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A wide variety of antimicrobial peptides produced by lactic acid bacteria (LAB) have been
identified and studied in the last decades. Known as bacteriocins, these ribosomally
synthesized peptides inhibit the growth of a wide range of bacterial species through
numerous mechanisms and show a great variety of spectrum of activity. With their
great potential as antimicrobial additives and alternatives to traditional antibiotics in food
preservation and handling, animal production and in veterinary and medical medicine,
the demand for bacteriocins is rapidly increasing. Bacteriocins are most often produced
by fermentation but, in several cases, the low isolated yields and difficulties associated
with their purification seriously limit their use on a large scale. Chemical synthesis
has been proposed for their production and recent advances in peptide synthesis
methodologies have allowed the preparation of several bacteriocins. Moreover, the
significant cost reduction for peptide synthesis reagents and building blocks has made
chemical synthesis of bacteriocins more attractive and competitive. From a protein
engineering point of view, the chemical approach offers many advantages such as the
possibility to rapidly perform amino acid substitution, use unnatural or modified residues,
and make backbone and side chain modifications to improve potency, modify the activity
spectrum or increase the stability of the targeted bacteriocin. This review summarized
synthetic approaches that have been developed and used in recent years to allow the
preparation of class IIa bacteriocins and S-linked glycopeptides from LAB. Synthetic
strategies such as the use of pseudoprolines, backbone protecting groups, microwave
irradiations, selective disulfide bridge formation and chemical ligations to prepare class
II and S-glycosylsated bacteriocins are discussed.

Keywords: bacteriocins, antimicrobial peptides, peptide synthesis, solid-phase peptide synthesis, native
chemical ligation, microwave-assisted synthesis

INTRODUCTION

Antimicrobial resistance to antibiotics has become a major challenge in the treatment of infectious
diseases, chronic illnesses and immune disorders (Bush et al., 2011; Lewis, 2013; Michael et al.,
2014; Ferri et al., 2017). This public health problem is very costly both in care and life and
often faces limited treatment options. The unregulated use and misuse of antibiotics in the
food and animal production industry as well as veterinary and human medicine led to the
emergence of multi-resistant pathogenic strains (Center for Disease Controls and Prevention: U.S.
Department of Health and Human Services, 2013; Cotter et al., 2013; Van Boeckel et al., 2015).
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In this context, new highly effective antimicrobial agents for
which resistance cannot be readily acquired are sorely needed
in order to maintain the ability of modern medicine to treat
bacterial infections. Among the most promising alternatives
to conventional antibiotics, bacteriocins show very attractive
antimicrobial properties and their potential use as food
preservatives, bio-controlling agents or therapeutics has been
widely studied in the last decades (Papagianni, 2003; Bali et al.,
2016; López-Cuellar et al., 2016; Ahmad et al., 2017; Mathur et al.,
2017).

Produced by a wide variety of bacteria to fight other
microorganisms in their competitive environments, bacteriocins
form a heterogeneous group of peptides with great variations in
size, structure and mode of action. Hundreds of these ribosomally
synthesized peptides have been identified and characterized over
the years and are now described in detail in various databases
(Hammami et al., 2007; van Heel et al., 2013). Several approaches
have been developed to classify bacteriocins and the classification
used in this review is based on the system used to classify
the bacteriocins of lactic acid bacteria (LAB) (Cotter et al.,
2005, 2013) on their structural characteristics with respect to
the nomenclature proposed for ribosomally-synthesized post-
translationally modified peptides (RiPPs) (Arnison et al., 2013).
Bacteriocins produced by Gram-positive bacteria, such as those
from LAB, are divided into three major classes: the heat
stable post-translationally modified peptides (class I), the low-
molecular weight (<10 kDa) heat stable unmodified peptides
(class II) and the heat labile high-molecular-weight proteins (class
III). In Gram-negative bacteria, most characterized bacteriocins
have been isolated from Escherichia coli and other enterobacteria,
and they are often referred to as microcins (small peptides) or
colicins (larger proteins).

The most important appeal of bacteriocins as antibacterial
agents and antibiotic substitutes is their multiple advantages over
other antimicrobial agents commonly used in food preservation
and handling, animal production and in human and veterinary
medicine. For example, bacteriocins have been shown to be:
(i) safe for consumption since they are completely digested in
the gastrointestinal tract (Kheadr et al., 2010; Fernandez et al.,
2016), (ii) highly potent (103 to 106 times more than several
other antimicrobials including conventional antibiotics); (iii)
resistant to common thermal treatments for pasteurization or
even sterilization (De Vuyst and Leroy, 2007; Keymanesh et al.,
2009; Abriouel et al., 2010). Moreover, several bacteriocins are
recognized as GRAS (generally recognized as safe) substances by
the United States Food and Drug Administration (FDA) and the
European legislation for pharmaceutical and food industry uses.
However, despite their great potential and attractive efficacy, the
use of bacteriocins remains limited due largely to high production
costs usually associated with low production yields and onerous
technological requirements. More research and development as
well as new approaches are needed in order to make the use
of bacteriocins as antimicrobial agents feasible on a larger scale,
whether in the food industry or in human health and veterinary
medicine.

Chemical synthesis has been proposed for the large-scale
production of active bacteriocins. However, very few bacteriocins

have been successfully prepared in satisfying yields using
such means. Several challenging features that are essential for
their bioactivity, such as lasso structure, large macrocycles,
and presence of long hydrophobic segments, lanthionines,
glycosylated side chains or complicated peptide motifs can make
the task very daunting. Beside their production on a large
scale, access to bacteriocins by chemical synthesis would allow
further molecular engineering to enhance the potency, improve
pharmacological properties, increase the stability and modify the
spectrum of activity. As a result, new approaches were urgently
needed to overcome synthetic pitfalls and efficiently prepare
bioactive bacteriocins by chemical synthesis. Fortunately, several
developments in peptide synthesis methodologies have been
successfully used to prepare several bacteriocins. Because class
III bacteriocins are complex large proteins currently inaccessible
by chemical approaches and the synthesis of class I lanthibiotic
bacteriocins has already been reviewed by Tabor et al. (Tabor,
2011), this review will focus on class I S-linked glycopeptides
and class II bacteriocins produced by Gram-positive bacteria and
discuss the recent advances made for their synthesis.

GENERAL CHEMICAL SYNTHESIS
STRATEGIES

A wide variety of technologies including chemical synthesis,
recombinant DNA technology, cell-free expression systems,
transgenic plants or enzymatic synthesis have been developed to
produce peptide-based compounds. Generally the choice of the
most suitable technology to produce a peptide is based on its
size and the chemical synthesis approach is more appropriate
and efficient for low-molecular weight peptides (<6 kDa). With
the possibility to use unnatural amino acids, introduce pseudo-
peptide bonds and perform side chain modifications, chemical
synthesis offers access to a more important chemical diversity
than peptides produced by recombinant methodologies. With
the development of solid-phase peptide synthesis (SPPS), large-
scale chemical synthesis has become a viable approach for the
production of small- and medium-sized peptides ranging from
approximately 5 to 50 residues, and the chemical way is now
often a better option than the biotechnological methods of
recombinant DNA or biocatalysis for the synthesis of medium-
sized peptides. Compared to conventional synthesis in solution
where a purification is required after each step, the SPPS
approach is considerably more convenient and efficient since
the growing peptide chain is attached to an insoluble polymeric
support and allows the use of larger amount of reagents to
favor reaction completion, simple removal of excess reagents
by filtration and washing, and a single purification step once
the peptide sequence is completed and removed from the solid
support. In the SPPS methodology, Nα-protected amino acids
are attached to the N-terminal amine of the growing peptide
chain on the solid support followed by deprotection of the
amino group (Figure 1A). This two-step cycle (coupling and
deprotection) is repeated until the peptide sequence is completed
and the desired peptide can be obtained after its release from the
solid support and removal of the side-chain protecting groups.
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FIGURE 1 | Solid-phase peptide synthesis strategies. (A) Stepwise synthesis using the Fmoc/tBu or Boc/Bzl strategy and (B) Convergent synthesis.

The chemical synthesis of peptides has remarkably progressed
since the first work of Bruce Merrifield on SPPS (Merrifield,
1963). A great number of synthetic improvements including
more efficient coupling reagents (Valeur and Bradley, 2009;
El-Faham and Albericio, 2011), solid supports (Kates et al.,
1998; Rademann et al., 1999; García-Martín et al., 2006; Rapp,
2007), linkers (Boas et al., 2009; Góngora-Benítez et al., 2013),
orthogonal protecting groups (Isidro-Llobet et al., 2009), and the
use of microwave (MW) irradiations (Collins et al., 2014) have
emerged to overcome difficulties associated with SPPS and access
a wide variety of peptides (Guan et al., 2015; Behrendt et al., 2016;
Paradis-Bas et al., 2016), including bacteriocins.

The two most important SPPS strategies are the linear and
convergent synthesis. The linear (sequential) synthesis approach
involves the stepwise addition of amino acids until the desired
peptide is achieved (Figure 1A). Currently, peptides prepared by
stepwise amino acid additions via standard SPPS are generally
limited to approximately 50 residues (Chen et al., 2015; Guan
et al., 2015). Convergent synthesis involves the independent
solid-phase synthesis of peptide fragments that are then cleaved
from the polymer and linked by condensation on solid support
or in solution with standard coupling reagents or chemoselective
reactions (chemical ligation) (Figure 1B). The convergent
approach is often the most appropriate way to synthesize peptides
that contain >50 amino acid residues and the development of
several chemical ligation methods allowed the preparation of
long peptide chains and small proteins (Harmand et al., 2014;
Thapa et al., 2014; Chen et al., 2015; Bondalapati et al., 2016).
While fragment condensation with standard coupling reagents

requires N- or C-terminal and side-chain protected fragments,
chemical ligation methods such as the native chemical ligation
(NCL) (Dawson et al., 1994), α-ketoacid-hydroxylamine ligation
(KAHA) (Bode et al., 2006; Pusterla and Bode, 2015; Bode, 2017),
salicylaldehyde (SAL) ester-mediated ligation (Zhang et al., 2013)
and traceless-Staudinger ligation (Nilsson et al., 2000; Saxon et al.,
2000) are compatible with unprotected peptide fragments.

For both sequential and convergent synthesis approaches,
the solid support plays a critical role in peptide assembly and
should be mechanically stable, show good swelling properties
in commonly used organic solvents, and be compatible with
the selected synthetic methodology. The most frequently used
solid supports for peptide synthesis are the classic cross-
linked polystyrene (PS) resins, polyethylene glycol (PEG)-PS
composite resins (e.g., TentalGelTM) (Rapp, 2007) and cross-
linked PEG resins (e.g., ChemMatrix R©) (García-Martín et al.,
2006). Compared to PS resins, PEG-containing resins are
compatible with polar solvents and they were proposed to more
suitable for the synthesis of large peptides as they are able to form
aggregation-disrupting interactions with growing peptide chains
(García-Martín et al., 2006). The Boc/Bzl and Fmoc/tBu synthetic
methodologies are the two most common SPPS strategies, and
the strategy utilized should be considered when choosing the
appropriate type of resin linker (Sewald and Jakubke, 2009;
Góngora-Benítez et al., 2013). Several systems for the automated
synthesis of peptides covering scales ranging from 1.5 mg to
5 kg and compatible with Boc/Bzl (Boc-SPPS) and Fmoc/tBu
SPPS (Fmoc-SPPS) are now available from several companies.
Based on the mild acidic conditions for final deprotection and
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the commercial availability of a wide variety of orthogonally
protected amino acids, the Fmoc/tBu approach has been the most
commonly used strategy to prepare bacteriocins by chemical
synthesis. This review describes the different strategies that have
been reported to overcome synthetic pitfalls and access bioactive
bacteriocins.

SYNTHESIS OF CLASS II BACTERIOCINS

Class II bacteriocins are heat stable small peptides containing
from 25 to 70 amino acid residues that are largely unmodified,
with the exception of disulfide bridges, head-to-tail
macrocyclization and N-terminus formylation. LAB are
frequently found as producers of class II bacteriocins and
members of this class can be further divided into subgroups,
including the class IIa, IIb, IIc, and IId covered in this review.
Showing variations in size and structure, a great variety of
synthetic strategies have been used to overcome pitfalls and
successfully prepare members of this class.

Class IIa Bacteriocins
Also called pediocin-like bacteriocins, members of the class IIa
are well-known for their strong antilisterial activity and have
been widely studied. Characterized by an N-terminal consensus
YGNGV sequence, they contain from 35 to 50 amino acid
residues and generally a minimum of two Cys residues involved
in a disulfide bond. Several class IIa bacteriocins and analogs
thereof have been successfully prepared by chemical synthesis.
Total synthesis for leucocin A, pediocin PA-1, sakacin P, curvacin
A, mesentericin Y105, enterocin CRL35 and lactococcin MMFII
have been reported (Table 1). Several studies reported the
use of a synthetic class IIa bacteriocin but complete details
about their synthesis are unfortunately often missing. The first
described total synthesis of class IIa bacteriocins was reported
by Fimland et al. (1996) to determine the role of the C-terminal
region in bacterial strain specificity. In their study, sakacin P,
curvacin A, leucocin A and pediocin PA-1 were prepared by
stepwise standard Boc-SPPS. After their release from the resin
(not described), the deprotected peptides were obtained with
crude purities ranging from 1 to 10%. While sakacin P required
two HPLC runs to obtain a 70–80% purity, the purification of
pediocin PA-1, curvacin A and leucocin A needed a cation-
exchange chromatography and three HPLC runs to reach >80%
purity. In this case, the yields obtained were relatively low and
found to be about 10% for sakacin P, 3% for curvacin A and
leucocin A and about 1% for pediocin PA-1 (Table 1).

In order to overcome synthetic pitfalls and increase the
yields, researchers have introduced several SPPS strategies,
including the use of pseudoprolines, specialized resins, heating
during coupling and NCL. The case of leucocin A, a bacteriocin
of 37 amino acids from Leuconostoc gelidium, is particularly
interesting since several strategies have been used to achieved
higher yields and develop bioactive analogs (Table 1). To
produce leucocin A by standard Fmoc-SPPS, Fleury et al.
(1996) used a polyamide/kiesel guhr resin bearing the 4-
hydroxymethylphenoxyacetic acid linker (HMPA) and were

able to isolated the bacteriocin in 16% crude yield before
purification. In another study, Yan et al. prepared the enantiomer
of leucocin A (composed of D-amino acids) by stepwise Fmoc-
SPPS with D-amino acids on Wang resin using the coupling
reagent 2-(1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium
hexafluorophosphate (HBTU) for the 20 first residues and
2-(7-aza-1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium
hexafluorophosphate (HATU) at 50◦C for the remaining
positions (Yan et al., 2000). This simple modification in the
synthetic pathway allowed the synthesis of all-D leucocin A in
a 6% overall yield after cleavage from the resin and purification
by HPLC (Table 1). In other reports from the same group,
several unnatural analogs of leucocin A, such as [9,14]-dicarba-,
[9,14]-diallyl-, [C9S, C14S]-, and [C9F, C14F]-leucocin A analogs
were prepared on NovaSyn TGA resin (HMPA-PEG-PS) by
incorporating pseudoproline dipeptides at positions 14/15
[Cys-Ser(9Me,MePro)] and/or 22/23 [Phe-Ser(9Me,MePro)] in
the sequence to minimize on-resin aggregation of the growing
peptide chain (Derksen et al., 2006; Derksen et al., 2008).
Unfortunately, low overall yields have been obtained for these
leucocin A analogs (Table 1). More recently, Bodapati et al.
(2013) used a convergent NCL strategy to prepare bioactive
leucocin A (Figure 2). In their approach, the Cys at position
14 was selected as the ligation site (Figure 2A) and the two
fragments have been prepared by standard Fmoc-SPPS on
2-chlorotrityl resin. After its release from the resin, the protected
N-terminal fragment (fragment 1 [1–13]) was submitted to
thioesterification with ethyl 3-mercaptopropionate in presence of
N,N′-diisopropylcarbodiimide (DIC), N-hydroxybenzotriazole
(HOBt) and N,N-diisopropylethylamine (DIPEA) and
precipitated in cold diethyl ether. The protecting groups were
removed under acidic conditions in presence of trifluoroacetic
acid (TFA) and the fragment 1 thioester obtained in 33% yield
after purification by HPLC. On the other hand, the C-terminal
fragment (fragment 2 [14–37]) was isolated in 55% yield after
cleavage from the resin, side chain deprotection and purification
by HPLC. Next, the two fragments were coupled by NCL
in phosphate buffer (pH 7.6) containing 6 M guanidinium
chloride (GdnHCl) and thiophenol (4%)/benzyl mecaptan (4%)
as catalysts (Figure 2B). Monitoring of the reaction showed
that the ligation was completed in 24 h. The ligation product
was purified by HPLC and isolated in 98% yield. Finally, the
disulfide bond was formed by air oxidation in Tris buffer (pH
8.4) containing DMSO (20%) for 48 h and the cyclic product
subjected to HPLC purification to afford pure leucocin A in 70%
yield. The overall yield for the synthesis of leucocin A using
the NCL approach was 12% [fragment 1 (33%) × fragment 2
(55%)× NCL (98%)× cyclization (70%)] (Table 1).

Pediocin PA-1, a bacteriocin of 44 amino acid residues from
Pediococcus acidilactici containing two disulfide bonds between
Cys9-Cys14 and Cys24-Cys44, is another very interesting
case since the problems associated with its production by
recombinant technologies and chemical synthesis continue to
limit its applicability and delay regulatory approval. The very
high sensitivity of the methionine at position 31 to aerobic
oxidation is the first challenge for the production of this
bacteriocin. Pediocin PA-1 oxidized at this position is 100
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TABLE 1 | Reported synthetic class IIa bacteriocins and methods used for their synthesis.

Bacteriocin AA Sequence Method Yielda

Sakacin P 43 Boc-SPPS 10%b

Curvacin A 41 Boc-SPPS 3%b

Leucocin A 37 Boc-SPPS
Fmoc-SPPS +
couplings at 50◦C
NCL

3%b

6%c

12%d

Leucocin A analogs 37 Fmoc-SPPS +
Pseudoproline

<1–3%e,f

Pediocin PA-1 44 Boc-SPPS 1%b

[M31Nle]-Pediocin
PA-1 and its analogs

44 Fmoc-SPPS +
couplings at 50◦C
Fmoc-SPPS +
Pseudoproline

3.8%g

<1%f

Mesentericin Y105 37 Fmoc-SPPS n.rh

Enterocin CRL35 43 Fmoc-SPPS n.r.i

Lactococcin MMFFII 37 Fmoc-SPPS n.r.j

n.r.: not reported; X = allylglycine, Ser, Phe, norvaline, or Cys; Z = Norleucine (Nle). aOverall isolated yield for purified bacteriocins; bsequence analysis revealed 85–95%
purity for pediocin PA-1 and leucocin A and 70–80% purity for sakacin P and curvacin A (Fimland et al., 1996); c leucocin A enantiomer (all-D leucocin A) and amino acids
after position 20 were coupled with HATU at 50◦C in DMF (Yan et al., 2000); dcalculated overall yield based on yields obtained for each step (fragment 1 (33%) × fragment
2 (55%) × NCL (98%) × cyclization (70%)) (Bodapati et al., 2013); eoverall yields based on resin loading (Derksen et al., 2006); foverall yields based on resin loading
(Derksen et al., 2008); gyield for [31Nle]-pediocin PA-1 (Kaur et al., 2004); h(Fleury et al., 1996; Castano et al., 2005); i(Masias et al., 2017); j(Ferchichi et al., 2001).

times less active (Fimland et al., 1996) and no currently used
methods for disulfide bond formation have been able to prevent
Met31 oxidation. To avoid this problem, Kaur et al. (2004)
replaced the methionine at position 31 by norleucine. The
peptide was prepared by stepwise standard Fmoc-SPPS on
Wang resin and by coupling the amino acids with HBTU
in DMF for the first 15 residues and HATU at 50◦C in
N-methylpyrrolidone (NMP) for the remaining positions. After
cleavage from the resin and side chain deprotection with a
TFA cocktail, the linear precursor was purified by HPLC. The
Acm protecting groups on Cys9 and Cys14 were removed
along with disulfide bond formation with I2 in MeOH (0.1 M)
for 2 h followed by quenching with aqueous ascorbic acid
(1 M). A final HPLC purification afforded [M31Nle]-pediocin
PA-1 in 3.8% overall yield (Table 1). Antimicrobial activity
assays showed that the synthetic [M31Nle]-pediocin PA-1 was
equally potent as the natural pediocin PA-1 against Listeria
innocua and Carnobacterium divergens (Kaur et al., 2004).
In another study from the same group, several [M31Nle]-
pediocin PA-1 analogs were prepared on 2-chlorotrityl resin
by incorporating pseudoproline dipeptides at positions 21/22
and 34/35 [Ala-The(9Me,MePro)] in each case and 14/15 [Phe-
Ser(9Me,MePro)] for [9,14]-diPhe and 7/8 [Val-Thr(9Me,MePro)]
for [9,14]-diallyl analogs (Derksen et al., 2008). Unfortunately,
after their release from the resin, side chain deprotection and
purification by HPLC, the [M31Nle]-pediocin PA-1 analogs have
been isolated in <1% overall yields, based on resin loading
(Table 1).

While several reports on the synthesis of leucocin A and
pediocin PA-1 and analogs thereof have been published, detailed
total syntheses for other class IIa bacteriocins are substantially
rarer. The synthesis of mesentericin Y105, a class IIa bacteriocin
from Leuconostoc mesenteroides containing 37 amino acids, was
achieved by standard Fmoc-SPPS on HMPA-PEG-PS resin using

DIC or HBTU as coupling reagent (Fleury et al., 1996; Castano
et al., 2005). Similarly, a bacteriocin of 43 amino acids from
Enterococcus mundtii CRL35 and named enterocin CRL35 has
been prepared on Rink amide resin using standard Fmoc-SPPS
(Saavedra et al., 2004; Emilse et al., 2015; Masias et al., 2017).
Other class IIa bacteriocins such as the lactococcin MMFII from
Lactococcus lactis (Ferchichi et al., 2001) have been synthesized
but detailed information about their preparation and yield are
not reported in the published study. Carnobacteriocin B2 from
Carnobacterium piscicola has been prepared with its leader
sequence in <1% overall yield (Sprules et al., 2004).

Class IIb Bacteriocins
Class IIb bacteriocins, also known as two-peptide bacteriocins,
act by the complementary action of two different peptides.
Compared to pediocin-like bacteriocins, members of the class IIb
have been less studied and reports on their synthesis are rarer.
Among the few reported studies on class IIb bacteriocins, we
were able to find only one that uses a synthetic bacteriocin. In
this case, the complementary peptides lactocin 705α (GMSGY
IQGIPDFLKGYLHGISAANKHKKGRLGY) and lactocin 705β

(GFWGGLGYIAGRVGAAYGHAQASANNHHSPING) from
Lactobacillus casei CRL705 were prepared by standard Fmoc-
SPPS (Cuozzo et al., 2000; Castellano et al., 2007). Unfortunately,
the peptides were prepared by an external company and
information about their preparation and isolated yields could not
be found.

Class IIc Bacteriocins
Class IIc bacteriocins are head-to-tail cyclic bacteriocins
containing from 35 to 70 amino acids. The exceptionally large size
of the macrocycle and the high content of hydrophobic residues
found in several members of this class pose serious synthetic
challenges for their preparation. Several macrocyclization
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FIGURE 2 | Synthesis of leucocin A using native chemical ligation. (A) Leucocin A sequence showing the selected ligation site and identification of the fragments.
(B) Assembly of the N- and C-terminal fragments by Fmoc-SPPS, native chemical ligation and oxidative cyclization (Bodapati et al., 2013).

methodologies, including a thia-zip cyclization/desulfurization
combination have been attempted for the final ring closure but
none were able to yield the final circular bacteriocin.

The first successful total synthesis of circular bacteriocins has
been achieved by Hemu et al. (2016) using a chemoenzymatic
approach. In this breakthrough study, the enzyme butelase
I, an Asp/Asn specific ligase isolated from the leguminous
plant Clitoria ternatea, was used to perform the final head-
to-tail macrocyclization (Nguyen et al., 2014, 2016). Butelase
I recognizes the tripeptide NHV motif in a precursor and
eliminates the HV dipeptide in the ligated product (Cao et al.,
2015; Nguyen et al., 2015, 2016). It also displays a broad specificity
for the incoming sequence with no preference for the N-terminal
P1 position and favoring hydrophobic residues (Leu, Val, Ile) at
the P2 position (Nguyen et al., 2014, 2016). The most attractive

advantages of the reported butelase-mediated macrocyclization
are the absence of extra sequence in the ligation product (traceless
reaction) and the possibility to add polar amino acids in the
recognition signal to increase aqueous solubility of the linear
precursor. The only unavoidable requirement is the presence
of an Asn or Asp residue in the peptide sequence. In the
described study, the butelase-mediated macrocyclization was
applied to prepare the circular bacteriocins AS-48, uberolysin
and garvicin ML, each containing at least one Asn (Figure 3A).
Linear precursors containing a C-terminal NHV recognition
signal were first assembled on PEG-PS resin bearing the 5-
(3,5-dimethoxy-4-(aminomethyl)phenoxy)pentanoic acid (PAL)
linker by stepwise MW-assisted Fmoc-SPPS in only 6 h using DIC
and ethyl 2-cyano-2-(hydroxyimino)acetate (Oxyma) as coupling
reagents (Figure 3B) (Collins et al., 2014). A supplementary
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FIGURE 3 | Synthesis of circular bacteriocins using the butelase chemoenzymatic approach. (A) Sequences and selected macrocyclization sites. (B) Preparation of
the linear precursor and butelase-mediated macrocyclization (Hemu et al., 2016).

C-terminal KKK sequence was added on AS-48 and uberolysin
linear precursors to increase aqueous solubility of highly
hydrophobic segments found in their sequence and facilitate
butelase-mediated cyclization. After their release from the resin
with a TFA cocktail, the linear precursors were purified by
HPLC. Direct macrocyclization of the unfolded linear precursors
by the traceless butelase-mediated ligation was unsuccessful.
To overcome this setback and possibly brings the N and C
termini in close proximity, the linear precursors were refolded
by dissolution in 8 M urea or 6 M GdnHCl at 50–100 mM
followed by dialysis for folding (Figure 3B). To perform the
butelase-mediated macrocyclization, Hemu et al. used a peptide
concentration of 50 µM in a sodium phosphate buffer (20 mM
Na2HPO4, 1 mM EDTA, pH 6) with a peptide: enzyme ratio
of 100:1 and observed that the ring closing reaction at 37◦C
was completed in 1 h for AS-48, 0.5 h for garvicin ML and
24 h for uberolysin with yields of 85%, 90 and 93%, respectively.
To accelerate the procedure, the authors performed a one-pot
synthesis of AS-48 where the purification of the linear precursor
was bypass. With only a final purification required, the entire
process for the synthesis of AS-48 was completed in less than
24 h (6 h for the linear precursor synthesis, 5 h for refolding,
1 h for the macrocyclization and 1 h for the purification) and
the circular bacteriocin obtained with an excellent 12% overall
yield. This chemoenzymatic approach developed by Tam and
coworkers is really promising and will certainly be applied for the
synthesis of unusually large cyclic peptides and circular proteins.
Unfortunately butelase is not readily available and is produced
by extraction from pods of Clitoria ternatea (Nguyen et al.,
2014), as it cannot be produced by recombinant technologies
at the present time. The development of new methodologies
to produce recombinant ligases will certainly promote the use

of enzyme-mediated ligation and cyclization in the synthesis
of bacteriocins, complex peptides and proteins (Yang et al.,
2017).

More recently, Rohrbacher et al. (2017) reported the
preparation of a homoserine-mutant of AS-48 by using
a convergent synthesis with α-ketoacid-hydroxylamine
(KAHA) ligations for linear precursor assembly and final
macrocyclization. Compatible with organic and aqueous
solvents, the KAHA ligation relies on the chemoselective reaction
of ketoacids with hydroxylamines to generate an amide bond and
is well-suited for assembling hydrophobic peptides and proteins
(Harmand et al., 2014; Rohrbacher et al., 2015; Bode, 2017). In
the reported approach, the authors use two fragments bearing an
N-terminal (S)-5-oxaproline as cyclic hydroxylamine to generate
homoserine residues at the ligation and macrocyclization sites
after reaction with C-terminal α-ketoacids and O- to N-acyl
transfers (Figure 4A). An important property of the KAHA
approach is the formation of depsipeptide bonds (ester bonds)
as primary ligation products leaving free polar amino groups
at the reaction site (Figure 4B). This interesting feature can
facilitate the assembly of hydrophobic sequences before the
O- to N-acyl transfer and final folding. For the synthesis
of the circular bacteriocin AS-48, the selection of V25-T26
as the ligation site and E49-S50 as the cyclization sites was
based on a suitable hydrophobicity distribution for each
fragment and the lowest impact of homoserine residues on
the bioactivity (Figure 4A). Moreover, in order to minimize
handling and avoid tedious purification of the hydrophobic
linear precursor, the authors used photolabile protecting groups
for the C-terminal α-ketoacid of fragment 1 and N-terminal
5-oxaproline of fragment 2. A valine α-ketoacid for fragment 1
and a photoprotected glutamic acid α-ketoacid for fragment 2
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FIGURE 4 | Synthesis of a homoserine-mutant of the circular bacteriocin AS-48 by sequential KAHA ligation and macrocyclization. (A) Sequence of AS-48 showing
the selected ligation and macrocyclization sites and composition of the fragments. (B) Preparation of the N- and C-terminal fragments and circular bacteriocin
synthesis by KAHA ligation and macrocyclization (Rohrbacher et al., 2017). h∗ = homoserine.

were attached to Rink amide resins via a Wang-type linker and
both fragments were assembled by standard Fmoc-SPPS using
O-(6-chlorobenzotriazol-1-yl)-N,N,N′,N′-tetramethyluronium
hexafluorophosphate (HCTU) and HATU as coupling reagents
(Figure 4B) (Thuaud et al., 2016). Following cleavage from
the resin and side chain deprotection with a TFA cocktail, the
fragments were purified by HPLC and obtained in 3–5% yields.
Fragments 1 and 2 were then subjected to KAHA ligation in
a mixture of acetic acid (AcOH) and hexafluoroisopropanol
(HFIP) (1:1) at 45◦C and the reaction was completed in 8 h.
After N- and C-termini deprotection under UV irradiations at
365 nm, the linear precursor was purified by HPLC and obtained
in 10% yield. The KAHA macrocyclization was performed with
the linear precursor in aqueous DMSO (0.5 mM) at 60◦C and
completed in 20 h. Finally, the mixture was diluted with 0.3 M
phosphate buffer containing 6 M GdnHCl to induce the O- to

N- acyl shifts. After 12 h, both rearrangements were completed
and HPLC purification afforded pure homoserine mutant AS-48
(T26h∗, S50h∗) in 30% yield for the entire macrocyclization
process. Surprisingly, the synthetic cyclic bacteriocin showed
lower antibacterial activity (MIC >10 mM) than the reported
value of 0.5 µM for the natural peptide. While incomplete
folding was observed in circular dichroism spectra, the authors
showed that the synthetic circular bacteriocin was able to
adopt correct folding and recover full activity after storage for
1 month at 4◦C in buffer at pH 3. Using the KAHA ligation for
fragments condensation and macrocyclization, the authors were
able to obtain 1 mg of bioactive homoserine-mutant AS-48 in
0.005% overall yield, based on the loading of preloaded resins.
Despite the low yield, the results obtained by Rohrbacher et al.
demonstrated the utility of the KAHA ligation for the synthesis
of hydrophobic proteins via the formation of depsipeptide bonds
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and its compatibility with acidic conditions in the presence
of organic solvents such as AcOH/HFIP that can efficiently
dissolve difficult sequences. The KAHA ligation approach is
really promising and will certainly be used again for the synthesis
of unusually large cyclic peptides and circular proteins.

Class IId Bacteriocins
Finally, the class IId includes linear non-pediocin-like one-
peptide bacteriocins. As observed with class IIb bacteriocins, very
few syntheses for members of the class IId have been described
in details. Among the few reported studies using synthetic
class IId bacteriocins, the 43 amino acids durancin A5-11a
(MGAIAKLVTKFGWPLIKKFYKQIMQFIGQGWTIDQIEKW
LKRH) and the 44 amino acids durancin A5-11b (MGAIAKL
VAKFGWPIVKKYYKQIMQFIGEGWAINKIIEWIKKHI) from
Enterococcus durans A5-11 have been successfully prepared
using MW-assisted Fmoc-SPPS on Rink amide resin
(Belguesmia et al., 2013). In another study, the 22 amino
acids bactofancin A (KRKKHRCRVYNNGMPTGMYRWC)
has also been synthesized by MW-assisted Fmoc-SPPS but
using the cross-linked PEG resin ChemMatrix R© bearing the
4-(4-hydroxymethyl-3-methoxyphenoxy)-butyric acid (HMPB)
linker (O’Shea et al., 2013; Guinane et al., 2016). Unfortunately
detailed information about their preparation and isolated
yields are not reported in the published studies. The use
of synthetic epidermicin NI01 (Gibreel and Upton, 2013),
a N-terminal formylated bacteriocin from Staphylococcus
epidermis 224 containing 51 amino acid residues (N-formyl-
MAAFMKLIQFLATKGQKYVSLAWKHKGTILKWINAGQSFE
WIYKQIKKLWA), has also been reported but the peptide was
prepared by an external company and information about its
synthesis could not be found (Sandiford and Upton, 2012).

SYNTHESIS OF S-GLYCOSYLATED
BACTERIOCINS

Glycocins are class I bacteriocins containing at least one
carbohydrate moiety linked to a Cys residue via its side chain.
In some reports, they can also be found in the class IV as complex
bacteriocins containing a carbohydrate moiety. These S-linked
glycopeptides are rare and only three S-glycosylated bacteriocins
have been isolated and characterized until now; namely, glycocin
F (Stepper et al., 2011), sublancin 168 (Wang and van der Donk,
2011) and thurandacins A and B (Wang et al., 2014). While the
in vitro reconstitution of the biosynthesis of thurandacins A and
B using recombinant technologies has been reported (Wang et al.,
2014), glycocin F and sublancin 168 were recently successfully
prepared by chemical synthesis.

Sublancin 168 is a glycocin of 37 amino acids produced
by Bacillus subtilis 168 containing a β–S-linked glucose moiety
on the Cys22 residue and two disulfide bonds between Cys7-
Cys36 and Cys14-Cys29 (Oman et al., 2011; Wang and van
der Donk, 2011). The first total synthesis of sublancin 168 was
achieved by Katayama et al. (2011) using a thioglycosylamino
acid unit (Fmoc-Cys(Glc(OAc)4)-OH) in stepwise Fmoc-SPPS
(Katayama et al., 2011). The linear precursor was first assembled

on Wang resin by coupling the amino acids at 50◦C with
N,N′-dicyclohexylcarbodiimide (DCC) and HOBt in NMP for
1 h. Moreover, a pseudoproline dipeptide (Gly-The(9Me,MePro))
was incorporated at positions 18/19 during peptide elongation.
After cleavage from the resin and side chain deprotection with
a TFA cocktail, a first disulfide bond was formed between Cys7
and Cys37 in a solution of 6 M urea/5% hydrazine/10% DMSO.
The monocyclic product was purified by HPLC and isolated in
5% yield. The Acm protecting groups on Cys14 and Cys29 were
removed along with disulfide bond formation using I2 in MeOH
(20 mM) for 1 h at 40◦C followed by quenching with aqueous
ascorbic acid (1 M). A final HPLC purification afforded sublancin
168 in 20% yield for the cyclization step. By using a stepwise
synthesis strategy, the authors were able to produce sublancin 168
with a 1% overall yield based on resin loading.

More recently, Hsieh et al. used a convergent NCL approach
to prepare sublancin 168 and S-glycosylated analogs (Hsieh et al.,
2012). In their approach, the Cys at position 14 was selected
as the ligation site and two segments have been prepared by
MW-assisted Fmoc-SPPS (Figure 5A). The N-terminal fragment
(fragment 1 [1–13]) was assembled on Rink amide resin bearing
a side chain anchored Fmoc-Glu-Oallyl (Figure 5B). This side
chain anchoring strategy allowed on-resin selective demasking of
the C-terminal carboxylate with Pd(PPh3)4 and thioesterification
using ethyl-3-mercaptopropionate, DIC, HOBt and DIPEA as
base. The peptide thioester was released from the resin and
the side chains deprotected by treatment with a TFA cocktail.
Fragment 1 was obtained in 15% yield after purification by
HPLC. The C-terminal fragment (fragment 2 [14–37]) was
prepared on Wang NovaPEG resin and the beforehand prepared
thioglycosylamino acid Fmoc-Cys(Glc(OAc)4)-OH introduced
at position 22 during peptide synthesis (Figure 5B). Moreover,
2,4-dimethoxybenzyl (Dmb) derived dipeptides Fmoc-Gly-
(Dmb)Gly-OH were incorporated at positions 17/18 and 23/24
to prevent aggregation during peptide elongation. After cleavage
from the resin and side chain deprotection by acidolysis, the
O-acetate protecting groups on the D-glucose moiety were
removed with aqueous hydrazine. Purification of the resulting
product afforded fragment 2 in 8% yield. Next, the two segments
were subjected to NCL in presence of mercaptophenylacetic
acid (MPAA) as thiol catalyst and tris(2-carboxyethyl)phosphine
(TCEP) as reductant in 6 M GdnHCl/phosphate buffer at pH
7.2 (Figure 5B). The reaction was completed after 16 h and the
ligated product isolated in 81% yield after HPLC purification.
Finally, the linear precursor was cyclized using oxidized and
reduced glutathione (GSH) and purification by HPLC afforded
sublancin 168 in 95% yield. In this case, the use of a convergent
NCL approach allowed the production of sublancin 168 with a
1% overall yield.

Glocycin F, a 43 amino acid glycopeptide from Lactobacillus
plantarum KW30, contains two β–linked N-acetylglucosamine
(GlcNAc) moieties and two disulfide bonds between Cys5-
Cys28 and Cys12-Cys21 (Figure 6A) (Stepper et al., 2011;
Venugopal et al., 2011). While one GlcNAc unit is attached
to the sulfur atom of Cys43, the other is linked to side chain
oxygen of Ser18. Both GlcNAc moieties have been shown to
be essential for glycocin F activity. The first total synthesis
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FIGURE 5 | Synthesis of sublancin 168 by a convergent native chemical ligation approach. (A) Sequence of sublancin 168 showing the selected ligation site and
composition of the fragments. (B) Preparation of the N- and C-terminal fragments and bacteriocin synthesis by native chemical ligation and oxidative folding (Hsieh
et al., 2012).

of glycocin F was recently reported by Brimble et al. (2015)
using a convergent NCL approach. This case is very interesting
since several synthetic strategies such as Boc- and Fmoc-SPPS,
MW irradiations, incorporation of a pseudoproline dipeptide
and N-terminal thiazolidine (Thz) for Cys masking have been
combined to successfully achieve the synthesis of bioactive
glycocin F. In the described approach, ligation sites at positions
12 and 28 have been selected and involved the use of three
fragments to perform two ligation steps and reach the full length
peptide (Figure 6). First, the side chain glycosylated amino acids
Fmoc-Cys(GlcNAc(OAc)3)-OH and Fmoc-Ser(GlcNAc(OAc)3)-
OH were beforehand prepared in solution and introduced in
their respective segments during peptide elongation by SPPS.
The C-terminal fragment (fragment 3 [28–43]) was assembled
on Rink amide resin using MW-assisted Fmoc-SPPS and the

S-glycosylated amino acid Fmoc-Cys(GlcNAc(OAc)3)-OH
introduced as the first residue (Figure 6B). A pseudoproline
dipeptide [Ser(tBu)-Ser(9Me,MePro)] was incorporated at
positions 35/36 during peptide elongation. Fragment 3 (H-
Cys28-Cys43(GlcNAc(OAc)3)-NH2) was obtained in 21% yield
after resin cleavage and protecting groups removal with a TFA
cocktail containing 2,2′-(ethylenedioxy)diethane thiol (DODT)
and HPLC purification. The central fragment (fragment 2
[12–27]) was prepared on PS resin bearing the acid labile HMPB
linker by MW-assisted Fmoc-SPPS and the O-glycosylated
amino acid Fmoc-Ser(GlcNAc(OAc)3)-OH introduced position
18 during peptide elongation (Figure 6B). The fragment has
been capped with an N-terminal thiazolidine residue as a latent
Cys to allow the second NCL step. The fully protected peptide
fragment was release from the resin using 1% TFA in CH2Cl2 and
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FIGURE 6 | Synthesis of glycocin F by a convergent native chemical ligation approach. (A) Sequence of glycocin F showing the selected ligation sites and
composition of the fragments. (B) Preparation of the three fragments and bacteriocin synthesis by sequential native chemical ligation and oxidative folding (Brimble
et al., 2015).

the C-terminal carboxylate thioesterified using benzyl mercaptan
in presence of DIC, 6-Cl-HOBt and DIPEA as base. Treatment
of the protected peptide thioester with a TFA cocktail containing
ethylene dithiol (EDT) and purification by HPLC afforded
segment 2 thioester (Thz12- Ser18(GlcNAc(OAc)3)His27-SBn)
in 21% yield. Fragments 2 and 3 were then coupled under NCL
conditions in phosphate buffer containing 6 M GdnHCl, MPAA
and TCEP at pH 7 and the reaction was completed in 4 h to
afford the first ligation product Thz12-Ser18(GlcNAc(OAc)3)-
Cys43(GlcNAc(OAc)3)-NH2. At this point, LC-MS analyses
showed the presence of two ligation products in a 1:1 ratio having
identical mass spectra. As NCL has been shown to proceed with
stereochemical integrity (Lu et al., 1996; Kent, 2009; Thapa et al.,
2014), the authors hypothesized that complete racemization of
the His27 on the C-terminus of segment 2 took place during

the thioesterification step with benzyl mercaptan in presence
of DIC, 6-Cl-HOBt and DIPEA (Jones et al., 1980). After the
unmasking of Thz12 to Cys12 using methoxyamine·HCl at
pH4, the diastereomers were successfully separated during
HPLC purification and obtained in 16.6 and 17.5% yield. As
the L-His27 and D-His27 epimers could not be unambiguously
assigned, both diastereomers were used in the next steps. The
N-terminal fragment (fragment 1 [1–11]) bearing a C-terminal
S(CH2)2CO-(Lys)5-OH thioester tail was assembled on 4-
(hydroxymethyl)phenylacetamidomethyl resin (PAM AM resin)
using standard Boc-SPPS. After cleavage from the resin with
anhydrous HF/p-cresol (20:1), the fragment H-Lys1-Met11-
COS(CH2)2CO-(Lys)5-OH containing Nin-formyl-protected
Trp4 and Trp6 was purified by HPLC and isolated in 28% yield.
Next, the ligation products were separately subjected to NCL
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with fragment 1 using the same conditions as the first ligation
and the reaction was completed in 4 h. Removal of the formyl and
O-acetyl protecting groups on the separated epimeric products
was achieved with a mixture of hydrazine and 2-mercaptoethanol
in NMP/GdnHCl/HEPES to give the epimeric linear precursors
H-Lys1-Ser18(GlcNAc(OAc)3)-Cys43(GlcNAc(OAc)3)-NH2.
Oxidative folding was performed with a redox couple containing
2 mM cysteine, 0.25 mM cystine and 0.1 mM EDTA in 1.5 M
GdnHCl (pH 8.2) at 4◦C for 16 h and HPLC purification afforded
glycocin F epimers in 14 and 17% yield over three steps. The
HPLC profiles of the synthetic glycocin F epimers were compared
to the natural product and the second epimer was identified as
the one containing L-His27 since it showed the same retention
time as the natural Glycocin F. Furthermore, the second epimer
was 3 times more active than the synthetic D-His27 glycocin F.
By using a convergent NCL approach, the authors were able to
produce glycocin F with a <1% overall yield.

CONCLUSION AND FUTURE
PERSPECTIVES

There has been considerable progress over recent years in
peptide synthesis and previously inaccessible bacteriocins such as
S-glycopeptides and circular bacteriocins can now be prepared
by chemical synthesis. The syntheses described herein show that
the methodologies and approaches that have been used until
now to prepare bacteriocins are very diverse. A wide variety
of solid supports, linkers, coupling reagents and solvents have
been involved in the chemical synthesis of bacteriocins and
the Fmoc-SPPS approach has emerged as the most frequently
used strategy. While the synthesis of some small bacteriocins
was performed straightforwardly by standard stepwise SPPS,
other bacteriocins could not be accessed by conventional peptide
synthesis methodologies. The most frequently encountered
synthetic challenge during the preparation of bacteriocins is
certainly the presence of hydrophobic segments that can lead
to peptide self-aggregation during elongation and hinder the
coupling of residues toward the N-terminus. Fortunately, several
strategies have been developed to prevent or disrupt self-
aggregation and overcome this synthetic pitfall. Among them,
PEG-based resins, turn-inducing residues like pseudoprolines
and backbone protecting groups, special solvent mixtures and

couplings at higher temperature with conventional heating or
microwave irradiations have been used in several syntheses
described herein for the preparation of bacteriocins. Gaining
a lot of popularity in peptide synthesis, the use of higher
temperature and microwave-assisted synthesis have emerged as
very efficient methods to significantly reduce the required time
for peptide assembly, perform difficult couplings and achieve
long peptide sequences. The convergent approach using chemical
ligations has also experienced tremendous progress in recent
years and will certainly allow the synthesis of several other and
larger bacteriocins in the coming years. At present time, the
most important setback to the production of bacteriocins by
chemical synthesis on an industrial scale is the low obtained
yields. It is important to note that the syntheses described
herein were not developed for large-scale production but
to obtain pure bacteriocins and their analogs in sufficient
quantity for antimicrobial assays, structural determination by
NMR and mechanistic studies. Optimization of the different
steps involved in their synthesis would undoubtedly allow the
production of bacteriocins with better yields and on a large-
scale. The most important appeal of chemical synthesis to
produce bacteriocins is the possibility to easily perform molecular
engineering to enhance the potency, improve pharmacological
properties, increase the stability and even generate chimeras of
different classes. Complementary to recombinant technologies,
the chemical synthesis approach will certainly help fulfill the
needs for bioactive bacteriocins and analogs thereof in the
food industry, animal production and veterinary and human
medicine.

AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct and intellectual
contribution to the work, and approved it for publication.

ACKNOWLEDGMENTS

We thank the Fonds de Recherche du Québec - Nature et
Technologies (FQRNT) for financial support (#2016-PR-191869).
FB acknowledges the FRQNT and the Fondation de l’Université
Laval for research scholarships.

REFERENCES
Abriouel, H., Lucas, R., Omar, N. B., Valdivia, E., and Gálvez, A. (2010). Potential

applications of the cyclic peptide enterocin AS-48 in the preservation of
vegetable foods and beverages. Probiotics Antimicrob. Proteins 2, 77–89. doi:
10.1007/s12602-009-9030-y

Ahmad, V., Khan, M. S., Jamal, Q. M. S., Alzohairy, M. A., Al Karaawi, M. A.,
and Siddiqui, M. U. (2017). Antimicrobial potential of bacteriocins: in therapy,
agriculture and food preservation. Int. J. Antimicrob. Agents 49, 1–11. doi:
10.1016/j.ijantimicag.2016.08.016

Arnison, P. G., Bibb, M. J., Bierbaum, G., Bowers, A. A., Bugni, T. S., Bulaj, G.,
et al. (2013). Ribosomally synthesized and post-translationally modified
peptide natural products: overview and recommendations for a universal
nomenclature. Nat. Prod. Rep. 30, 108–160. doi: 10.1039/c2np20085f

Bali, V., Panesar, P. S., Bera, M. B., and Kennedy, J. F. (2016). Bacteriocins: recent
trends and potential applications. Crit. Rev. Food Sci. Nutr. 56, 817–834. doi:
10.1080/10408398.2012.729231

Behrendt, R., White, P., and Offer, J. (2016). Advances in Fmoc
solid-phase peptide synthesis. J. Pept. Sci. 22, 4–27. doi: 10.1002/
psc.2836

Belguesmia, Y., Choiset, Y., Rabesona, H., Baudy-Floc’h, M., Le Blay, G., Haertlé,
T., et al. (2013). Antifungal properties of durancins isolated from Enterococcus
durans A5-11 and of its synthetic fragments. Lett. Appl. Microbiol. 56, 237–244.
doi: 10.1111/lam.12037

Boas, U., Brask, J., and Jensen, K. J. (2009). Backbone amide linker in solid-phase
synthesis. Chem. Rev. 109, 2092–2118.

Bodapati, K. C., Soudy, R., Etayash, H., Stiles, M., and Kaur, K. (2013). Design,
synthesis and evaluation of antimicrobial activity of N-terminal modified

Frontiers in Microbiology | www.frontiersin.org 12 May 2018 | Volume 9 | Article 1048

https://doi.org/10.1007/s12602-009-9030-y
https://doi.org/10.1007/s12602-009-9030-y
https://doi.org/10.1016/j.ijantimicag.2016.08.016
https://doi.org/10.1016/j.ijantimicag.2016.08.016
https://doi.org/10.1039/c2np20085f
https://doi.org/10.1080/10408398.2012.729231
https://doi.org/10.1080/10408398.2012.729231
https://doi.org/10.1002/psc.2836
https://doi.org/10.1002/psc.2836
https://doi.org/10.1111/lam.12037
https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-09-01048 May 19, 2018 Time: 14:42 # 13

Bédard and Biron Production of Bacteriocins by Chemical Synthesis

Leucocin A analogues. Biorg. Med. Chem. 21, 3715–3722. doi: 10.1016/j.bmc.
2013.04.045

Bode, J. W. (2017). Chemical protein synthesis with the α-ketoacid–hydroxylamine
ligation. Acc. Chem. Res. 50, 2104–2115. doi: 10.1021/acs.accounts.7b00277

Bode, J. W., Fox, R. M., and Baucom, K. D. (2006). Chemoselective amide ligations
by decarboxylative condensations of N-alkylhydroxylamines and α-ketoacids.
Angew. Chem. Int. Ed. 45, 1248–1252.

Bondalapati, S., Jbara, M., and Brik, A. (2016). Expanding the chemical toolbox for
the synthesis of large and uniquely modified proteins. Nat. Chem. 8, 407–418.
doi: 10.1038/nchem.2476

Brimble, M. A., Edwards, P. J., Harris, P. W. R., Norris, G. E., Patchett, M. L.,
Wright, T. H., et al. (2015). Synthesis of the antimicrobial S-linked glycopeptide,
Glycocin F. Chem. Eur. J. 21, 3556–3561. doi: 10.1002/chem.201405692

Bush, K., Courvalin, P., Dantas, G., Davies, J., Eisenstein, B., Huovinen, P.,
et al. (2011). Tackling antibiotic resistance. Nat. Rev. Microbiol. 9, 894–896.
doi: 10.1038/nrmicro2693

Cao, Y., Nguyen, G. K. T., Tam, J. P., and Liu, C.-F. (2015). Butelase-mediated
synthesis of protein thioesters and its application for tandem chemoenzymatic
ligation. Chem. Commun. 51, 17289–17292. doi: 10.1039/c5cc07227a

Castano, S., Desbat, B., Delfour, A., Dumas, J. M., Da Silva, A., and Dufourcq, J.
(2005). Study of structure and orientation of mesentericin Y105, a bacteriocin
from Gram-positive Leuconostoc mesenteroides, and its Trp-substituted
analogues in phospholipid environments. Biochim. Biophys. Acta 1668, 87–98.

Castellano, P., Vignolo, G., Farías, R. N., Arrondo, J. L., and Chehín, R.
(2007). Molecular view by Fourier transform infrared spectroscopy of
the relationship between lactocin 705 and membranes: speculations on
antimicrobial mechanism. Appl. Environ. Microbiol. 73, 415–420.

Center for Disease Controls and Prevention: U.S. Department of Health and
Human Services (2013). Antibiotic Resistance Threats in the United States, 2013.
Available at: https://www.cdc.gov/drugresistance/pdf/ar-threats-2013-508.pdf

Chen, M., Heimer, P., and Imhof, D. (2015). Synthetic strategies for polypeptides
and proteins by chemical ligation. Amino Acids 47, 1283–1299. doi: 10.1007/
s00726-015-1982-5

Collins, J. M., Porter, K. A., Singh, S. K., and Vanier, G. S. (2014). High-efficiency
solid phase peptide synthesis (HE-SPPS). Org. Lett. 16, 940–943. doi: 10.1021/
ol4036825

Cotter, P. D., Hill, C., and Ross, R. P. (2005). Bacteriocins developing innate
immunity for food. Nat. Rev. Microbiol. 3, 777–788.

Cotter, P. D., Ross, R. P., and Hill, C. (2013). Bacteriocins - a viable alternative to
antibiotics? Nat. Rev. Microbiol. 11, 95–105. doi: 10.1038/nrmicro2937

Cuozzo, S. A., Sesma, F., Palacios, J. M., De Ruíz Holgado, A. P., and Raya,
R. R. (2000). Identification and nucleotide sequence of genes involved in the
synthesis of lactocin 705, a two-peptide bacteriocin from Lactobacillus casei
CRL 705. FEMS Microbiol. Lett. 185, 157–161.

Dawson, P., Muir, T., Clark-Lewis, I., and Kent, S. (1994). Synthesis of proteins by
native chemical ligation. Science 266, 776–779.

De Vuyst, L., and Leroy, F. (2007). Bacteriocins from lactic acid bacteria:
production, purification, and food applications. J. Mol. Microbiol. Biotechnol.
13, 194–199.

Derksen, D. J., Boudreau, M. A., and Vederas, J. C. (2008). Hydrophobic
interactions as substitutes for a conserved disulfide linkage in the type IIa
bacteriocins, leucocin A and pediocin PA-1. Chembiochem 9, 1898–1901.

Derksen, D. J., Stymiest, J. L., and Vederas, J. C. (2006). Antimicrobial leucocin
analogues with a disulfide bridge replaced by a carbocycle or by noncovalent
interactions of allyl glycine residues. J. Am. Chem. Soc. 128, 14252–14253.

El-Faham, A., and Albericio, F. (2011). Peptide coupling reagents, more than a
letter soup. Chem. Rev. 111, 6557–6602.

Emilse, M., Paulo, R. S. S., Fernando, G. D., Leonardo, A., Augusto, B., Eduardo, C.,
et al. (2015). 28-mer Fragment derived from enterocin CRL35 displays an
unexpected bactericidal effect on Listeria cells. Protein Pept. Lett. 22, 482–488.

Ferchichi, M., Fathallah, M., Mansuelle, P., Rochat, H., Sabatier, J.-M., Manai, M.,
et al. (2001). Chemical synthesis, molecular modeling, and antimicrobial
activity of a novel bacteriocin, MMFII. Biochem. Biophys. Res. Commun. 289,
13–18.

Fernandez, B., Savard, P., and Fliss, I. (2016). Survival and metabolic activity
of pediocin producer Pediococcus acidilactici UL5: its impact on intestinal
microbiota and Listeria monocytogenes in a model of the Human terminal
ileum. Microb. Ecol. 72, 931–942.

Ferri, M., Ranucci, E., Romagnoli, P., and Giaccone, V. (2017). Antimicrobial
resistance: a global emerging threat to public health systems. Crit. Rev. Food
Sci. Nutr. 57, 2857–2876. doi: 10.1080/10408398.2015.1077192

Fimland, G., Blingsmo, O. R., Sletten, K., Jung, G., Nes, I. F., and Nissen-
Meyer, J. (1996). New biologically active hybrid bacteriocins constructed by
combining regions from various pediocin-like bacteriocins: the C-terminal
region is important for determining specificity. Appl. Environ. Microbiol. 62,
3313–3318.

Fleury, Y., Dayem, M. A., Montagne, J. J., Chaboisseau, E., Caer, J. P. L., Nicolas, P.,
et al. (1996). Covalent structure, synthesis, and structure-function studies
of mesentericin Y 10537, a defensive peptide from Gram-positive bacteria
Leuconostoc mesenteroides. J. Biol. Chem. 271, 14421–14429.

García-Martín, F., Quintanar-Audelo, M., García-Ramos, Y., Cruz, L. J., Gravel, C.,
Furic, R., et al. (2006). ChemMatrix, a poly(ethylene glycol)-based support for
the solid-phase synthesis of complex peptides. J. Comb. Chem. 8, 213–220.

Gibreel, T. M., and Upton, M. (2013). Synthetic epidermicin NI01 can
protect Galleria mellonella larvae from infection with Staphylococcus aureus.
J. Antimicrob. Chemother. 68, 2269–2273. doi: 10.1093/jac/dkt195

Góngora-Benítez, M., Tulla-Puche, J., and Albericio, F. (2013). Handles for Fmoc
solid-phase synthesis of protected peptides. ACS Comb. Sci. 15, 217–228.
doi: 10.1021/co300153c

Guan, X., Chaffey, P. K., Zeng, C., and Tan, Z. (2015). “New methods for chemical
protein synthesis,” in Protein Ligation and Total Synthesis II, ed. L. Liu (Cham:
Springer International Publishing), 155–192.

Guinane, C. M., Lawton, E. M., O’connor, P. M., O’sullivan, Ó., Hill, C., Ross, R. P.,
et al. (2016). The bacteriocin bactofencin A subtly modulates gut microbial
populations. Anaerobe 40, 41–49. doi: 10.1016/j.anaerobe.2016.05.001

Hammami, R., Zouhir, A., Ben Hamida, J., and Fliss, I. (2007). BACTIBASE: a new
web-accessible database for bacteriocin characterization. BMCMicrobiol. 7:89.

Harmand, T. J. R., Murar, C. E., and Bode, J. W. (2014). New chemistries for
chemoselective peptide ligations and the total synthesis of proteins. Curr. Opin.
Chem. Biol. 22, 115–121. doi: 10.1016/j.cbpa.2014.09.032

Hemu, X., Qiu, Y., Nguyen, G. K. T., and Tam, J. P. (2016). Total synthesis
of circular bacteriocins by butelase 1. J. Am. Chem. Soc. 138, 6968–6971.
doi: 10.1021/jacs.6b04310

Hsieh, Y. S. Y., Wilkinson, B. L., O’connell, M. R., Mackay, J. P., Matthews, J. M.,
and Payne, R. J. (2012). Synthesis of the bacteriocin glycopeptide sublancin 168
and S-glycosylated variants. Org. Lett. 14, 1910–1913. doi: 10.1021/ol300557g

Isidro-Llobet, A., Álvarez, M., and Albericio, F. (2009). Amino acid-protecting
groups. Chem. Rev. 109, 2455–2504.

Jones, J. H., Ramage, W. I., and Witty, M. J. (1980). Mechanism of racemisation of
histidine derivatives in peptide synthesis. Int. J. Pept. Protein Res. 15, 301–303.

Katayama, H., Asahina, Y., and Hojo, H. (2011). Chemical synthesis of the S-linked
glycopeptide, sublancin. J. Pept. Sci. 17, 818–821. doi: 10.1002/psc.1406

Kates, S. A., Mcguinness, B. F., Blackburn, C., Griffin, G. W., Solé, N. A., Barany, G.,
et al. (1998). “High-load” polyethylene glycol–polystyrene (PEG–PS) graft
supports for solid-phase synthesis. Pept. Sci. 47, 365–380.

Kaur, K., Andrew, L. C., Wishart, D. S., and Vederas, J. C. (2004). Dynamic
relationships among type IIa bacteriocins: temperature effects on antimicrobial
activity and on structure of the C-terminal amphipathic α helix as a receptor-
binding region. Biochemistry 43, 9009–9020.

Kent, S. B. H. (2009). Total chemical synthesis of proteins. Chem. Soc. Rev. 38,
338–351. doi: 10.1039/b700141j

Keymanesh, K., Soltani, S., and Sardari, S. (2009). Application of antimicrobial
peptides in agriculture and food industry. World J. Microbiol. Biotechnol. 25,
933–944.

Kheadr, E., Zihler, A., Dabour, N., Lacroix, C., Le Blay, G., and Fliss, I. (2010).
Study of the physicochemical and biological stability of pediocin PA-1 in the
upper gastrointestinal tract conditions using a dynamic in vitro model. J. Appl.
Microbiol. 109, 54–64. doi: 10.1111/j.1365-2672.2009.04644.x

Lewis, K. (2013). Platforms for antibiotic discovery. Nat. Rev. Drug Discov. 12,
371–387. doi: 10.1038/nrd3975

López-Cuellar, M. D. R., Rodríguez-Hernández, A.-I., and Chavarría-
Hernández, N. (2016). LAB bacteriocin applications in the last decade.
Biotechnol. Biotechnol. Equip. 30, 1039–1050.

Lu, W., Qasim, M. A., and Kent, S. B. H. (1996). Comparative total syntheses of
turkey ovomucoid third domain by both stepwise solid phase peptide synthesis
and native chemical ligation. J. Am. Chem. Soc. 118, 8518–8523.

Frontiers in Microbiology | www.frontiersin.org 13 May 2018 | Volume 9 | Article 1048

https://doi.org/10.1016/j.bmc.2013.04.045
https://doi.org/10.1016/j.bmc.2013.04.045
https://doi.org/10.1021/acs.accounts.7b00277
https://doi.org/10.1038/nchem.2476
https://doi.org/10.1002/chem.201405692
https://doi.org/10.1038/nrmicro2693
https://doi.org/10.1039/c5cc07227a
https://www.cdc.gov/drugresistance/pdf/ar-threats-2013-508.pdf
https://doi.org/10.1007/s00726-015-1982-5
https://doi.org/10.1007/s00726-015-1982-5
https://doi.org/10.1021/ol4036825
https://doi.org/10.1021/ol4036825
https://doi.org/10.1038/nrmicro2937
https://doi.org/10.1080/10408398.2015.1077192
https://doi.org/10.1093/jac/dkt195
https://doi.org/10.1021/co300153c
https://doi.org/10.1016/j.anaerobe.2016.05.001
https://doi.org/10.1016/j.cbpa.2014.09.032
https://doi.org/10.1021/jacs.6b04310
https://doi.org/10.1021/ol300557g
https://doi.org/10.1002/psc.1406
https://doi.org/10.1039/b700141j
https://doi.org/10.1111/j.1365-2672.2009.04644.x
https://doi.org/10.1038/nrd3975
https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-09-01048 May 19, 2018 Time: 14:42 # 14

Bédard and Biron Production of Bacteriocins by Chemical Synthesis

Masias, E., Dupuy, F. G., Da Silva Sanches, P. R., Farizano, J. V., Cilli, E.,
Bellomio, A., et al. (2017). Impairment of the class IIa bacteriocin receptor
function and membrane structural changes are associated to enterocin CRL35
high resistance in Listeria monocytogenes. Biochim. Biophys. Acta 1861,
1770–1776. doi: 10.1016/j.bbagen.2017.03.014

Mathur, H., Field, D., Rea, M. C., Cotter, P. D., Hill, C., and Ross, R. P. (2017).
Bacteriocin-antimicrobial synergy: a medical and food perspective. Front.
Microbiol. 8:1205. doi: 10.3389/fmicb.2017.01205

Merrifield, R. B. (1963). Solid phase peptide synthesis I. The synthesis of a
tetrapeptide. J. Am. Chem. Soc. 85, 2149–2154.

Michael, C. A., Dominey-Howes, D., and Labbate, M. (2014). The antimicrobial
resistance crisis: causes, consequences, and management. Front. Public Health
2:145.

Nguyen, G. K. T., Cao, Y., Wang, W., Liu, C. F., and Tam, J. P. (2015). Site-
specific N-terminal labeling of peptides and proteins using butelase 1 and
thiodepsipeptide. Angew. Chem. Int. Ed. 54, 15694–15698. doi: 10.1002/anie.
201506810

Nguyen, G. K. T., Qiu, Y., Cao, Y., Hemu, X., Liu, C.-F., and Tam, J. P. (2016).
Butelase-mediated cyclization and ligation of peptides and proteins.Nat. Protoc.
11, 1977–1988. doi: 10.1038/nprot.2016.118

Nguyen, G. K. T., Wang, S., Qiu, Y., Hemu, X., Lian, Y., and Tam, J. P. (2014).
Butelase 1 is an Asx-specific ligase enabling peptide macrocyclization and
synthesis. Nat. Chem. Biol. 10, 732–738. doi: 10.1038/nchembio.1586

Nilsson, B. L., Kiessling, L. L., and Raines, R. T. (2000). Staudinger ligation a
peptide from a thioester and azide. Org. Lett. 2, 1939–1941.

Oman, T. J., Boettcher, J. M., Wang, H., Okalibe, X. N., and Van Der Donk, W. A.
(2011). Sublancin is not a lantibiotic but an S-linked glycopeptide. Nat. Chem.
Biol. 7, 78–80. doi: 10.1038/nchembio.509

O’Shea, E. F., O’connor, P. M., O’sullivan, O., Cotter, P. D., Ross, R. P., and
Hill, C. (2013). Bactofencin A, a new type of cationic bacteriocin with unusual
immunity. mBio 4:e00498-13. doi: 10.1128/mBio.00498-13

Papagianni, M. (2003). Ribosomally synthesized peptides with antimicrobial
properties: biosynthesis, structure, function, and applications. Biotechnol. Adv.
21, 465–499.

Paradis-Bas, M., Tulla-Puche, J., and Albericio, F. (2016). The road to the synthesis
of "difficult peptides". Chem. Soc. Rev. 45, 631–654. doi: 10.1039/c5cs00680e

Pusterla, I., and Bode, J. W. (2015). An oxazetidine amino acid for chemical
protein synthesis by rapid, serine-forming ligations. Nat. Chem. 7, 668–672.
doi: 10.1038/nchem.2282

Rademann, J., Grøtli, M., Meldal, M., and Bock, K. (1999). SPOCC: A resin for
solid-phase organic chemistry and enzymatic reactions on solid phase. J. Am.
Chem. Soc. 121, 5459–5466.

Rapp, W. (2007). “PEG grafted polystyrene tentacle polymers: physico-chemical
properties and application in chemical synthesis,” in Combinatorial Peptide and
Nonpeptide Libraries, ed. G. Jung (Weinheim: Wiley-VCH), 425–464.

Rohrbacher, F., Wucherpfennig, T. G., and Bode, J. W. (2015). “Chemical protein
synthesis with the KAHA ligation,” in Protein Ligation and Total Synthesis II, ed.
L. Liu (Cham: Springer International Publishing), 1–31.

Rohrbacher, F., Zwicky, A., and Bode, J. W. (2017). Chemical synthesis of
a homoserine-mutant of the antibacterial, head-to-tail cyclized protein AS-
48 by [small alpha]-ketoacid-hydroxylamine (KAHA) ligation. Chem. Sci. 8,
4051–4055.

Saavedra, L., Minahk, C., De Ruiz Holgado, A. P., and Sesma, F. (2004).
Enhancement of the enterocin CRL35 activity by a synthetic peptide
derived from the NH2-terminal sequence. Antimicrob. Agents Chemother. 48,
2778–2781.

Sandiford, S., and Upton, M. (2012). Identification, characterization, and
recombinant expression of epidermicin NI01, a novel unmodified bacteriocin
produced by Staphylococcus epidermidis that displays potent activity against
Staphylococci. Antimicrob. Agents Chemother. 56, 1539–1547. doi: 10.1128/
AAC.05397-11

Saxon, E., Armstrong, J. I., and Bertozzi, C. R. (2000). A “traceless” Staudinger
ligation for the chemoselective synthesis of amide bonds. Org. Lett. 2,
2141–2143.

Sewald, N., and Jakubke, H.-D. (2009). “Peptide synthesis,” in Peptides: Chemistry
and Biology, eds N. SewaldProf and H. Dieter Jakubke (Weinheim: Wiley-
VCH), 175–315.

Sprules, T., Kawulka, K. E., Gibbs, A. C., Wishart, D. S., and Vederas, J. C.
(2004). NMR solution structure of the precursor for carnobacteriocin B2, an
antimicrobial peptide from Carnobacterium piscicola. Eur. J. Biochem. 271,
1748–1756.

Stepper, J., Shastri, S., Loo, T. S., Preston, J. C., Novak, P., Man, P., et al.
(2011). Cysteine S-glycosylation, a new post-translational modification found in
glycopeptide bacteriocins. FEBS Lett. 585, 645–650. doi: 10.1016/j.febslet.2011.
01.023

Tabor, A. B. (2011). The challenge of the lantibiotics: synthetic approaches to
thioether-bridged peptides. Org. Biomol. Chem. 9, 7606–7628. doi: 10.1039/
c1ob05946g

Thapa, P., Zhang, R.-Y., Menon, V., and Bingham, J.-P. (2014). Native chemical
ligation: a boon to peptide chemistry. Molecules 19, 14461–14483. doi: 10.3390/
molecules190914461

Thuaud, F., Rohrbacher, F., Zwicky, A., and Bode, J. W. (2016). Incorporation
of acid-labile masking groups for the traceless synthesis of C-terminal
peptide α-Ketoacids. Org. Lett. 18, 3670–3673. doi: 10.1021/acs.orglett.
6b01692

Valeur, E., and Bradley, M. (2009). Amide bond formation: beyond the
myth of coupling reagents. Chem. Soc. Rev. 38, 606–631. doi: 10.1039/b70
1677h

Van Boeckel, T. P., Brower, C., Gilbert, M., Grenfell, B. T., Levin, S. A.,
Robinson, T. P., et al. (2015). Global trends in antimicrobial use in food
animals. Proc. Natl. Acad. Sci. U.S.A. 112, 5649–5654. doi: 10.1073/pnas.15031
41112

van Heel, A. J., De Jong, A., Montalbán-López, M., Kok, J., and Kuipers, O. P.
(2013). BAGEL3: automated identification of genes encoding bacteriocins and
(non-)bactericidal posttranslationally modified peptides. Nucleic Acids Res. 41,
W448–W453. doi: 10.1093/nar/gkt391

Venugopal, H., Edwards, P. J. B., Schwalbe, M., Claridge, J. K., Libich, D. S.,
Stepper, J., et al. (2011). Structural, dynamic, and chemical characterization of
a novel S-glycosylated bacteriocin. Biochemistry 50, 2748–2755. doi: 10.1021/
bi200217u

Wang, H., Oman, T. J., Zhang, R., Garcia De Gonzalo, C. V., Zhang, Q., and
Van Der Donk, W. A. (2014). The glycosyltransferase involved in thurandacin
biosynthesis catalyzes both O- and S-slycosylation. J. Am. Chem. Soc. 136,
84–87. doi: 10.1021/ja411159k

Wang, H., and van der Donk, W. A. (2011). Substrate selectivity of the sublancin
S-glycosyltransferase. J. Am. Chem. Soc. 133, 16394–16397. doi: 10.1021/
ja2075168

Yan, L. Z., Gibbs, A. C., Stiles, M. E., Wishart, D. S., and Vederas, J. C. (2000).
Analogues of bacteriocins Antimicrobial specificity and interactions of leucocin
A with its enantiomer, carnobacteriocin B2, and truncated derivatives. J. Med.
Chem. 43, 4579–4581.

Yang, R., Wong, Y. H., Nguyen, G. K. T., Tam, J. P., Lescar, J., and Wu, B. (2017).
Engineering a catalytically efficient recombinant protein Ligase. J. Am. Chem.
Soc. 139, 5351–5358. doi: 10.1021/jacs.6b12637

Zhang, Y., Xu, C., Lam, H. Y., Lee, C. L., and Li, X. (2013). Protein chemical
synthesis by serine and threonine ligation. Proc. Natl. Acad. Sci. U.S.A. 110,
6657–6662. doi: 10.1073/pnas.1221012110

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

Copyright © 2018 Bédard and Biron. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Microbiology | www.frontiersin.org 14 May 2018 | Volume 9 | Article 1048

https://doi.org/10.1016/j.bbagen.2017.03.014
https://doi.org/10.3389/fmicb.2017.01205
https://doi.org/10.1002/anie.201506810
https://doi.org/10.1002/anie.201506810
https://doi.org/10.1038/nprot.2016.118
https://doi.org/10.1038/nchembio.1586
https://doi.org/10.1038/nchembio.509
https://doi.org/10.1128/mBio.00498-13
https://doi.org/10.1039/c5cs00680e
https://doi.org/10.1038/nchem.2282
https://doi.org/10.1128/AAC.05397-11
https://doi.org/10.1128/AAC.05397-11
https://doi.org/10.1016/j.febslet.2011.01.023
https://doi.org/10.1016/j.febslet.2011.01.023
https://doi.org/10.1039/c1ob05946g
https://doi.org/10.1039/c1ob05946g
https://doi.org/10.3390/molecules190914461
https://doi.org/10.3390/molecules190914461
https://doi.org/10.1021/acs.orglett.6b01692
https://doi.org/10.1021/acs.orglett.6b01692
https://doi.org/10.1039/b701677h
https://doi.org/10.1039/b701677h
https://doi.org/10.1073/pnas.1503141112
https://doi.org/10.1073/pnas.1503141112
https://doi.org/10.1093/nar/gkt391
https://doi.org/10.1021/bi200217u
https://doi.org/10.1021/bi200217u
https://doi.org/10.1021/ja411159k
https://doi.org/10.1021/ja2075168
https://doi.org/10.1021/ja2075168
https://doi.org/10.1021/jacs.6b12637
https://doi.org/10.1073/pnas.1221012110
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

	Recent Progress in the Chemical Synthesis of Class II and S-Glycosylated Bacteriocins
	Introduction
	General Chemical Synthesis Strategies
	Synthesis of Class Ii Bacteriocins
	Class IIa Bacteriocins
	Class IIb Bacteriocins
	Class IIc Bacteriocins
	Class IId Bacteriocins

	Synthesis of S-Glycosylated Bacteriocins
	Conclusion and Future Perspectives
	Author Contributions
	Acknowledgments
	References


