiazole-containing cyclic peptide
R GE2270A Streptomyces gri-

seus
most Gram-positive bacteria,
Mtb

inhibits bacterial protein synthesis [123]

R LFF571 Staphylococcus
equorum

Listeria, most Gram-positive
strains, C. difficile

inhibits protein synthesis by inhibiting the translation
process

[124]

R micrococcin P1 Streptomyces actuo-
sus

Gram-positive bacteria inhibits bacterial protein synthesis in cell-free systems [125]

R nosiheptide S. actuosus MRSA, VRE inhibits bacterial protein biosynthesis [126]
R nocathiacin I Streptomyces spe-

cies
MRSA, MREF, PRSP interacts with the bacterial 50S ribosome [127]

R siomycin A Streptomyces
sioyaensis

some Gram-positive and -neg-
ative bacteria, Mtb

inhibits aminoacyl tRNA and binding of factor G [127, 128]

R thiostrepton Streptomyces azur-
eus

Gram-negative bacteria inhibits bacterial protein biosynthesis through binding
to ribosome cooperatively with ribosomal protein L11

[129]

NR lugdunin Staphylococcus lug-
dunensis

S. aureus, MRSA, VRE leads to rapid breakdown of bacterial energy resources [130]

[a] R: ribosomal, NR: nonribosomal, NADH: nicotinamide adenine dinucleotide, C55-PP: C55-isoprenyl pyrophosphate, RNAP: RNA polymerase, EF-G: elonga-
tion factor G, PMF: proton motive force, ATP: adenosine triphosphate, WTA: wall teichoic acid, UDP-MurNAc: uridine diphosphate N-acetylmuramic acid,
SPase: signal peptidase, AMPK: AMP-activated protein kinase.
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Homodetic cyclic AMPs can be produced by bacteria
through either ribosomal or nonribosomal routes. The former

leads to class IIc compounds, which are always head to tail
cycles. However, nonribosomal homodetic peptides can be

head to tail or head to side chain cycles. To differentiate be-
tween ribosomal and nonribosomal homodetic cyclic peptides,

the term “circular” is used to describe the former, whereas
“cyclic” or “cyclo” are used to describe the latter.[31]

Synthesis of the natural homodetic cyclic peptides in labora-

tories is broadly reviewed, with particular attention to the cyc-
lization of the linear precursor, that is, in the solution phase,
on a solid support, or by using a cyclative cleavage strat-

Figure 2. Different cyclization points in bacterial homodetic cyclopeptides.

Scheme 1. Cyclization of desotamide B (1) and wollamide B (2) on a solid support. SPPS: solid-phase peptide synthesis, HTCU: 2-(6-chloro-1 H-benzotriazole-1-
yl)-1,1,3,3-tetramethylaminium hexafluorophosphate, DIEA: N,N-diisopropylethylamine, PyAOP: (7-azabenzotriazol-1-yloxy)tripyrrolidinophosphonium hexa-
fluorophosphate, NMM: N-methylmorpholine.
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egy.[132–134] Herein, several representative strategies are de-
scribed in an attempt to illustrate the different chemistries

used.
For instance, Chen et al. recently reported the total synthesis

of the two active antibiotics desotamide B (1) and wollamide B
(2), which were isolated from S. scopuliridis and showed activity

against S. pneumonia, S. aureus, and MRSA.[54] The total synthe-
sis of the two head to tail circular bacteriocins 1 and 2 were
performed in the solid phase by using Rink amide AM resin,

taking advantage of the presence of the trifunctional Asp resi-
due and by using a triorthogonal protecting group (Scheme 1).

Initially, Fmoc-Asp-OAll was attached to a Rink amide AM
resin from the free carboxylic side chain, followed by regular
Fmoc-SPPS with HCTU/DIEA as coupling reagents in DMF for
1 h. The allyl protection group was removed in the next step

by using Pd chemistry, to render a free a-carboxylic acid of
Asp to react with the N-terminal amino group of Gly in the
case of 1 or d-Orn(Boc) in the case of 2. After confirming the

cyclization step on the resin, total cleavage and global depro-
tection were performed to obtain the target peptides

(Scheme 1).
The cyclative cleavage strategy1 was used to synthesize the

symmetrical cyclodecapeptide gramicidin S (3 ; Figure 3) on

Kaiser Oxime resin2 through dimerization cyclization of the
linear pentapeptide precursor.[135] Gramicidin S (3) is a dimeric

peptide with the d-Phe-Pro-Val-Orn-Leu sequence isolated
from B. brevis. Taking advantage of the dimerization side reac-

tion of Kaiser Oxime resin, Tamaki et al.[135] synthesized 3 by
using a high level of loading resin to facilitate intercyclization

in 1,4-dioxane as a mediating solvent (Scheme 2).[136]

A powerful antibiotic that is representative of the head to
side chain cycle topology is the polymyxin family. Polymyxin

antibiotics are isolated from the Gram-positive bacterium Pae-
nibacillus polymyxa, also known as B. polymyxa, and comprise

various analogues, such as polymyxin B (PMB) and polymyx-
in E2 (colistin B (4) ; Figure 3).[137] Colistin is rich in the non-pro-

teinogenic amino acid Dab; thus conferring the molecule with

additional stability against enzymatic degradation. Colistin
shows a wide range of activity against Gram-positive bacteria
by interacting with lipopolysaccharide molecules in their outer
membranes, causing an increase in cell membrane permeabili-

ty, and hence, leakage and cell death. However, polymyxins
have been reported to cause nephrotoxicity in clinical studies.

This would explain why they became the last line of defense
for the treatment of Gram-negative bacteria.[36]

The total synthesis of colistin and its analogues in solution

and solid phases were reported.[137, 138] Thus, Ramesh et al. de-
scribed the total synthesis of colistin analogue (5) by means of

SPPS with two orthogonal groups (Boc and Alloc) to protect
Dab.[138] All Dab moieties were protected as Boc, except Dab4,

which was protected by using the Alloc group until the intro-

duction of all residues, after which time it was removed by

using Pd as a catalyst. The macrocyclization step took place
after cleaving the protected linear precursor from the resin.

The reaction was performed in solution phase under high-dilu-
tion conditions to avoid dimerization side reactions. Global de-

protection, followed by a purification step, was performed to
achieve the pure compound (Scheme 3).

2.2. Heterodetic cyclic peptides

Heterodetic cyclic peptides are classified into the following six
groups on the basis of the heterobond: disulfide bridge, thio-

ether linkage, biaryl linkage, biaryl and aryl ether linkage, ether
linkage, and oxazole/thiazole-containing cycles.

2.2.1.Disulfide linkage-containing peptides

Cyclic AMPs containing disulfide bridges are naturally abun-
dant and can be isolated from animal sources (such as prote-

grins)[139–141] and plants (such as cyclotides),[142] or can be pro-
duced by bacteria (such as class IIa bacteriocins).[143] One of the

characteristics of class IIa bacteriocins is the post-translational

modification of linear precursors through the formation of a di-
sulfide bridge, which confers high stability and maintains the

three-dimensional form by promoting intramolecular rigidity
within the peptide.

Moreover, it was reported that a greater number of disulfide
bonds in this family of compounds resulted in greater activity.

Figure 3. Chemical structure of gramicidin S (3) and colistin B (4).

1 The cyclative cleavage strategy yields macrocyclization as a result of the in-
tramolecular attack of the active functional group in the precursor linear pep-
tide at the linker.

2 Kaiser Oxime resin is labile to nucleophiles, such as amines and hydrazines.
The use of Kaiser Oxime resin is compatible with Boc chemistry, but not with
Fmoc chemistry.

ChemMedChem 2019, 14, 24 – 51 www.chemmedchem.org T 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim32

Reviews



For instance, leucocin A (6 ; a 37-mer peptide) and sakacin P (7;
a 43-mer peptide; Figure 4), which contain one disulfide bond

and are produced by L. gelidum and L. sakei, respectively, are
active mainly against L. monocytogenes and E. faeca-

lis.[58, 62, 143, 144] Pediocin AcH or PA-1 (8), on the other hand, has
two disulfide bonds and shows greater activity and a wider an-

timicrobial spectrum.[143, 145] Notably, the disulfide bridge is rare
in NRPs.[23]

Figure 4. Chemical structures of leucocin A (6), sakacin P (7), and pediocin PA-1 (8).

Scheme 2. Dimerization cyclative cleavage of gramicidin S (3).
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Scheme 3. Total synthesis of a colistin B analogue (5). DCM: dichloromethane.
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Biosynthesis of the disulfide bridge by bacteria involves
attack of the nucleophilic (S@) anion of one Cys side chain at

the sulfhydryl side chain of the other Cys residue.[146] Because
this reaction leads to the generation of electrons, an oxidizing

environment is required. This explains why the formation of di-
sulfide bridges occurs mainly after translocation of the prepep-

tide from the cytoplasm to the periplasm because the cyto-
plasm is a reducing environment.[147, 148] Oxidation takes place
as a result of the presence of periplasmic protein, and is cata-

lyzed by oxidoreductase enzymes (DsbA, B, C, D, G).[148]

Chemically, the formation of the side chain to side chain di-
sulfide bridge generally occurs toward the end of the synthe-
sis, taking into account precautions of using appropriate or-

thogonal protecting groups that are stable during elongation
and removal of other protecting groups.[149] Greater precau-

tions and a strategic scheme are needed in the case of com-

plex peptides with multiple disulfide bridges.
For Fmoc-SPPS, several acid-labile protecting groups, such

as trityl (Trt ; 9), 4,4’,4’’-trimethoxytrityl (TMTr; 10), monome-
thoxytrityl (Mmt; 11), trimethoxybenzyl (Tmob; 12), and

2,2,4,6,7-pentamethyl-5-dihydrobenzofuranylmethyl (Pmbf; 13),
are used to protect the Cys thiol group during elongation

(Figure 5). The Trt group is considered to be more stable under

acidic conditions than the others; thus allowing selective de-
protection.[150] Moreover, some of these protecting groups can

also be oxidized in the presence of I2 to produce the disulfide
bridge without the need for an extra deprotection step.

The methods used to form intramolecular disulfide bridges
are summarized in Figure 6, which also lists some of their ad-

vantages and limitations. Although there are several orthogo-

nal Cys protecting groups, the method of choice for the prepa-
ration of multiple Cys-containing peptides is the synthesis of

the fully unprotected precursor with free thiols of Cys, fol-
lowed by thermodynamic oxidation.[151] Determination of the

peptide content of the disulfide bridge can be easily achieved
by using reducing conditions, such as mercaptophenol or di-
thiothreitol.

As a representative example, in 2018, Amso et al. reported
the total synthesis of glycocin F (GccF; 14), which is a diglyco-
sylated 43-residue compound that contains two disulfide
bridges between the residues Cys5–Cys28 and Cys12–Cys21, form-

ing two macrocycles.[152] Total synthesis was achieved by using
a native chemical ligation strategy.[153] The fully deprotected

linear precursor was oxidized under optimal conditions by
using 2 mm cysteine, 0.25 mm cystine, and 0.1 mm EDTA in

1.5 m guanidine hydrochloride (Gn·HCl; pH 8.2) at 4 8C for 16 h
to afford the cyclized glycocin F (Scheme 4).[153]

2.2.2.Thioether linkage containing peptides

Peptides containing the thioether linkage are mainly ribosomal
AMPs, which can be divided into two groups: lantibiotics and

sactibiotics. The former are polycyclic peptides with high rigidi-
ty and specific folding. They are rich in lanthionine or 3-meth-

yllanthionine residues. These amino acids are synthesized post-
translationally inside the bacteria over two steps. First, dehy-

dration of Ser or Thr takes place to yield the precursors 2,3-de-

hydroalanine (Dha) or 2,3-dehydrobutyrine (Dhb), which under-
go Michael addition in the second step with the thiol of Cys to

form lanthionine or 3-methyllanthionie (Schemes 5 and
6).[84, 154–156]

Lacticin 481 (15),[157, 158] mutacin (16),[159, 160] prochlorosin
(17),[161, 162] labyrinthopeptin A2 (18),[163] and cinnamycin (19)[164]

represent lantibiotics (Figure 7). All of these peptides are char-

acterized by the presence of cross-linked lantionine. However,
in the case of 16–19, other post-translational modifications
also contribute to defining the lantibiotic structure. In the fol-
lowing paragraphs, each representative peptide is briefly dis-
cussed.

Lacticin 481 (15) is a tricyclic peptide that contains the lan-
thionine thioether bridge only. Lacticin inhibits the biosynthe-

sis of peptidoglycan through inhibition of lipid II. The total syn-
thesis of lacticin was published by Knerr et al.[165] by using

Fmoc-SPPS on preloaded Fmoc-Ser-Wang resin. Protected mes-
olanthionine (Lan) and (2S,3S,6R)-3-methyllanthionine (MeLan)

were synthesized as building blocks, and then introduced into
the peptide synthesis, followed by deprotection and cyclization

with the free N terminus (Scheme 7).[165] Other examples and

strategies have been widely discussed in several reviews, and a
number of methods to synthesize lanthionine with distinct

configurations have been described.[166, 167]

Figure 5. Chemical structures of the Cys side-chain protecting groups.
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Mutacin (16), another class of lantibiotics, contains four
cycles : three of them as a result of the lanthionine thioether
bridge and the fourth is a tripeptide cycle that contains a vinyl

thioether link as a result of the presence of the unusual amino
acid S-[(Z)-2-aminovinyl]-(3S)-3-methyl-d-cysteine (AviM-
eCys).[167] Several other peptides, such as epidermin,[168] galli-
dermin,[168, 169] and mersacidin,[170] also share this characteristic
moiety.

The biosynthetic mechanism through which the vinyl thio-

ether bridge is formed was proposed by Sit et al. in 2011.[171] It
starts with the dehydration of Ser or Thr, which forms Dha or
Dhb, respectively, as in case of lanthionine formation, followed

by oxidative decarboxylation of the C terminus of Cys to form
enthiolate. The latter then undergoes 1,4-conjugate addition at

the Dha/Dhb double bond to give the vinyl thioether bridge
containing cycle (Scheme 8).[171]

Carrillo et al. published the total synthesis of the cyclic

moiety of mersacidin, which contained a vinyl thioether
bridge, by using diphenylphosphoryl azide (DPPA) and 1,4-dia-

zabicyclo[2.2.2]octane (DABCO; Scheme 9).[172, 173]

Another modification, namely, the presence of the unusual

N-terminal d-lactyl moiety, was reported in the case of 17[174]

and other lantibiotics, such as epilancin 15X.[175]

Labyrinthopeptins also contain an unusual post-translational
modification, namely, the presence of the a,a-disubstituted
amino acid labionin. The presence of this amino acid leads to

the formation of a double bridge (thioether bridge and carbo-
cyclic bridge). Moreover, in the case of 18 (and others),[176] a di-

sulfide bridge also contributes to extra structural rigidity.
The biosynthetic mechanism of this modification requires

the presence of consecutive Cys and two Ser residues to syn-
thesize a labionin group.[177] Scheme 10 shows the biosynthetic

process, which includes two steps. The first is the dehydration
of two Ser moieties to form Dha, one of which is attacked by
the thiol group of Cys to produce a carboanion, which attacks

the next Dha through two Michael addition reactions in the
second step.[178, 179]

The last modification addressed in this section is the cycliza-
tion of lantibiotics through a lysinoalanine bridge, which is

formed by same mechanism as that of lanthionine, by replac-

ing the b-thiol of Cys with e-amino of Lys. This modification is
present in lantibiotics such as 19, durmaycin, and mathermy-

cin.[164, 180, 182]

Compared with lantibiotics, sactibiotics are a smaller family,

containing only four analogues: thuricin CD (20 ; Figure 8), sub-
tilosin A, thurincin H, and propionicin F. The main characteristic

Figure 6. Synthetic approaches to the intramolecular disulfide bridge.
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Scheme 4. Disulfide bridge formation of glycocin F (14).

Scheme 5. Biosynthetic mechanism of lantibiotics.

Scheme 6. Synthetic mechanism of lanthionine (Lan). PG: protecting group.
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Figure 7. Chemical structures of lacticin 481 (15), mutacin (16), prochlorosin (17), labyrinthopeptin A2 (18), and cinnamycin (19).
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Scheme 7. SPPS of lacticin 481 (15). All other amino acids were protected with acid-labile protecting groups prior to the reaction.

Scheme 8. Biosynthetic mechanism for the formation of the vinyl thioether bridge. FAD: flavin adenine dinucleotide.

Scheme 9. Synthesis of the vinyl thioether bridge in the mersacidin cycle.
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of sactibiotics is that the thiol of Cys is linked to the a-carbon

of another residue, thereby resulting in a very particular side
chain to backbone cyclic peptide that is mediated through

post-translational modifications.[85] Scheme 11 shows the bio-

synthetic mechanism for the formation of the thioether bridge
in sactibiotics.[183, 184]

Scheme 10. Biosynthesis of the labionin amino acid.

Figure 8. Chemical structure of thuricin CD (20).
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2.2.3.Biaryl linkage containing peptides

Formation of the side chain to side chain biaryl linkage is a

nonribosomal synthetic process that occurs in bacteria.[26] Al-
though biaryl and aryl ether containing peptides are abundant

in nature, to the best of our knowledge, very few antimicrobial
compounds are biosynthesized in bacteria. Biphenomycin B

(21) and arylomycins A/B (22 ; Figure 9) are two biaryl-bridged
antibiotics isolated from Streptomyces species and active

against Gram-positive and -negative bacteria.[87, 185, 186]

It was proposed that the biosynthesis of the biaryl bridge
started with cytochrome-mediated oxidation of o-hydroxy aryl

to form either a radical or a cationic intermediate, which is at-

tacked by the other aryl group to form the bridge
(Scheme 12).[187]

Waldmann et al. reported the total synthesis of biphenomy-
cin B (21) in solution through 11 reactions by using 3 building

blocks (two orthogonally protected aryl amino acids (I, II ;
Scheme 13) and a hydroxyornithine derivative (III).[186] The syn-

thesis was performed over three steps. The first was the syn-

thesis of the orthogonally protected aryl amino acids and link-
age catalyzed by Pd0 through mild Suzuki–Miyaura coupling

(VI ; Scheme 13). The second step was the synthesis of hydrox-
yornithine (III) from trans-4-hydroxyproline, followed by cou-

pled with VI. The third step included ring closure followed by
global deprotection to yield biphenomycin B (21; Scheme 13).

2.2.4.Biaryl and aryl ether linkage containing peptides

Nonribosomal synthetic vancomycin (23 ; Figure 10) is a glyco-

peptide antibiotic that has two aryl ether bridges and one
biaryl bridge, which is isolated from filamentous A. orientalis,

and active against most Gram-positive bacteria.[188] This AMP
inhibits the synthesis of peptidoglycan in the bacterial cell

wall. Vancomycin (23) also has demonstrated efficacy against
resistant bacteria, such as MRSA. However, intermediate and

highly resistant isolates of MRSA strains to vancomycin have

been reported.[189, 190] Vancomycin-resistant MRSA carries trans-
poson Tn1546, and this resistance occurs through horizontal

transfer of the mobile genetic elements encoding the resistant
genes from vancomycin-resistant E. faecalis. Resistance to van-

comycin was first described among Enterococcus and Entero-
cocci (VRE), in which various types of resistance operons were

found located on the plasmid and/or chromosome.[191, 192]

Scheme 11. Biosynthetic mechanism for the formation of sactibiotics.

Figure 9. Chemical structures of biphenomycin B (21) and arylomycin B (22).

Scheme 12. Biosynthesis of the biaryl bridge in biphenomycin B (21).
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