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Abstract o,p-Dehydroamino acids are naturally occur-
ring non-coded amino acids, found primarily in peptides.
The review focuses on the type of o,p-dehydroamino acids,
the structure of dehydropeptides, the source of their origin
and bioactivity. Dehydropeptides are isolated primarily
from bacteria and less often from fungi, marine inverte-
brates or even higher plants. They reveal mainly antibiotic,
antifungal, antitumour, and phytotoxic activity. More than
60 different structures were classified, which often cover
broad families of peptides. 37 different structural units con-
taining the o,B-dehydroamino acid residues were shown
including various side chains, Z and E isomers, and main
modifications: methylation of peptide bond as well as the
introduction of ester group and heterocycle ring. The col-
lected data show the relation between the structure and bio-
activity. This allows the activity of compounds, which were
not studied in this field, but which belong to a larger pep-
tide family to be predicted. A few examples show that the
type of the geometrical isomer of the o,B-dehydroamino
acid residue can be important or even crucial for biological
activity.
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Introduction

Dehydroamino acids belong to non-coded amino acids
found in nature. Their main structural feature is carbon—
carbon double bond, which in most cases is placed between
the carbon atom o of the main chain and the carbon atom
of the side chain of the a-amino acid. Therefore, the term
dehydroamino acids, although has a broader meaning, usu-
ally concerns a,p-didehydro-a-amino acids (Scheme 1), for
convenience named short o,f-dehydroamino acids, and it
will also be used in this work.

The «,B-double bond has a profound effect on the con-
formational properties of the dehydroamino acid residue
and, in consequence, on the conformation of the whole
peptide molecule. Due to planar hybridisation sp2, the car-
bon atom o does not have asymmetry, an important and
characteristic of the standard amino acids. The bonds of
the carbon atoms o and P are shorter, but bond angles are
larger than in the saturated sp3 analogues. The o,3-double
bond constricts the topography of the side chain and lim-
its the position of the P-substituents, which leads to the
appearance of isomers Z and E. Furthermore, possible co-
planarity of the o,p-double bond and flanking amide groups
enable m-electron conjugation, which should be consid-
ered as a stabilising force of selected conformations. The
a,p-double bond undergoes many reactions, particularly
Michael addition, Z/E isomerisation, hydrogenation, and
cycloaddition (Humphrey and Chamberlin 1997). There-
fore, a,p-dehydroamino acids can play an effector role.
Both conformational properties and chemical reactivity of
the a,B-dehydroamino acids can influence the bioactivity of
the dehydropeptides.

The conformational characteristics of peptides con-
taining o,pB-dehydroamino acids (Jain and Chauhan 1996;
Mathur et al. 2003; Gupta and Chauhan 2010) as well as
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Scheme 1 General scheme of a,-dehydroamino acid residue

the methods of their synthesis (Humphrey and Chamberlin
1997; Bonauer et al. 2006) have been previously reviewed.
The last general review concerning the o,B-dehydroamino
acids appeared in 1983 (Noda et al. 1983). A considerable
part of this review concerns piperazinediones as well as
compounds, in which the a,B-dehydroamino acid fragments
can be seen, but it is difficult to perceive them as independ-
ent structural units. Two bigger classes of natural com-
pounds containing the «,f-dehydroamino acids, lantibiotics
(Chatterjee et al. 2005; Bierbaum and Sahl 2009; Jack and
Jung 2000; Dischinger et al. 2013), and thiopeptide antibi-
otic (Bagley et al. 2005; Just-Baringo et al. 2013) were also
extensively studied.

Nevertheless, during the last two decades, numerous nat-
ural peptides containing the o,f-dehydroamino acids have
been isolated and their structures determined. This review
describes these findings. In particular, the work focuses on
the peptides structure, structural similarities, occurrence
of Z and E isomers of the a,f-dehydroamino acids, and
the biological source and activity of dehydropeptides. For
clarity, the literature data concerning dehydropeptides were
collected according to the type of a,B-dehydroamino acid,
and then by further main chain modifications.

Dehydroamino acids

This part describes naturally occurring peptides that con-
tain the o,p-dehydroamino acid residue(s), which can be
simply derived from standard amino acids.

Dehydroalanine and dehydrobutyrine

Dehydroalanine (AAla) is the simplest dehydroamino acid
with the shortest side chain constituted by the methylidene
group. Thus, it does not reveal geometrical isomers. Contrarily,
dehydrobutyrine (AAbu) is the simplest o,p-dehydroamino
acid, which has isomers Z/E. The most stable isomer is the Z
(Dugave and Demange 2003) and is thus present in a majority
of compounds containing the AAbu residue.

The oldest known dehydropeptide is nisin 1, produced
by bacteria Lactococcus lactis and applied as a food pre-
servative even presently (Mattick et al. 1947; Gross and
Morell 1971). Nisin is the prototype of lantibiotics, a large
family of about 80 compounds produced by Gram-positive
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bacteria and thus extensively reviewed (Chatterjee et al.
2005; Bierbaum and Sahl 2009; Jack and Jung 2000; Dis-
chinger et al. 2013). The characteristic structural feature of
lantibiotics is lanthionine or 3-methyllanthione. Usually,
lantibiotics contain the AAla and (Z)-AAbu residues.

AM-toxins 2 are produced by fungi and are one of the
oldest known types of dehydropeptides. These host-specific
phytotoxins are produced by the pathogenic strain Alfer-
naria alternata, thus formerly described as alternariolides,
and cause leaf spot disease in apple trees (Okuno et al. 1974;
Miyashita et al. 2003). This group of three cyclodepsitetra-
peptides fully comprise AAla as well as other non-standard
residues. The structural differences are located in a type of
substituent at the phenyl ring (Ueno et al. 1975a, b, c).

Two marine ascidiands, Didemnum cuculiferum and Pol-
ysyncranton lithostrotum, are a source of vitilevuamide 3,
a bicyclic tridecadepsipeptide containing the A Ala residue.
Vitilevuamide reveals anticancer activity and is cytotoxic in
several human tumour cell lines (Edler et al. 2002).

Corpeptin A 4 is produced by bacteria Pseudomonas
corrugate and shows phytotoxic and antibacterial activ-
ity (Emanuele et al. 1998). This 22 amino acid lipodepsi-
peptide consists of a 17 amino acid linear chain connected
with a cyclopentadepsipetide ring. The linear chain con-
tains four a,B-dehydroamino acid residues, AAla and three
AAbu, although the geometrical isomers of the latter were
not determined.

Tolaasins S are pathogens produced by a virulent strain
of Gram-negative soil bacteria Pseudomonas tolaasii (Nut-
kins et al. 1991; Rainey et al. 1991; Bassarello et al. 2004).
There are 18 amino acid lipodepsipeptides, which contain
the cyclopentadepsipetide ring and a 13 amino acid lin-
ear chain, in which two (Z)-AAbu residues are present, as
confirmed by the NOE experiment. Tolaasins differ in the
type of amino acid residue at position 15 and 16 as well as
N-terminal acid. Tolaasin C is an acyclic form of tolaasin I.

Similar structures have fuscopeptins 6, metabolites pro-
duced by Pseudomonas fuscovaginae, the causal agent of
sheath brown rot of Gramineae. Fuscopeptins show anti-
fungal activity and induce damage of plant tissue (Ballio
et al. 1996; Corailola et al. 2008). These are 19 amino acid
lipodepsipeptides, which consist of the cyclopentadepsipe-
tide ring and a 14 amino acid linear chain, in which two
(Z)-AAbu residues are present. Due to closely related
structures as well as the bioactivity and the source of ori-
gin, the lipodepsipeptides 4-6 should be considered as a
family.

Syringopeptins 7 and 8 are a family of other cyclic
lipodepsipeptides produced by bacteria Pseudomonas
syringae. They show phytotoxic as well as to some extent
antifungal and antibacterial activity. Syringopeptin 25
(SP25) 7 consists of 25 amino acid residues; it is a cyclooc-
tadepsipeptide ring connected with an 18 amino acid
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residue chain and contains four (Z)-AAbu residues (Ballio
et al. 1991). There is also analogue [Phe>3]SP25, in which
phenylalanine is present instead of tyrosine (Scaloni et al.
1997).

Syringopeptins 22 (SP22) 8 consist of 22 amino acid res-
idues: a cyclooctapeptide ring and a 14 amino acid chain, in
which the N-terminal residue is N-acylated by a 3-hydrox-
ylated fatty acid containing either 10 or 12 carbon atoms
(SP22A and SP22B) (Ballio et al. 1991). In comparison to
SP25, SP22s contain (Z)-AAbu instead of valine residue in
the depsipeptide ring. There are also three other (Z)-AAbu
residues in the peptide chain. Analogues were also found,
such as syringopeptin Phv ([Leu*,Ala’]SP22) (Grgurina
et al. 2005), syringopeptin SC ([Leu® Leu’, AAla’]SP22),
which contains one AAla residue (Isogai et al. 1995),
syringopeptin 508 ([Leu* Leu’,Ala’]SP22) with three (Z)-
AAbu residues, and a 3-hydroxylated fatty acid containing
either 12 or 14 carbon atoms (Grgurina et al. 2005). Due to
similarities in structure and activity, the peptides 4-6, and 7
and 8 are often compared.

Syringostatins 9 (Akira et al. 1990), like also syringo-
toxin (Ballio et al. 1990), syringomycins (Scaloni et al.
1994), pseudomycins (Ballio et al. 1994), and cormycin A
(Scaloni et al. 2004) are a group of lipodepsipeptides with
phytotoxic and antifungal activities, produced by bacte-
ria Pseudomonas. The cyclic lactone ring consists of nine
amino acid residues, including the (Z)-AAbu residue. The
constant structural feature of these peptides is a fragment of
four amino acids, (Z)-AAbu-L-Asp(3-OH)-L-Thr(4-Cl)-L-
Ser with serine N-acylated by fatty acids of various lengths.
These structural features, together with a similar source of
origin and bioactivity mean that they can be regarded as a
family of compounds.

Dolastatin 13 (sea hare Dolabella auricularia) (Pettit
et al. 1989), symplostatin 2 (cyanobacteria Symploca hyd-
noides) (Harrigan et al. 1999), somamides (cyanobacteria
Schizothrix and Lyngbya majuscula) (Nogle et al. 2001),
lyngbyastatins 4-10 (cyanobacteria Lyngbya confervoides
and semiplena) (Matthew et al. 2007; Taori et al. 2007,
Kwan et al. 2009), bouillomides (cyanobacteria Lyngbya
bouillonii) (Rubio et al. 2010), and molassamides B (cyano-
bacteria Dichothrix utahensis) (Gunasekera et al. 2010)
can also be perceived as a family of compounds 10. These
cyclodepsipentapeptides contain (Z)-AAbu residue with
C-terminal 3-amino-6-hydroxy-2-piperidone (Ahp). The
main structural differences rely on short peptide chains
at the N-terminus of threonine and on a substituent of the
tyrosine ring. Although dolastatin 13, the first compound of
this class, was obtained from sea hare, it is most probably
of cyanobacterial origin as this shell-less mollusc has devel-
oped very powerful chemical defences by careful selec-
tion and/or biosynthetic manipulation of various dietary
sources. The bioactivity of symplostatin 2 and somamides

was not determined; nevertheless, the studies into dolas-
tatin 13, lyngbyastatins 4-10, bouillomides, and molassa-
mides show that these peptides are cell-growth inhibitors
(selectively inhibit elastase and chymotrypsin). FR901277
11 (Nakanishi et al. 1999) should be classified into the
same family of compounds because of both structural and
bioactive similarities (elastase inhibitor). Interestingly, it
was isolated from bacteria streptomyces resistomicificus.

Loihichelins A-F 12 (Homann et al. 2009) are an exam-
ple of linear dehydropeptides. This group of heptapeptides
contains the (Z)-AAbu residue and C-terminal 3-amino-
1-hydroxy-2-piperidone. Loihichelins differ in the type of
N-terminal fatty acid. Isolated from culture of the marine
bacterium Halomonas sp. LOB-5, heterotrophic Mn(II)-
oxidising bacterium, and loihichelins are perceived as
siderophores, playing a role in sequestering Fe(III) released
during basaltic rock weathering. Their role in the promo-
tion of Mn(II) and Fe(II) oxidation can also be considered.

Lavendomycin 13 has been isolated from culture filtrates
of Streptomyces lavendulae. It exhibits a very low toxicity
and a high antibiotic activity towards Gram-positive bacte-
ria both in vivo and in vitro (Komori et al. 1985). Laven-
domycin is a linear hexapeptide containing the (Z)-AAbu
residue with stereochemical configuration assigned by total
synthesis (Schmidt et al. 1990).

Stenothricin 14 is an inhibitor of bacterial cell wall
synthesis isolated from Streptomyces (Hasenbohler et al.
1974). This antibiotic has a linear octapeptide structure
containing the AAbu residue of unknown stereochemistry
(Rinken et al. 1984).

FK228 (formerly named FR901228) 15 (Ueda et al.
1994) is an antitumour peptide produced by Chromobac-
terium violaceum. It was shown that reduction of an intra-
molecular disulphide bond of FK228 greatly enhances its
inhibitory activity. Thus, FK228 serves as a stable prod-
rug to inhibit class I enzymes (potent histone deacetylase
(HDAC) inhibitor) and is activated by a reduction after an
uptake into the cells (Fumarai et al. 2002). This bicyclic
pentadepsipeptide contains the (Z)-AAbu residue, the ste-
reochemistry of which was confirmed both by NMR tech-
niques and X-ray crystallography (Shigematsu et al. 1994).

Largamides A—C 16 (Plaza and Bewley 2006) are pro-
duced by marine cyanobacterium Oscillatoria sp. Their
bioactivity has not been determined to date. Apart from
the (Z)-AAbu residue, these pentadepsipeptides are char-
acterised by the unusual occurrence of senecioic acid.
Largamides B and C possess in addition the rare 2-amino-
5-(4’-hydroxyphenyl)pentanoic and 2-amino-6-(4'-
hydroxyphenyl)hexanoic acid, respectively.

Kahalalide F 17 (Hamann and Scheuer 1993; Loépez-
Macia et al. 2001) is a tridecapeptide isolated from a saco-
glossan mollusc Elysia rufescens. The mollusc feeds on a
green alga, Bryopsis sp., which is most probably the origin
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source. The bioassay results of antitumour, antiviral, anti-
malarial, and against AIDS OI pathogens are reported
(Hamann et al. 1996). The antitumour activity is the most
promising (Garcia-Rocha et al. 1996). The (Z)-AAbu resi-
due is placed in the depsipeptide ring. When the ester bond
is hydrolysed, kahalalide F is transformed to kahalalide G,
but the bioactivity is lost.

Stendomycins 18 (Bondaszky et al. Bodanszky et al.
1969) are antifungal antibiotics isolated from cultures of
Streptomyces endus. Stendomycins contain a heptadepsi-
peptide ring and a heptapeptide linear chain with the AAbu
residue and N-terminal fatty acid. The structure 18 repre-
sents the dominant compound of the stendomycin family.
In other members of the stendomycin group, isomyristic
acid is replaced by its lower homologues and alloisoleu-
cine by valine or leucine. The configuration of the amino
acid constituents was established by determination of the
specific rotation of the amino acids isolated from an acid
hydrolysate of stendomycin. However, the stereochemistry
of the AAbu residue remains to be established.

Erwinia herbicola produces two acylated antibiotics,
herbicolins A and B, 19 (Winkelmann et al. 1980; Aydin
et al. 1985). The C-terminal arginine residue forms a lac-
tone ring with the hydroxy group of L-threonine, while the
N-terminus is acylated by the (R)-3-hydroxytetradecanoic
acid residue. The AAbu residue is present in the side chain,
but its geometric isomer remains unrecognised. Herbicolin
A, the main component, has D-glucose moiety linked via
a l-a-glycosidic bond to the 3-hydroxytetradecanoic acid
residue (Greiner et al. Greiner and Winkelmann 1991).
Thus, herbicolin A was the first known glycosylated dehy-
dropeptide. Herbicolin B is the aglycone of herbicolin A.

Another example of glycosylated lipopeptides are has-
sallidins 20 (Neuhof et al. 2005, 2006), with antifungal
activity, from cyanobacterium Hassallia sp. Within these
cyclic nonadepsipeptides five nonproteinogenic amino
acids were found including the (Z)-AAbu residue, as con-
firmed by a homonuclear NOESY spectrum. The lipid part
of the peptide is constituted by 2,3-dihydroxytetradecanoic
acid. The carbohydrate component is mannose. In has-
salidin B, the additional carbohydrate unit, rhammose, is
attached to the 3-hydroxyl group of the C, -acyl side chain.

Sch 20561 and Sch20562 21 (Afonso et al. 1999a, b)
are major components of a fermentation complex, which
shows potent antifungal activity and is produced by the
bacterium Aeromonas sp. These cyclic nonadepsilipopep-
tides contain two of the (E)-AAbu residues. The lipid part
of the peptide is constituted by 3-hydroxytetradecanoic
acid. Sch20562 has the carbohydrate unit, glucose, attached
to the 3-hydroxyl group of the C,,-acyl side chain. Sch
20561 is the aglycone of Sch20562. The stereochemistry
of the AAbu residues was deduced on the basis of a com-
parison of "H NMR chemical shifts of the studied peptides
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and small synthesised model compounds, isomers Z and E
of N-acetyldehydrobutyrine methyl ester (Ac-A Abu-OMe).
The structural similarity of the peptides 19-21 should be
noted. These are cyclic nonapeptides, with five identical
amino acids, the lipid part constituted by 3-hydroxytetra-
decanoic acid, and glycosylated via the hydroxyl group of
threonine or fatty acid. Therefore, they can be perceived as
a family of compounds. These are also examples of occur-
rences in nature of the isomer E of the AAbu residue.

Acculitins A-C 22 (Bewley et al. 1996), isolated from
the lithistid sponge Aciculites orientalis, inhibit the growth
of Candida albicans and are cytotoxic towards the HCT-
116 (colon carcinoma human cell line). They are bicyclic
glycopeptidolipids, containing ten amino acid residues,
including two (E)-AAbu as determined by ROESY. The
carbohydrate moiety, p-lyxose, is attached at the 3-posi-
ton of C;3—C,5 2,3-dihydroxy-4,6-dienoic acid. The accu-
litins A—C differ in length of this fatty acid. From the same
source two other closely related compounds, aciculitamides
A and B 23, were isolated (Bewley et al. 1996). The struc-
tural differences are in imidazole ring and geometry of
one AAbu residue: E and Z for aciculitamides A and B,
respectively.

Bogorols 24 (Barsby et al. 2001, 2006) have been iso-
lated from cultures of a marine Bacillus sp. This family of
peptide antibiotics is active against vancomycin-resistant
Enterococcus spp. as well as methicilin-resistant Staphylo-
coccus aureus, common Gram-positive human pathogens.
Bogorols are linear dodecapeptides containing a number
of structural features, which include a reduction of the
C-terminal residue to valinol, a presence of N-terminal
2-hydroxy-3-methylpentanoic acids, the incorporation of
four p-amino acids, and a presence of the (E)-AAbu resi-
due. The configuration E was determined by NOESY. The
structural differences between bogorols rely on the changes
in sequence at positions 2 and 4. Three potentially charged
residues make bogorols cationic peptide antibiotics.

Largamide H 25 (Plaza and Bewley 2006) isolated from
marine cyanobacterium Oscillatoria sp., has a different
structure from largamides A—C 16. This cyclodecadehydro-
peptide contains two AAbu residues, both in configuration
Z and E, as deduced from the ROESY spectrum. Largamide
H was tested for toxicity towards HCT-116 cell line, but no
inhibitory activity was observed.

Pahayokolides A and B 26 are cycloundecapeptides iso-
lated from cyanobacterium Lyngdybya sp. (An et al. 2007).
They possess two AAbu resides with both Z and E config-
urations as determined by NOE. The structural difference
between pahayokolides A and B is N-acetyl-N-methyl-leu-
cine at the 3-amino-2,5,7,8-tetrahydroxy-10-methylundeca-
noic acid moiety. Tests for pahayokolide A revealed a broad
spectrum of cytotoxicity, including an inhibition of a num-
ber of cancer cell lines (Berry et al. 2004).
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Laxaphycin A 27 (Frankmolle et al. 1992a, b; Bonnard
et al. 1997, 2007), isolated from fresh water cyanobac-
terium Anabea laxa and marine cyanobacterium Anabea
torulosa, lobocyclamide A (MacMillan et al. 2002) from
cyanobacteria Lyngbya confervoides, and hormothamnin
A (Gerwick et al. 1992, 1989) from marine cyanobacte-
rium hormothamnion enteromorphoides are a family of
cycloundecapeptides. Lobocyclamide A is the [L-Ser?, p-
Tyr6, L-allo-1le’] laxaphycin A analogue. Both compound
possess the (E)-AAbu residue as determined by NOE. Hor-
mothamnin A differs from laxaphycin A only in the geo-
metrical isomer (Z) of the AAbu residue. These peptides
reveal cell-growth inhibitory (antifungal, anticancer) activ-
ity. Laxaphycin A is rather low toxic at inactive concentra-
tions; it strongly potentiates the cell toxicity of laxaphycin
B, a closely related structural analogue. This indicates a
synergistic effect whose efficacy increases with increas-
ing concentration of laxaphycin A. Similarly, lobocycla-
mides A and B displayed synergistic in vitro antifungal
activity. It should be noticed that contrary to laxaphycin A,
hormothamnin A is highly toxic on a variety of solid can-
cer cell lines (Gerwick et al. 1989). As the only difference
between laxaphycin A and hormothamnin A is configura-
tion of the AAbu residue (E and Z, respectively), it is likely
that the configuration of dehydrobutyrine plays a critical
role in the higher cytoxicity of hormothamnin A (Bonnard
et al. 2007).

Tumescenamides 28 were isolated from the fermenta-
tion broth of a marine bacterium, Streptomyces (Motohashi
et al. 2010; Kishimoto et al. 2012). These are cyclopen-
talipodepsipeptides containing the (Z)-AAbu residue with
C-terminal ester bond. Stereochemistry was obtained from
2D NMR data. Tumescenamides A and B differ in the type
of fatty acid. Tumescenamides A and C differ only in the
configuration of the valine residue. Tested so far, tumes-
cenamide A showed weak activity only in the luciferase-
reporter assay system, which enabled observing the expres-
sion of insulin-degrading enzyme (IDE). Tumescenamide
C exhibited antimicrobial activity with high selectivity
against the Streptomyces species.

An interesting example is phomalide 29, a selective phy-
totoxin produced by the fungus Leptosphaeria maculans,
responsible for leaf spot and stem cankers (blackleg), one
of the most damaging diseases of oilseed Brassicas, par-
ticularly canola (Howlett et al. 2001). Phomalide is a cyclic
pentadepsipeptide containing the (E)-AAbu residue with
C-terminal ester linkage (Pedras and Taylor 1993). Biologi-
cal evaluations of phomalide and its synthetic analogues,
isophomalide having (Z)-AAbu residue and dihydropho-
malides, revealed that only phomalide caused necrotic,
chlorotic, and reddish lesions on canola (Brassica napus
and Brassica rapa; susceptible to blackleg) (Ward et al.

1999). This is another example, which shows that not only
the presence of the dehydroamino acid residue, but also
that its proper geometric isomer is crucial for the biological
activity of the peptide.

Dehydrovaline and dehydroisoleucine

Lasiodine A 30 (Marchand et al. 1969) is a linear tetrapep-
tide isolated from the leaves of Lasiodiscus marmoratus, a
small plant genus in the family Ramnaceae. The biological
activity of lasiodine A remains unknown. This was the first
report on dehydrovaline residue (AVal) in a natural com-
pound. Additionally, it is also a rare example of plant as a
source of dehydropeptide. Both the source of origin as well
as alkylated amino groups provide a basis to classify lasio-
dine A as an alkaloid peptide.

FR225659 and FR225656 31 (Zenkoh et al. 2003) are
linear N-acyl tripeptides produced by the fungi Helico-
myces sp. All residues are non-standard: 3-chloro-4-hy-
droxyarginine, 3-hydroxy-3-methylproline, and AVal or
dehydroisoleucine ((E)-Alle), respectively, for FR225659
and FR225656. The isomer E of Alle was shown by NOE.
Both compounds are inhibitors of gluconeogenesis and
thus may be useful as anti-diabetic agents (Ohtsu et al.
2003a, b).

Yaku’amides A and B 32 (Ueoka et al. 2010) from the
marine sponge Ceratopsion sp. are cytotoxic linear pep-
tides. These tridecapeptides contain four o,B-dehydroamino
acid residues: (2)-Allel, (E)-Alle2, (Z)-Alle3, and AVal.
The geometries of the double bonds in the three Alle resi-
dues were determined on the basis of NOESY data as well
as total synthesis (Kuranaga et al. 2013). Yaku’amide B has
Ala in place of the Gly residue. Yaku’amides exhibit potent
cell-growth inhibitory activity against P388 murine leukae-
mia cells.

Antrimycin 33 (Morimoto et al. 1981) was isolated
from bacteria Streptomyces xanthocidicus. It shows
antibiotic activity against Mycobacterium smegmatis
(Shimada et al. 1981). This linear heptapeptide contains
four unusual amino acid residues including (E)-Alle.
To confirm the structure, the fragment of peptide was
hydrogenolysed under atmospheric pressure of hydrogen
with platinum as catalyst and then hydrolysed. The pres-
ence of isoleucine and the only trace of allo-isoleucine
proved the geometrical isomer E. Year after cirratiomy-
cins A and B (Shiroza et al. 1982a, b, c) were isolated
from bacteria Streptomyces cirratus. These antibiotics
exhibit activities against Lactobacillus case as well as
some strain of Mycobacterium and Streptococcus. The
analysis of the structures shows that cirratiomycin A is
[Leu’] antrimycin and cirratiomycin B is homologous
with antrimycin.

@ Springer



D. Siodtak

Dehydroproline

Several species of Streptomyces produce a broad family of
virginiamycin antibiotics. These compounds are individu-
ally of rather low activity, but they show a strong syner-
gism against Gram-positive bacteria (Cocito 1979; Dang
et al. 2004). Ostreogrycin A (virginamycin M1) 34 (Del-
pierre et al. 1966; Bycroft 1977; Durant et al. 1974) is a
small peptide with a 23-membered lactone ring and o,f-
dehydroproline (APro) with C-terminal ester bond. The
literature relating to this compound is complicated by the
plethora of synonyms which exist for the individual mem-
bers of each family (mikamycin A, PA114A, pristinamy-
cin II A, streptogramin A, vernamycin A) (Kingston et al.
Kingston and Kolpak 1980).

Dehydroaspartic acid

Phomopsin A 35, mycotoxin produced by the fungus Pho-
mopsis leptostromiformis, is responsible for lupinosis
disease in animals (Culvenor et al. 1983). X-ray analysis
shows that it is a linear hexapeptide containing a 13-mem-
bered ring with an ether bridge (Mackay et al. 1986). The
unique structure of phomopsin A does not contain any
standard amino acid. The presence of four dehydroamino
acid residues, (E)-dehydroaspartic acid ((E)-AAsp), (E)-
Alle, as well B,y-dehydro-L-valine and B,y-dehydro-L-
proline, makes phomopsin A one of the most dehydrogen-
ated of dehydropeptides. To date, this is the only example
of occurrence of dehydroaspartic acid in nature.

Dehydrotryptophan

Telomycin 36 (Sheehan et al. 1968) is a bacterial Strepto-
myces metabolite active against Gram-positive organisms.
The structure contains 11 amino acids: nonapeptide lactone
and short dipeptide chain. The dehydrotryptophan residue
(ATrp) is suggested for the chromophore of telomycin. The
stereochemistry, including geometrical isomer of ATrp, has
not been determined. Closely related compounds A-128-OP
and A-128-P 37 were obtained from natural antibiotic
neotelomycin (Belova and Stolpnik 1966). The amino acid
composition of A-128-OP is very similar to that of telomy-
cin. Threonine is incorporated in the side chain instead of
the lactone ring. Aspartic acid creates an a-carboxypeptide
bond. In A-128-P, the L-trans-3-hydroxyproline is replaced
by L-proline. The configurations of the amino acids were
determined by the highly active p-amine oxidase (Silaev et
al. 1971). The stereochemistry of ATrp was not determined.
Nevertheless, it was shown that the modification of trypto-
phan residues led to a considerable decrease or even loss
of bioactivity (Katrukha et al. 1974). The marine derived
halotolerant fungal strain PT06-1, identified as Aspergillus
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sclerotiorum, was isolated from the Putian Sea, Salt Field,
Fujian, China. Sclerotides A and B 38 (Zheng et al. 2009)
were identified from the metabolites and show moder-
ate antifungal activity. These cyclohexapeptides contain
the ATrp residue with geometry Z for sclerotide A and E
for sclerotide B. Stereochemistry of the ATrp residue was
determined using the 2D NMR technique, a comparison
of chemical shifts to the ATrp containing diketopiperazine
isoechinulin (Wang et al. 2007) as well as theoretical cal-
culations. Both sclerotides, A and B, are stable in dark and
photointerconvertible into each other in light. The isomer
Z is more stable. The equilibrium of sclerotides A and B is
87:13 with little influence of both temperature and solvent.

The Okinawan marine sponge Theonella sp. is the
source of many unique peptides, amongst others kerama-
mides. Keramamide F 39 (Itagaki et al. 1992), a cyclic
heptapeptide, contains the (Z)- ATrp residue with the geom-
etry determined by HMBC and NOESY. Keramamide F is
an anticancer compound as it shows cytotoxicity against
human epidermoid carcinoma KB cells and murine lym-
phoma L1210 cells.

Janthinocins A—C 40 are antibacterial agents produced
by Janthinobacterium lividium. They are active against
aerobic and anaerobic Gram-positive bacteria and are more
potent than vancomycin (O’Sullivan et al. 1990; Johnson
et al. 1990). Janthinocins are cyclodecadepsipeptides con-
taining ATrp as well as AAbu residues. The structural dif-
ferences between janthinocins A—C occurs in position 8§,
where there is threo-B-hyroxytryptophan, 8-ketotryptophan,
and dehydrotryptophan (ATrp) residues, respectively. The
stereochemistry of dehydroamino acid residue was not
determined.

Unique dehydroamino acids

This part describes the naturally occurring peptides, which
contain the a,B-dehydroamino acid residues having unique
side chains.

Cyrmenins 41 (Sasse et al. 2003; Leibold et al. 2004)
were isolated from the culture broth of strains of the myxo-
bacteria Cystobacter armeniaca and Archangium gephyra
(myxobacteria). Cyrmenins reveal antifungal activity and
thus can be potentially important for the agricultural indus-
try. These linear dipeptides consist of N-terminal unsatu-
rated fatty acids and two adjacent dehydroamino acids,
AAla and (Z)-O-methyl-dehydroserine (ASer(Me)). This
makes them a unique series of natural products. A short
and efficient synthesis of cyrmenin B1 has been published
(Chakor et al. 2009). The modifications of the cyrmenins
by introduction of alanine or serine in place of dehydroala-
nine as well as the replacement of the methoxy group with
a hydrogen atom resulted in a complete loss of antifungal
activity (Chakor et al. 2012).
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Victorins 42 are a family of toxins produced by the fun-
gus Cochliobolus victoriae, which causes victoria blight
of oats (Wolpert et al. 1985, 1986; Durow et al. 2009).
Victorin C is the main component of this toxin complex.
These pentapeptides consist of a short dipeptide chain
and a 12-membered ring containing a unique (E)-f-
chlorodehydroalanine residue ((E)-A(BCl)Ala). The geom-
etry of this residue was established using a combination of
synthesis and NMR methods (Durow et al. 2009).

Tuberactinomycins 43 are a family of tuberculostatic
antibiotics which are produced by bacteria Streptomy-
ces (Yoshioka et al. 1971; Noda et al. 1972). These cyclic
hexapeptides contain unusual amino acid residues, such as
a,p-diamino propionic acid and PB-ureidodehydroalanine
(A(BU)Ala). The geometry of A(BU)Ala is Z. The struc-
tural differences rely on a combination of two pairs of
amino acid residues: L-tuberactidine/L-capreomycidine
and L-B-lysine/y-hydroxy-L-f-lysine. Tuberactinomycin B
is a homologue of viomycin, the structure of which was
determined by X-ray techniques (Bycroft 1972). Similar
in structure and biological activity are capreomycins 44
(Nomoto et al. 1977). The branched part constituted by the
B-lysine residue is linked with the f-amino group of a,f-
diaminopropionic acid residue in a different position than
in tuberactinomycins.

Sponge Callyspongia abnormis and Callyspongia aeri-
zusa are a source of callynormine A (Berer et al. 2004)
(with the structure elucidated by interpretation of NMR
data and X-ray diffraction analysis), like also callyaerins
A-H 45 (Ibrahim et al. 2008, 2010). These compounds are
cyclic peptides containing from 9 to 14 amino acid resi-
dues. The core of their structure is unusual (Z)-2,3-diami-
noacrylic acid, which provides the template for ring closure
(5-8 residues) and supports the linkage to the peptide side
chain (3-5 residues), which is always initiated by a proline
moiety. The amino acid residues are predominantly hydro-
phobic and all in the L form. The bioactivity of callynorm-
ine A is not known, but callyaerins reveal various cytotox-
icities: antibacterial, antifungal, and antitumour.

Another sponge Cliona celata is the source of celena-
mides 46 (Stonard and Andersen 1980a, b). Celenamides
A-C are linear tripeptides containing leucine or valine,
3.,4,5-trixydroxydehydrophenylalanine, and 6-bromotrypto-
phan. Celenamide D has leucine and two 3,4,5-trixydroxy-
phenylalanines. The geometry of this dehydroamino acid
was not determined. The biological activity also remains
unknown. However, celenamide E, a closely related dipep-
tide and a possible biosynthetic precursor of the previously
reported celenamides A—C, was isolated from the Patago-
nian sponge Cliona chilensis (Palermo et al. 1998). The
stereochemistry of the 3,4,5-trixydroxyphenylalanine was
established as Z by NMR techniques. Celenamide E shows
antibiotic activity against Gram-positive bacteria. Thus, it

can be supposed that these are the features of other com-
pounds in this family. Because of free amino group at the
N-terminus, celenamides are classified to linear peptide
alkaloids.

Tunichromes 47 are dipeptides containing one or more
dehydrodopa-derived units that have been identified in
the blood cells of at least 11 species of tunicates (Cai et
al. 2008). Tunichromes An-1, An-2, An-3, and Mm-1,
Mm-2 have been extracted and characterised from blood
cell lysates of the phlebobranch Ascidia nigra and the sto-
lidobranch Molgula manhattensis (Bruening et al. 1985;
Oltz et al. 1988). Tunichromes An-1, An-2, An-3 contain
3,4,5-trixydroxydehydrophenylalanine, = whereas  tuni-
chromes Mm-1 and Mm-2 contain 3,4-dixydroxydehydro-
phenylalanine. The geometry of these dehydroamino acids
was not determined. Tunichromes exhibited antimicrobial
activity against Gram-negative bacteria Escherichia coli
and Photobacterium phosphorium. The oxidation products
of tunichromes possess inherent cross-linking properties.
Hence, it is possible that tunichromes participate in tunic
production by forming adducts and cross-links with struc-
tural proteins and/or carbohydrate polymers (Cai et al.
2008). It is also suggested that tunichromes, specific blood
pigments of marine tunicates, could play a role in seques-
tering and reducing vanadium or iron (Oltz et al. 1988).

Azinomycins A and B 48 are antitumour antibiotics pro-
duced by culture broth Streptomyces species (Yokoi et al.
1986; Ishizeki et al. 1987). These compounds, structurally
and mechanistically unrelated to other families of antitu-
mour agents, contain only one amino acid residue: unusual
1-azabicyclo[3.1.0]hexane (aziridino[1,2-a]pyrrolidine)
ring system appended as part of a dehydroamino acid. The
stereochemistry of this dehydroamino acid was studied by
NOE experiment including dihydro derivative obtained by
catalytic hydrogenation (Yokoi et al. 1986). This unique
ring system has been reported to be the reason for the DNA
cross-linking abilities and cytotoxicity of these metabo-
lites. The azinomycins have also shown bioactivity against
a range of Gram-negative and Gram-positive bacteria
(Foulke-Abel et al. 2011).

Dityromycin 49 was isolated from the culture broth of
the soil microorganism Streptomyces (Omura et al. 1977).
This bicyclic decadepsipeptide contains two unique o,f-
dehydroamino acid residues: 2-amino-3-hydroxymethyl-
4,5-epoxy-a,B-dehydropentanoic acid as well as O-aryl-
N-methyldehydrotyrosine with C-terminal ester linkage
(Teshima et al. 1988). The configurations of these moieties
have not been clarified yet. A new antibiotic GE82832, a
translocation inhibitor, has recently been reported (Brandi
et al. 2012). Although its structure had not been completely
solved, similarities in the MS spectra like also in the inhibi-
tory activities indicate that GE82832 is highly related to
dityromycin.
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Main chain modifications

The structural changes within the a,f-dehydroamino acid
residue concern not only the side chain, but also the main
chain.

N-Methyldehydroamino acids

The cyanobacteria (blue-green algae) produce a hepato-
toxic family of cyclic heptapeptides originally described
as cyanoginosins (Botes et al. 1984, 1985), but presently
called microcystins 50 according to Microcystis, the first
genera of cyanobacteria associated with their biosynthesis
(Pearson et al. 2010; Merel et al. 2013; Fujiki and Suga-
numa 2011). The structure of mycrocystins are character-
ised by the (25,35,8S,95)-3-amino-9-methoxy-2,6,8-tri-
methyl-10-phenyldeca-4,6-dienoic acid (Adda) as well as
N-methyldehydroalanine residue, A(Me)Ala. There are over
90 compounds classified as microcystins (Lukomska et al.
2002; Welker and von Dohren 2006). The variability occurs
most often at the positions 2 and 4 (Carmichael et al. 1988),
although the numbering does not correspond to the suite of
biosynthetic steps (Tillett et al. 2000). The A(Me)Ala resi-
due plays an important role in the toxicity of mycrocystins.
The carbon—carbon double bond reacts with the thiol func-
tion of protein phosphatase 1 through Michael addition,
binding covalently mycrocystin to this enzyme (Goldberg et
al. 1995). There are also microcystins, which contain non-
methylated AAla (Namikoshi et al. 1992a, b; Luukkainen
et al. 1994; Sivonen et al. 1992a, b) and both isomers of
AAbu (Sano and Kaya 1998; Sano et al. 1998; Blom et al.
2001; Beattie et al. 1998) instead of A(Me)Ala. Microcys-
tin-LR has an extremely lethal dose response LD50 = 32.5
pg/kg in mice (Schaeffer et al. 1989). However, for non-
methylated [AAla’]microcystin-LR, LD50 equals 250 g/
kg (Namikoshi et al. 1992a, b), whereas for dihydromicro-
cystin-LR, LD50 equals 85-100 pg/kg (Namikoshi et al.
1993). It can be concluded, therefore, that both the unsatu-
rated functionality and methylation can influence bioactiv-
ity. Moreover, it was shown that [D—Asp3,(E)—AAbu7]micro—
cystin-RR reveals a higher specific toxicity when compared
with the A(Me)Ala residue containing microcystins (Blom
et al. 2001). This indicates that the kind of dehydroamino
acid residue can also be important.

The A(Me)Ala residue can be also found in cyclodep-
sipeptide FR900359 51, as confirmed by X-ray structure
(Miyamae et al. 1989). This peptide, isolated from the ever-
green plant Ardisia crenata sims (Myrsinaceae), shows the
inhibition of platelet aggregation and a decrease in blood
pressure (Fujioka et al. 1988). Closely related compounds
denoted as YM-254890, YM-254891, YM-254892, and
YM-280193 (Taniguchi et al. 2003a, b, 2004) were isolated
from a culture strain of the broth Chromobacterium sp.
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QS3666 (Taniguchi et al. 2003a, b). YM-254890 is a spe-
cific Gag/11 inhibitor on thrombosis and neointima forma-
tion (Kawasaki et al. 2005). Semi-synthetic saturated ana-
logues show that the presence of A(Me)Ala is not critical
for activity (Taniguchi et al. 2003a, b). FR900359 differs
from YM-254891 only in one amino acid residue (alanine
instead of valine) as well as the acyl group in the short
chain. It is interesting that such similar compounds origi-
nate from quite different biological sources.

BE-22179 52 was isolated from the culture broth of
Streptomyces sp. (Okada et al. 1994; Yoshinari et al. 1994).
It constitutes the newest member of the class of naturally
occurring, twofold symmetric bicyclic octadepsipep-
tides (Dawson et al. 2007). The characteristic feature of
BE-22179 in comparison to other compounds in this class
is the presence of the unusual junction of the A(Me)Ala
residue with thioester linkage (Boger and Ichikawa 2000).
BE-22179 exhibits activity against Gram-positive bacteria
(including S. aureus), but is inactive against Gram-nega-
tive bacteria (Okada et al. 1994). It is also a highly potent
inhibitor of DNA topoisomerase II. It was shown to bind to
DNA by a high-affinity bisintercalation (Boger et al. 2001).
It should be noted that the previously described dityromy-
cin 49 (Teshima et al. 1988) contains O-arylated N-methyl-
dehydrotyrosine with C-terminal ester bond. Both exam-
ples, BE-22179 and dityromycin, show that within single
amino acid residue at least three structural modifications
can be found: a,p-double bond, N-methylamide group, and
C-terminal ester group.

Nodularins 53 are cyclic pentapeptides produced by
cyanobacteria Nodularia (Rinehart et al. 1988; Sandstrom
et al. 1990; Namikoshi et al. 1994; De Silva et al. 1992;
Beattie et al. 2000; Saito et al. 2001). Nodularins reveal
similar hepatoxicity as microcystins as well as certain
structural similarity, i.e. the presence of Adda and dehy-
droamino acid residue, which in this case is (Z)-N-me-
thyldehydrobutyrine residue, (Z)-A(Me)Abu. Motuporin,
although isolated form the crude extract of the marine
sponge Theonella swinhoei Gray (De Silva et al. 1992),
also belongs to this family. Dehydroamino acid is impor-
tant, but not crucial for biological activity. Reduction of
(Z)-A(Me)Abu residue to dehydronodularin results in a
decrease of toxicity (LD50 = 60 and 150 ng/kg, respec-
tively) (Namikoshi et al. 1993).

Tentoxin 54 is a phytotoxic metabolite of the patho-
genic fungus Alternaria tenuis (Fulton et al. 1965; Saad et
al. 1970). It binds to the chloroplast F,-ATPase, as it was
shown by the crystal structure of the tentoxin-inhbited CF-
complex (Groth 2002). Tentoxin is cyclotetrapeptide with
N-methyl-(Z)-dehydrophenylalanine residue, (Z)-A(Me)
Phe (Meyer et al. 1975). It should be noted that acyclic ana-
logues of tentoxin have low, but significant chlorosis activ-
ity, whereas both (Z)- APhe residue and N-methyl group are
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necessary for full activity (Edwards et al. 1996). Moreover,
isotentoxin, the semi-synthetic isomer E of tentoxin, seems
to have no chlorosis activity (Liebermann et al. 1996).
This shows that the junction of structural features: the
a,p-double bond, the side chain in proper geometrical con-
figuration, and the methyl group at the N-terminal amide
bond, creates unique properties necessary for the biological
action of this peptide.

The Papua New Guinea sponges Theonella produce
cycloheptapeptides mutremdamide A 55 (Plaza et al. 2010).
Mutremdamide A failed tests to inhibit HIV Entry as well
as the growth of Candida albicans. Thus, its biological
function remains unknown. However, it is the first exam-
ple of the natural peptide where the a,B-dehydroamino acid
residue ((Z)-AAbu) is methylated at the C-terminal amide
bond.

Thiazole-, thiazoline-, and oxazole-dehydroamino acids

Thiopeptides are a broad family of sulphur-containing
macrocyclic peptides, produced by Gram-positive bacteria,
mostly Streptomyces. Thiopeptides display activity against
Gram-positive bacteria; thus, they attract constant interest
as potential antibiotics. The classification, isolation, struc-
tural elucidation, biological properties, biological origin,
and methods of synthesis have already been extensively
reviewed (Bagley et al. 2005; Just-Baringo et al. 2014).
The central point of the structure of thiopeptides is pyri-
dine, piperidine, dehydropiperidine, or dehydroimidazopi-
peridine, which constitute a macrocyclic ring and, in most
cases, is substituted by a short linear chain. The macrocy-
clic part of thiopeptides contains from one to six thiazole
rings, like also other heterocyclic rings such as thiazoline,
oxazole, 5-methyloxazole, indole, and pyrrolidine. Thio-
peptides are also rich in dehydroamino acid residues, which
makes them one of the most highly modified peptides.

The presence of heteroaromatic moieties and dehy-
droamino acid residues makes a specific structural junction,
always at the C-terminus of the dehydroamino acid residue.
This is caused, most probably, by the requirement of the
cyclisation reaction, in which the thiol or hydroxyl group
of cysteine, serine, or threonine react with the preceding
amide group (Dunbar and Mitchell 2013). Cyclothiazomy-
cins 56 (Aoki et al. 1991; Hashimoto et al. 2006; Mizuhara
et al. 2011) contains thiazole-dehydroalanine. Thiazole-(Z)-
dehydrobutyrine constitutes micrococcins P1-2 57 (Lefranc
and Ciufolini 2009) thiocilins I-III (Shoji et al. 1976,
1981; Aulash and Ciufolini Aulakh and Ciufolini 2011),
YM-266183-4 (Nagai et al. 2003; Suzumura et al. 2003) as
well as nosiheptide 58 (Pascard et al. 1977). Thiazole-(E)-
O-methyl-dehydrothreonine was found in closely related
nocatiacins (Constantine et al. 2002; Leet et al. 2003; Li
et al. 2003), thiazomycins (Jayasuriya et al. 2007; Zhang

et al. 2009), MJ347-81F4 A & B (Sasaki et al. 1998), and
glycothiohexide o 59 (Northcote et al. 1994). The thios-
trepton family of compounds 60 (Dutcher and Vandeputte
1955; Anderson et al. 1970; Bond et al. 2001; Nishimura
et al. 1959; Mori et al. 2007; Tori et al. 1981; Miyairi et
al. 1970; Hensens and Albers-Schonberg 1983, 1978; Puar
et al. 1981) and closely related Sch 40832 61 (Puar et al.
1998) contain the thiazoline-(Z)-dehydrobutyrine residue,
in which the heterocyclic ring is not fully dehydrated. Fur-
thermore, oxazole- and 5-methyl-oxazole-dehydroamino
acids such as oxazole-dehydroalanine, 5-methyl-oxazole-
dehydroalanine, oxazole-dehydrobutyrine, 5-methyl-oxa-
zole-dehydrobutyrine, oxazole-dehydrohomobutyrine,
5-methyl-oxazole-dehydrohomobutyrine, oxazole-dehydro-
leucine, and 5-methyl-oxazole-dehydrohomoserine were
found in geninthiocin 62 (Yun et al. 1994a, b, c¢), bernina-
mycins (Liesch and Rinehart 1977; Abe et al. 1988; Kodani
and Ninomiya 2013), sulfomycins 63 (Egawa et al. 1969;
Kohno et al. 1996; Vijaya Kumar et al. 1999), promoin-
ducin (Yun and Seto 1995), thiotipin (Yun et al. 1994a,
b, c¢), A10255 64 (Boeck et al. 1992; Debono et al. 1992;
Favret et al. 1992), tioaxamycin (Yun et al. 1994a, b, c),
radamycin (Castro Rodriguez et al. 2002), and TP-1161
(Engelhardt et al. 2010). Oxazole-dehydroalanine and
oxazole-dehydrobutyrine were also found, respectively,
in mechercharmycin A 65 (IB-01211) (Kanoh et al. 2005;
Hernandez et al. 2007a, b) [226-228] and urukthapelstatin
A (Matsuo et al. 2007), a new class of thiopeptides of anti-
tumour activity, which does not have six-membered hetero-
cyclic moiety.

In most cases, the linear chain of thiopeptides consists
of dehydroalanine residues (from 1 upto 4) ending at the
C-terminus by amide, ester, or acid group 66. The dehydro-
alanine side chain possesses also other thiopeptides such
us: GE37468A (Stella et al. 1995), philipimycin (Zhang
et al. 2008), thiomuracin A (Morris et al. 2009), baringo-
lin (Just-Baringo et al. 2013), kocurin (Martin et al. 2013),
and promothiocins (Yun et al. 2001), which do not have
dehydroamino acids in the macrocyclic ring. However,
non-modified dehydroalanine residue can be also found
in the macrocyclic ring of the presented structures 60-64.
This makes AAla one of the most abundant dehydroamino
acids.

Conclusions

The presented search reveals 37 different structural units
of the natural o,p-dehydroamino acids. This includes vari-
ations of the side chains, geometrical isomers, modifications
of the main chain, as well as combinations of such structural
changes (Scheme 2). Amongst dehydroamino acids, dehy-
droalanine and dehydrobutyrine occur most often, derived
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Scheme 3 Source of origin and bioactivity of peptides containing the
a,p-dehydroamino acids

from cysteine, serine, and threonine. There are also ana-
logues of other standard amino acids: valine, leucine, iso-
leucine, proline, aspartic acid, serine, threonine, tryptophan,
tyrosine, and phenylalanine. However, there are also o,f-
dehydroamino acids with the unique side chain containing
chlorine atom, ureido moiety, or epoxy or azirydine rings
which cannot be simply derived from the standard amino
acids. Interestingly, dehydrophenylalanine, the most often
studied a,B-dehydroamino acid, is found only in one natu-
ral peptide. Methylation of N-terminal amide bond is one
of the main modifications within the dehydroamino acid
residue. There is also one example of methylation of the
C-terminal amide bond. In nature, the o,pf-dehydroamino
acid residue can be joined by C-terminal ester or thioester
bond. A combination of these modifications occurs. The
a,p-dehydroamino acid residue with methylated amide bond
at the N-terminus creates the ester or thioester bond at the
C-terminus. The o,B-dehydroamino acids are also modi-
fied by the presence of C-terminal heterocycle (thiazole,
thiazoline, or oxazole)—a common feature of thiopeptides.
The presence of the o, double bond creates a possible Z/E
isomerisation of the side chain. Both isomers are found in
nature. Although the thermodynamically more stable isomer
Z prevails in case of dehydrobutyrine, it is not so obvious
for other residues, which are present clearly in the form of
the isomer E and for which the stereochemistry has not been
determined to date. Few examples indicate that the posi-
tion of the side chain is crucial for bioactivity, which is an
intriguing aspect of the potency of nature. These are excel-
lent examples of structure—activity relationship.

Peptides containing the o,B-dehydroamino acids are
produced primarily by bacteria (Scheme 3). Fungi are the
second source. Other organisms such as ascidians, mol-
luscs, sponges, tunicates and even higher plants have been
reported. Nevertheless, there is evidence that they are not

the origin of the source of dehydropeptides. Peptides con-
taining the «,f-dehydroamino acids reveal various biologi-
cal activities. Most exhibit antibacterial and antifungal role.
Therefore, they are regarded as precursors of new antibiot-
ics. A large group is the phytotoxic pathogens, especially
those produced by fungi. Another group reveals promising
antitumour activity. Unusual antithrombotic, reducing pig-
ment, or putative metal sequestering features can be also
found. Many of the dehydropeptides show a variety of
activities. However, the functions of a considerable group
of dehydropeptides as well as the a,p-dehydroamino acid
residues are still unrecognised.

Conlflict of interest The author declares that he has no competing
financial interests.

Open Access This article is distributed under the terms of the Crea-
tive Commons Attribution License which permits any use, distribu-
tion, and reproduction in any medium, provided the original author(s)
and the source are credited.

References

Abe H, Kushida K, Shiobara Y et al (1988) The structures of sulfomy-
cin I and berninamycin A. Tetrahedron Lett 29:1401-1404
Afonso A, Hon F, Brambilla R (1999a) Structure elucidation of
Sch 20562, a glucosidic cyclic dehydropeptide lactone: The
major component of W-10 antifungal antibiotic. J Antibiot
52:383-397

Afonso A, Hon F, Brambilla R et al (1999b) Structure elucidation of
Sch 20561, a cyclic dehydropeptide lactone: a major component
of W-10 antifungal antibiotic. J Antibiot 52:398-406

Akira I, Fukuchi N, Yamashita S et al (1990) Structures of syringo-
statins A and B, novel phytotoxins produced by pseudomonas
syringae pv. syringae isolated from lilac blights. Tetrahedron
31:695-698

An T, Krishnaswamy T, Kumar S et al (2007) Structures of
pahayokolides A and B, cyclic peptides from a Lyngbya sp. J
Nat Prod 70:730-735

Anderson B, Hodgkin DC, Viswamitra MA (1970) The structure of
thiostrepton. Nature 225:233-235

Aoki M, Ohtsuka T, Yamada M et al (1991) Cyclothiazomycin, a
novel polythiazole-containing peptide with renin inhibitory
activity: taxonomy, fermentation, isolation and physico-chemi-
cal characterization. J Antibiot 44:582-588

Aulakh VS, Ciufolini MA (2011) Total synthesis and complete struc-
tural assignment of thiocillin I. ] Am Chem Soc 133:5900-5904

Aydin M, Lucht N, Konig WA et al (1985) Structure elucidation of
the peptide antibiotics herbicolin A and B. Liebigs Ann Chem
2285-2300

Bagley MC, Dale JW, Merritt EA et al (2005) Thiopeptide antibiotics.
Chem Rev 105:685-714

Ballio A, Bossa F, Collina A et al (1990) Structure of syringotoxin,
a bioactive metabolite of Pseudomonas syringae pv. Syringae.
FEBS 269:377-380

Ballio A, Barra D, Bossa F et al (1991) Syringopeptins, new phyto-
toxic lipodepsipeptide of Pseudomonas syringae pv. Syringaea.
FEBS 291:109-112

Ballio A, Bossa F, Di Giorgio D et al (1994) Novel bioactive lipodep-
sipeptides from Pseudomonas syringae: the pseudomycins.
FEBS Lett 355:96-100

@ Springer



12

D. Siodtak

Ballio A, Bossa F, Camoni L et al (1996) Structure of fuscopeptins,
phytotoxic metabolites from Pseudomonas fuscovaginae. FEBS
Lett 381:213-216

Barsby T, Kelly MT, Gagné SM et al (2001) Bogorol A produced in
culture by a marine Bacillus sp. reveals a novel template for
cationic peptide antibiotics. Org Lett 3:437—440

Barsby T, Warabi K, Sgrensen D et al (2006) The bogorol family
of antibiotics: template-based structure elucidation and a new
approach to positioning enantiomeric pairs of amino acids. J
Org Chem 71:6031-6037

Bassarello C, Lazzaroni S, Bifulco G et al (2004) Tolaasins A-E, five
new lipodepsipeptides produced by Pseudomonas tolaasii. J
Nat Prod 67:811-816

Beattie KA, Kaya K, Sano T et al (1998) Three dehydrobutyrine-
containing microcystins from Nostoc. Phytochemistry
47:1289-1292

Beattie KA, Kaya K, Codd GA (2000) The cyanobacterium Nodularia
PCC 7804, of freshwater origin, produces [L-Har2]nodularin.
Phytochemistry 54:57-61

Belova ZN, Stolpnik VG (1966) Vydelenie, ochistka i nekotorye
fiziko-khimicheskie svoistva polipeptidnogo antibiotika 128
(neotelomitsina) | [The isolation, purification and some physico-
chemical properties of the polypeptide antibiotic 128 (neotelo-
mycin)]. Antibiotiki 11:21-25

Berer N, Rudi A, Goldberg I et al (2004) Callynormine A, a new
marine cyclic peptide of a novel class. Org Lett 6:2543-2545

Berry JP, Gantar M, Gawley RE et al (2004) Pharmacology and toxi-
cology of pahayokolide A, a bioactive metabolite from a fresh-
water species of Lyngbya isolated from the Florida Everglades.
Comp Biochem Physiol Part C Toxicol Pharmacol 139:231-238

Bewley CA, He H, Williams DH et al (1996) Aciculitins A-C: cyto-
toxic and antifungal cyclic peptides from the lithistid sponge
Aciculites orientalis. ] Am Chem Soc 118:4314-4321

Bierbaum G, Sahl H-G (2009) Lantibiotics: mode of action, biosyn-
thesis and bioengineering. Curr Pharm Biotechno 10:2-18

Blom JF, Robinson JA, Jiittner F (2001) High grazer toxicity of
[D-Asp(3)  (E)-Dhb(7)]microcystin-RR  of  Planktothrix
rubescens as compared to different microcystins. Toxicon
39:1923-1932

Bodanszky M, Izdebski J, Muramatsu I (1969) The structure of the
peptide sntibiotic stendomycin. J Am Chem Soc 91:2535-2538

Boeck LD, Berry DM, Mertz FP et al (1992) A10255, a complex of
novel growth-promoting thiopeptide antibiotics produced by a
strain of Streptomyces gardneri. Taxonomy and fermentation
studies. J Antibiot 45:1222-1230

Boger DL, Ichikawa S (2000) Total syntheses of thiocoraline and
BE-22179: establishment of relative and absolute stereochemis-
try. J Am Chem Soc 122:2956-2957

Boger DL, Ichikawa S, Tse WC (2001) Total syntheses of thiocoraline
and BE-22179 and assessment of their DNA binding and bio-
logical properties. J Am Chem Soc 123:561-568

Bonauer C, Walenzyk T, Konig B (2006) a,B-Dehydroamino acids.
Synthesis 1-20

Bond CS, Shaw MP, Alphey MS et al (2001) Structure of the macro-
cycle thiostrepton solved using the anomalous dispersion con-
tribution of sulfur. Acta Crystallogr D 57:755-758

Bonnard I, Rolland M, Francisco C et al (1997) Total structure and
biological properties of laxaphycins A and B, cyclic lipopep-
tides from the marine cyanobacterium Lyngbya majuscule. Lett
Pept Sci 4:289-292

Bonnard I, Rolland M, Salmon JM et al (2007) Total structure and
inhibition of tumor cell proliferation of laxaphycins. J Med
Chem 50:1266-1279

Botes DP, Tuinman AA, Wessels PL et al (1984) The structure
of cyanoginosin-LA, a cyclic heptapeptide toxin from the

@ Springer

cyanobacterium Microcystis aeruginosa. J Chem Soc Perkin
Trans 1:2311-2318

Botes DP, Wessels PL, Kruger H et al (1985) Structural studies on
cyanoginosins-LR, YR, YA, and YM, peptide toxins from
Microcystis aeruginosa. ] Chem Soc Perkin Trans 1:2747-2748

Brandi L, Maffioli S, Donadio S et al (2012) Structural and func-
tional characterization of the bacterial translocation inhibitor
GES82832. FEBS Lett 586:3373-3378

Bruening L, Reimar C, Oltz EM et al (1985) Isolation and structure
of tunichrome B-1, a reducing blood pigment from the tunicate
Ascidia nigra L. ] Am Chem Soc 107:5230-5298

Bycroft BW (1972) The crystal structure of viomycin, a tuberculo-
static antibiotic. ] Chem Soc Chem Commun 660-661

Bycroft BW (1977) Configurational and conformational studies on the
group A peptide antibiotics of the mikamycin (streptogramin,
virginiamycin) family. J Chem Soc Perkin Trans 1:2464-2470

Cai M, Sugumaran M, Robinson WE (2008) The crosslinking and
antimicrobial properties of tunichrome. Comp Biochem Phys B
151:110-117

Carmichael WW, Beasley V, Bunner DL et al (1988) Naming of cyclic
heptapeptide toxins of cyanobacteria (blue-green algae). Toxi-
con 26:971-973

Castro Rodriguez J, Holgado GG, Santamaria Sdnchez RI et al (2002)
Radamycin, a novel thiopeptide produced by Streptomyces sp.
RSP9. II. Physico-chemical properties and structure determina-
tion. J Antibiot 55:391-395

Chakor NS, Musso L, Dallavalle S (2009) First total synthesis of cyr-
menin. J Org Chem 74:844-849

Chakor NS, Dallavalle S, Musso L et al (2012) Synthesis and evalu-
ation of structural requirements for antifungal activity of cyr-
menin B 1 analogues. Tetrahedron Lett 53:228-231

Chatterjee C, Paul M, Xie L et al (2005) Biosynthesis and mode of
action of lantibiotics. Chem Rev 105:633—-683

Cocito C (1979) Antibiotics of the virginiamycin family, inhibi-
tors which contain synergistic components. Microbiol Rev
43:145-198

Constantine KL, Mueller L, Huang S et al (2002) Conformation and
absolute configuration of nocathiacin I determined by NMR
spectroscopy and chiral capillary electrophoresis. J] Am Chem
Soc 124:7284-7285

Corailola M, Paletti R, Fiore A et al (2008) Fuscopeptins, antimicro-
bial lipodepsipeptides from Pseudomonas fuscovaginae, are
channel forming peptides active on biological and model mem-
branes. J Pept Sci 14:496-502

Culvenor CJ, Cockrum PA, Edgar JA et al (1983) Structure elucida-
tion of phomopsin A, a novel cyclic hexapeptide mycotoxin
produced by Phomopsis leptostromiformis. J Chem Soc Chem
Commun 1259-1262

Dang J, Bergdahl M, Separovic F et al (2004) Solvent affects the
conformation of virginiamycin M1 (pristinamycin, IIA, strepto-
gramin A). Org Biomol Chem 2:2919-2924

Dawson S, Malkinson JP, Paumier D et al (2007) Bisintercalator natu-
ral products with potential therapeutic applications: isolation,
structure determination, synthetic and biological studies. Nat
Prod Rep 24:109-126

De Silva ED, Williams DE, Andersen RJ et al (1992) Motuporin, a
potent protein phosphatase inhibitor isolated from the Papua
New Guinea sponge Theonella swinhoei gray. Tetrahedron Lett
33:1561-1564

Debono M, Molloy RM, Occolowitz JL et al (1992) The structures of
A10255 B, -G and -J: new thiopeptide antibiotics produced by
Streptomyces gardneri. J Org Chem 57:5200-5208

Delpierre GR, Eastwood FW, Gream GE et al (1966) Antibiotics of
the ostreogrycin complex. Part II. Structure of ostreogrycin A. J
Chem Soc C 1653-1669



o,B-Dehydroamino acids in naturally occurring peptides

13

Dischinger J, Wiedemann I, Bierbaum G et al (2013) Handbook of
biologically active peptides Chapter 19-Lantibiotics. 119-128

Dugave C, Demange L (2003) Cis-trans isomerisation of organic mol-
ecules and biomolecules: implications and applications. Chem
Rev 103:2475-2532

Dunbar KL, Mitchell DA (2013) Insights into the mechanism of
peptide cyclodehydrations achieved through the chemoen-
zymatic generation of amide derivatives. J Am Chem Soc
135:8692-8701

Durant F, Evrard G, Declercq JP et al (1974) Virginiamycin: factor
M-dioxane: C32H43N309. Cryst Struc Comm 3:503-510

Durow AC, Butts C, Willis CL (2009) Stereochemical assign-
ments of the chlorinated residues in victorin C. Synthesis
17:2954-2962

Dutcher JD, Vandeputte J (1955) Thiostrepton, a new antibiotic.
II. Isolation and chemical characterization. Antibiot Ann
3:560-561

Edler MC, Fernandez AM, Lassota P et al (2002) Inhibition of tubulin
polymerization by vitilevuamide, a bicyclic marine peptide, at a
side distinct colchicines, the vinca alkaloids, and dolastatin 10.
Biochem Pharm 63:707-715

Edwards JV, Lax AR, Lillehoj EB (1996) Structure-activity relation-
ships of cyclic and acyclic analogues of the phytotoxic peptide
tentoxin. J Agric Food Chem 35:451-456

Egawa Y, Umino K, Tamura Y et al (1969) Sulfomycins, a series of
new sulfur-containing antibiotics. I. Isolation, purification and
properties. J Antibiot 22:12—17

Emanuele MC, Scaloni A, Lavermicocca P et al (1998) Corpeptins,
new bioactive lipodepsipeptides from cultures of Pseudomonas
corrugata. FEBS Lett 433:317-320

Engelhardt K, Degnes KF, Kemmler M et al (2010) Production of a
new thiopeptide antibiotic, TP-1161, by a marine Nocardiopsis
species. Appl Environ Microbiol 76:4969-4976

Favret ME, Paschal JW, Elzey TK et al (1992) Biosynthesis of thio-
peptide antibiotic A10255: incorporation of isotopically-labeled
precursors. J Antibiot 45:1499-1511

Foulke-Abel J, Agbo H, Zhang H et al (2011) Mode of action and bio-
synthesis of the azabicycle-containing natural products azino-
mycin and ficellomycin. Nat Prod Rep 28:693-704

Frankmolle WP, Knubel G, Moore RE et al (1992a) Antifungal
cyclic peptides from the terrestrial blue-green alga Anabaena
laxa. II. Structures of laxaphycins A, B. D and E. J Antibiot
45:1458-1466

Frankmolle WP, Larsen LK, Caplan FR et al (1992b) Antifun-
gal cyclic peptides from the terrestrial blue-green alga Ana-
baena laxa. I. Isolation and biological properties. J Antibiot
45:1451-1457

Fujiki H, Suganuma M (2011) Tumor promoters—microcystin-LR,
nodularin and TNF-a and human cancer development. Antican-
cer Agents Med Chem 11:4-18

Fujioka M, Koda S, Morimoto Y et al (1988) Structure of FR900359,
a cyclic depsipeptide from Ardisia crenata sims. J Org Chem
53:2820-2825

Fulton ND, Bollenbacher K, Templeton GE (1965) A metabolite from
Alternaria tenuis that inhibits chlorophyll production. Phytopa-
thology 55:49-51

Fumarai R, Matsuyama A, Kobashi N et al (2002) FK228 (Depsipep-
tide) as a natural prodrug that inhibits class I histone deacety-
lases. Cancer Res 62:4916-4921

Garcia-Rocha M, Bonay P, Avila J (1996) The antitumoral compound
kahalalide F acts on cell lysosomes. Cancer Lett 99:43-50

Gerwick WH, Mrozek C, Moghaddam MF et al (1989) Novel cyto-
toxic peptides from the cyanobacterium Hormothamnion enter-
omorphoides. 1. Discovery, isolation, and initial chemical and
biological characterization of the hormothamnins from wild and
cultured material. Experientia 45:115-211

Gerwick WH, Jiang ZD, Agarwal SK et al (1992) Total structure of
hormothamnin A, A toxic cyclic undecapeptide from the tropi-
cal marine cyanobacterium hormothamnion enteromorphoides.
Tetrahedron 48:2313-2324

Goldberg J, Huang H-B, Kwon Y-G et al (1995) Three-dimensional
structure of the catalytic subunit of protein serine/threonine
phosphatase-1. Nature 376:745-753

Greiner M, Winkelmann G (1991) Fermentation and isolation of her-
bicolin A, a peptide antibiotic produced by Erwinia herbicola
strain A 111. Appl Microbiol Biotechnol 34:565-569

Grgurina I, Bensaci M, Pocsfalvi G et al (2005) Novel cyclic lipodep-
sipeptide from Pseudomonas syringae pv. lachrymans strain
508 and syringopeptin antimicrobial activities. Antimicrob.
Agents Chemother 5037-5045

Gross E, Morell JL (1971) The structure of nisin. J Am Chem Soc
93:4634-4635

Groth G (2002) Structure of spinach chloroplast F1-ATPase com-
plexed with the phytopathogenic inhibitor tentoxin. PNAS
99:3464-3468

Gunasekera SP, Miller MW, Kwan JC et al (2010) Molassamide, a
depsipeptide serine protease inhibitor from the marine cyano-
bacterium Dichothrix utahensis. J Nat Prod 73:459-462

Gupta M, Chauhan VS (2010) De novo design of «a,
B-didehydrophenylalanine containing peptides: from models to
applications. Biopolymers 95:161-173

Hamann MT, Scheuer PJ (1993) Kahalalide F: a bioactive depsipep-
tide from the sacoglossan mollusk Elysia rufescens and the
green alga Bryopsis sp. ] Am Chem Soc 115:5825-5826

Hamann MT, Otto CS, Scheuer PJ (1996) Kahalalides: bioactive pep-
tides from a marine mollusk Elysia rufescens and its algal diet
Bryopsis sp. J Org Chem 61:6594-6600

Harrigan GG, Luesch H, Yoshida WY et al (1999) Symplostatin 2: a
dolastatin 13 analogue from the marine cyanobacterium Sym-
ploca hydnoides. J Nat Prod 62:655-658

Hasenbohler A, Kneifel H, Konig WA et al (1974) Stoftwechselprodukte
von Mikroorganismen - 134. Mitteilung. Stenothricin, ein neuer
Hemmstoff der bakteriellen Zellwandsynthese | [Metabolic prod-
ucts of microorganisms-134. Stenothricin, a new inhibitor of the
bacterial cell wall synthesis]. Arch Microbiol 99:307-321

Hashimoto M, Murakami T, Funahashi K et al (2006) An RNA poly-
merase inhibitor, cyclothiazomycin B1, and its isomer. Bioorg
Med Chem 14:8259-8270

Hensens OD, Albers-Schonberg G (1978) Total structure of the pep-
tide antibiotic components of thiopeptin by 1H and 13C NMR
spectroscopy. Tetrahedron Lett 19:3649-3652

Hensens OD, Albers-Schonberg G (1983) Total structure of the highly
modified peptide antibiotic components of thiopeptin. J Antibiot
36:814-831

Hernandez D, Altuna M, Cuevas C et al (2007a) Synthesis and anti-
tumor activity of mechercharmycin A analogues. ] Med Chem
51:5722-5730

Hernandez D, Vilar G, Riego E et al (2007b) Synthesis of IB-01211,
a cyclic peptide containing 2,4-concatenated thia- and oxazoles,
via Hantzsch macrocyclization. Org Lett 9:809-811

Homann VYV, Sandy M, Tincu JA et al (2009) Loihichelins A-F, a suite
of amphiphilic siderophores produced by the marine bacterium
Halomonas LOB-5. J Nat Prod 72:884-888

Howlett BJ, Idnurm A, Pedras MSC (2001) Leptosphaeria maculans,
the causal agent of blackleg disease of Brassicas. Fungal Genet
Biol 33:1-14

Humphrey JM, Chamberlin RA (1997) Chemical synthesis of natu-
ral product peptides: coupling methods for the incorporation of
noncoded amino acids into peptides. Chem Rev 97:2243-2266

Ibrahim SRM, Edrada-Ebel RA, Mohamed GA et al (2008) Callya-
erin G, a new cytotoxic cyclic peptide from the marine sponge
Callyspongia aerizusa. Arkivoc 12:164-171

@ Springer



14

D. Siodtak

Ibrahim SRM, Min CC, Teuscher F et al (2010) Callyaerins A-F
and H, new cytotoxic cyclic peptides from the Indonesian
marine sponge Callyspongia aerizusa. Bioorg Med Chem
18:4947-4956

Ishizeki S, Ohtsuka M, Irinoda K et al (1987) Azinomycins A and
B, new antitumor antibiotics. III. Antitumor activity. J Antibiot
40:60-65

Isogai A, Iguchi H, Nakayama J et al (1995) Structural analysis of
new syringopeptins by tandem mass spectrometry. Biosci Bio-
tech Biochem 59:1374-1376

Itagaki F, Shigemori H, Ishibashi M et al (1992) Keramamide F, a
new thiazole-containing peptide from the okinawan marine
sponge Theonella sp. J Org Chem 57:5540-5542

Jack RW, Jung G (2000) Lantibiotics and microcins: polypeptides
with unusual chemical diversity. Curr Opinion Chem Biol
4:310-317

Jain R, Chauhan VS (1996) Conformational characteristics of pep-
tides containing a, B-dehydroamino acid residues. Biopolimers
40:105-119

Jayasuriya H, Herath K, Ondeyka JG et al (2007) Isolation and struc-
ture elucidation of thiazomycin—A potent thiazolyl peptide
antibiotic from Amycolatopsis fastidiosa. J Antibiot 60:554-564

Johnson JH, Tymiak AA, Bolgar MS (1990) Janthinocins A, B and
C, novel peptide lactone antibiotics produced by Janthinobac-
terium lividum. 11. Structure elucidation. J Antibiot 43:920-930

Just-Baringo X, Bruno P, Ottesen LK et al (2013) Total synthesis and
stereochemical assignment of baringolin. Angew Chem Int Ed
52:7818-7821

Just-Baringo X, Albericio F, Alvarez M (2014) Thiopeptide antibiot-
ics: retrospective and recent advances. Mar Drugs 12:317-351

Kanoh K, Matsuo Y, Adachi K et al (2005) Mechercharmycins A and
B, cytotoxic substances from marine-derived Thermoactinomy-
ces sp. YM3-251. J Antibiot 58:289-292

Katrukha GS, Smirnova IG, Silaev AB et al (1974) Preparation and
properties of derivatives of the antibiotic A-128-OP at the
B-methyltryptophan and dehydrotryptophan residues. Chem Nat
Compd 10:645-647

Kawasaki T, Taniguchi M, Moritani Y et al (2005) Pharmacologi-
cal properties of YM-254890, a specific Gag,; inhibitor, on
thrombosis and neointima formation in mice. Thromb Haemost
94:184-192

Kingston DGI, Kolpak MX (1980) Biosynthesis of antibiotics of the
virginiamycin family. 1. Biosynthesis of virginiamycin M1:
determination of the labeling pattern by the use of stable isotope
techniques. J Am Chem Soc 102:5964-5966

Kishimoto S, Tsunematsu Y, Nishimura S et al (2012) Tumescena-
mide C, an antimicrobial cyclic lipodepsipeptide from Strepto-
myces sp. Tetrahedron 68:5572-5578

Kodani S, Ninomiya A (2013) Isolation of new thiopeptide berni-
namycin E from Streptomyces atroolivaceus. Asian J Chem
25:490-492

Kohno J, Kameda N, Nishio M et al (1996) The structures of sulfo-
myecins II and III. J Antibiot 49:1063-1065

Komori T, Ezaki M, Kino E et al (1985) Lavendomycin, a new anti-
biotic. I. Taxonomy, isolation and characterization. J Antibiot
38:691-698

Kuranaga T, Sesoko Y, Sakata K et al (2013) Total synthesis and com-
plete structural assignment of yaku’amide A. J Am Chem Soc
135:5467-5474

Kwan JC, Taori K, Paul VJ et al (2009) Lyngbyastatins 8-10, elastase
inhibitors with cyclic depsipeptide scaffolds isolated from
the marine cyanobacterium Lyngbya semiplena. Mar Drugs
7:528-538

Leet JE, Li W, Ax HA et al (2003) Nocathiacins, new thiazolyl pep-
tide antibiotics from Nocardia sp. 11. Isolation, characterization,
and structure determination. J Antibiot 56:232-242

@ Springer

Lefranc D, Ciufolini MA (2009) Total synthesis and stereochemi-
cal assignment of micrococcin P1. Angew Chem Int Ed
48:4198-4201

Leibold T, Sasse F, Reichenbach H et al (2004) Cyrmenins, novel anti-
fungal peptides containing a nitrogen-linked f-methoxyacrylate
pharmacophore: isolation and structural elucidation. Eur J Org
Chem 2:431-435

Li W, Leet JE, Ax HA et al (2003) Nocathiacins, new thiazolyl pep-
tide antibiotics from Nocardia sp. 1. Taxonomy, fermentation
and biological activities. J Antibiot 56:226-231

Liebermann B, Ellinder R, Pinet E (1996) Isotentoxin, a conver-
sion product of the phytotoxin tentoxin. Phytochemistry
42:1537-1540

Liesch JM, Rinehart KL Jr (1977) Berninamycin. 3. Total structure of
berninamycin A. J Am Chem Soc 99:1645-1646

Lépez-Macia A, Jiménez JC, Royo M et al (2001) Synthesis and
structure determination of kahalalide F. J Am Chem Soc
123:11398-11401

Lukomska J, Kasprzykowski F, Lankiewicz L et al (2002) Peptide
toxins of cyanobacteria. Wiad Chem 56:57-82

Luukkainen R, Namikoshi M, Sivonen K et al (1994) Isolation and
identification of 12 microcystins from four strains and two
bloom samples of Microcystis spp.: structure of a new hepato-
toxin. Toxicon 32:133-139

Mackay MF, Van Donkelaar A, Culvenor CCJ (1986) The X-ray
structure of phomopsin A, a hexapeptide mycotoxin. J Chem
Soc Chem Commun 1219-1221

MacMillan J, Ernst-Russell MA, de Ropp JS et al (2002) Lobocycla-
mides A—C, lipopeptides from a cryptic cyanobacterial mat con-
taining Lyngbya confervoides. J Org Chem 67:8210-8215

Marchand J, Pais M, Monseur X et al (1969) Alcaloides peptidiques—
VII : Les lasiodines A et B, alcaloides du Lasiodiscus marmora-
tus C. H. Wright (Rhamnacées). Tetrahedron 937-954

Martin J, da S, Sousa T, Crespo G et al (2013) Kocurin, the true struc-
ture of PM181104, an anti-methicillin-resistant Staphylococcus
aureus (MRSA) thiazolyl peptide from the marine-derived bac-
terium Kocuria palustris. Mar Drugs 11:387-398

Mathur P, Ramakumar S, Chauhan VS (2003) Peptide design using &
#x03B1;B-dehydro amino acids: from & #x03B2;-turns to heli-
cal hairpins. Biopolymers (Peptide Science) 76:150-161

Matsuo Y, Kanoh K, Imagawa H et al (2007) Urukthapelstatin A, a
novel cytotoxic substance from marine-derived Mechercha-
rimyces asporophorigenens YM11-542. J Antibiot 60:256-260

Matthew S, Ross C, Rocca JR et al (2007) Lyngbyastatin 4, a dolasta-
tin 13 analogue with elastase and chymotrypsin inhibitory activ-
ity from the marine cyanobacterium Lyngbya confervoides. J
Nat Prod 70:124-127

Mattick ATR, Hirsch A, Berridge NJ (1947) Further observations on
an inhibitory substance (nisin) from Lactic Streptococci. The
Lancet 250:5-8

Merel S, Walker D, Chicana R et al (2013) State of knowledge and
concerns on cyanobacterial blooms and cyanotoxins. Environ
Int 59:303-327

Meyer WL, Templeton GE, Grable CI et al (1975) Use of 1H nuclear
magnetic resonance spectroscopy for sequence and configura-
tion analysis of cyclic tetrapeptides. The structure of tentoxin. J
Am Chem Soc 97:3802-3809

Miyairi N, Miyoshi T, Aoki H et al (1970) Studies on thiopeptin anti-
biotics. I. Characteristics of thiopeptin B. J Antibiot 23:113-119

Miyamae A, Fujioka M, Koda S et al (1989) Structural studies of
FR900359, a novel cyclic depsipeptide from Ardisia crenata
sims (myrsinaceae). J Chem Soc Perkin Trans 5:873-878

Miyashita M, Nakamori T, Miyagawa H et al (2003) Inhibitory activ-
ity of analogs of AM-toxin, a host-specific phytotoxin from the
Alternaria alteranta apple pathotype, on photosynthetic O, evo-
lution in apple leaves. Biosci Biotechnol Biochem 67:635-638



o,B-Dehydroamino acids in naturally occurring peptides

15

Mizuhara N, Kuroda M, Ogita A (2011) Antifungal thiopeptide
cyclothiazomycin B1 exhibits growth inhibition accompanying
morphological changes via binding to fungal cell wall chitin.
Bioorg Med Chem 19:5300-5310

Mori T, Higashibayashi S, Goto T et al (2007) Total synthesis of sio-
mycin A. Tetrahedron Lett 48:1331-1335

Morimoto K, Shimada N, Naganawa H et al (1981) The structure of
antrimycin. J Antibiot 34:1615-1618

Morris RP, Leeds JA, Naegeli HU et al (2009) Ribosomally synthe-
sized thiopeptide antibiotics targeting elongation factor Tu. J
Am Chem Soc 131:5946-5955

Motohashi K, Toda T, Sue M et al (2010) Isolation and structure elu-
cidation of tumescenamides A and B, two peptides produced by
Streptomyces tumescens YM23-260. J Antibiot 63:549-552

Nagai K, Kamigiri K, Arao N et al (2003) YM-266183 and
YM-266184, Novel thiopeptide antibiotics produced by Bacil-
lus cereus isolated from a marine sponge. I. Taxonomy, fermen-
tation, isolation, physico-chemical properties and biological
properties. J Antibiot 56:123-128

Nakanishi I, Kinoshita T, Tada T et al (1999) Molecular structure of
FR901277, a novel inhibitor of human leukocyte elastase, and its
binding mode simulation. Bioorg Med Chem Lett 9:2397-2402

Namikoshi M, Rinehart KL, Sakai R et al (1992a) Identification of
12 hepatotoxins from a homer lake bloom of the cyanobacte-
ria Microcystis aeruginosa, Microcystis viridis, and Microcystis
wesenbergii: nine new microcystins. J Org Chem 57:866-872

Namikoshi M, Sivonen K, Evans WR (1992b) Structures of three new
homotyrosine-containing microcystins and a new homopheny-
lalanine variant from Anabaena sp. strain 66. Chem Res Toxicol
5:661-666

Namikoshi M, Choi BW, Sun F et al (1993) Chemical characteriza-
tion and toxicity of dihydro derivatives of nodularin and micro-
cystin-LR, potent cyanobacterial cyclic peptide hepatotoxins.
Chem Res Toxicol 6:151-158

Namikoshi M, Choi BW, Sakai R et al (1994) New nodularins:
a general method for structure assignment. J Org Chem
59:2349-2357

Neuhof T, Schmieder P, Preussel K et al (2005) Hassallidin A, a gly-
cosylated lipopeptide with antifungal activity from the cyano-
bacterium Hassallia sp. J Nat Prod 68:695-700

Neuhof T, Schmieder P, Seibold M et al (2006) Hassallidin B—sec-
ond antifungal member of the hassallidin family. Bioorg Med
Chem Lett 16:4220-4222

Nishimura H, Okamoto S, Mayama M et al (1959) Siomycin, a new
thiostrepton-like antibiotic. J Antibiot 15:255-263

Noda T, Take T, Nagata A et al (1972) Chemical studies on tuberac-
tinomycin. III. The chemical structure of viomycin (tuberactin-
omycin B). J Antibiot 25:427-428

Noda K, Shimohigashi Y, Izumiya N (1983) «, f-Dehydroamino acids
and peptides. The peptides 5:285-339

Nogle LM, Williamson RT, Gerwick WH (2001) Somamides A and B,
two new depsipeptide analogues of dolastatin 13 from a Fijian
cyanobacterial assemblage of Lyngbya majuscula and Schizo-
thrix species. J Nat Prod 64:716-719

Nomoto S, Teshima T, Wakamiya T et al (1977) The revised structure
of capreomycin. J Antibiot 30:955-959

Northcote PT, Williams D, Manning JK et al (1994) Glycothiohexide
& #x03B1; a novel antibioic produced by “Sebekia” sp., LL-
14E605 1I. Isolation and physical-chemical characterisation. J
Antibiot 47:894-900

Nutkins JC, Mortishire-Smith RJ, Packman LC et al (1991) Structure
determination of tolaasin, an extracellular lipodepsipeptide pro-
duced by the mushroom pathogen, Pseudomonas tolaasii Paine.
J Am Chem Soc 113:2621-2627

Ohtsu Y, Sasamura H, Shibata T et al (2003a) The novel gluconeogen-
esis inhibitors FR225659 andrelated compounds that originate

from Helicomyces sp. No. 19353 1I. Biological profiles. J Anti-
biot 56:689-693

Ohtsu Y, Sasamura H, Tsurumi Y et al (2003b) The novelgluconeo-
genesis inhibitors FR225659 and related compoundsthat origi-
nate from Helicomyces sp. No. 19353. I. Taxonomy, fermen-
tation, isolation and physico-chemical properties. J Antibiot
56:682-688

Okada H, Suzuki H, Yoshinari T et al (1994) A new topoisomerase 11
inhibitor, BE-22179, produced by a Streptomycete. 1. Producing
strain, fermentation, isolation and biological activity. J Antibiot
47:129-135

Okuno T, Ishita Y, Sawai K et al (1974) Characterization of alternari-
olide, a host-specific toxin produced by Alternaria mali Rob-
erts. Chem Lett 635-638

Oltz EM, Bruening RC, Smith MJ et al (1988) The Tunichromes.
A Class of reducing blood pigments from sea squirts: isola-
tion, structures, and vanadium chemistry. J Am Chem Soc
110:6162-6172

Omura S, Iwai Y, Hirano A et al (1977) A new antibiotic, AM-2504.
Agric Biol Chem 41:1827-1828

O’Sullivan J, McCullough J, Johnson JH et al (1990) Janthinocins A,
B and C, novel peptide lactone antibiotics produced by Janth-
inobacterium lividum. 1. Taxonomy, fermentation, isolation,
physico-chemical and biological characteristics. J Antibiot
43:913-919

Palermo JA, Brasco MFR, Cabezas E et al (1998) Celenamide E, a
tripeptide alkaloid from the Patagonian sponge Cliona chilen-
sis. J Nat Prod 61:488—490

Pascard C, Ducruix A, Lunel J et al (1977) Highly modified cysteine-
containing antibiotics. Chemical structure and configuration of
nosiheptide. ] Am Chem Soc 99:6418-6423

Pearson L, Mihali T, Moffitt M et al (2010) On the chemistry, toxi-
cology and genetics of the cyanobacterial toxins, microcys-
tin, nodularin, saxitoxin and cylindrospermopsin. Mar Drugs
8:1650-1680

Pedras MSC, Taylor JL (1993) A novel chemical signal from the
“blackleg” fungus: beyond phytotoxins and phytoalexins. J Org
Chem 58:4180-4718

Pettit GR, Kamano Y, Herald CL et al (1989) Isolation and structure
of the cytostatic depsipeptide dolastatin 13 from the sea hare
Dolabella auricularia. ] Am Chem Soc 111:5015-5017

Plaza A, Bewley CA (2006) Largamides A-H, unusual cyclic peptides
from the marine cyanobacterium Oscillatoria sp. J Org Chem
71:6898-6907

Plaza A, Bifulco G, Masullo M et al (2010) Mutremdamide A and
koshikamides C-H, peptide inhibitors of HIV-1 entry from dif-
ferent theonella species. J Org Chem 75:4344-4355

Puar MS, Ganguly AK, Afonso A et al (1981) Sch 18640. A new thi-
ostrepton-type antibiotic. J Am Chem Soc 103:5231-5233

Puar MS, Chan TM, Hegde V et al (1998) Sch 40832: a novel thi-
ostrepton from Micromonospora carbonacea. J Antibiot
51:221-224

Rainey PB, Brodey CL, Johnstone K (1991) Biological properties and
spectrum of activity of tolaasin, a lipodepsipeptide toxin pro-
duced by the mushroom pathogen Pseudomonas tolaasii. Phys-
iol Mol Plant P 39:57-70

Rinehart KL, Harada K-I, Namikoshi M et al (1988) Nodularin,
microcystin, and the configuration of adda. J Am Chem Soc
110:8557-8558

Rinken M, Lehmann WD, Konig WA (1984) Die Struktur von Steno-
thricin—Korrektur eines fritheren Strukturvorschlags. Liebigs
Ann Chem 1672-1684

Rubio BK, Parrish SM, Yoshida W et al (2010) Depsipeptides from
a Guamanian marine cyanobacterium, Lyngbya bouillonii,
with selective inhibition of serine proteases. Tetrahedron Lett
51:6718-6721

@ Springer



16

D. Siodtak

Saad SM, Halloin JM, Hagedorn DJ (1970) Production, purification,
and bioassay of tentoxin. Phytopathology 60:415-418

Saito K, Konno A, Ishii H et al (2001) Nodularin-Har: a new nodula-
rin from Nodularia. J Nat Prod 64:139-141

Sandstrom A, Glemarec C, Meriluoto JA et al (1990) Structure of a
hepatotoxic pentapeptide from the cyanobacterium Nodularia
spumigena. Toxicon 28:535-540

Sano T, Kaya K (1998) Two new (E)-2-amino-2-butenoic acid (Dhb)-
containing microcystins isolated from Oscillatoria agardhii.
Tetrahedron 54:463—470

Sano T, Beattie KA, Codd GA et al (1998) Two (Z)-dehydrobutyrine-
containing microcystins from a hepatotoxic bloom of Oscil-
latoria agardhii from Soulseat Loch, Scotland. J Nat Prod
61:851-853

Sasaki T, Otani T, Matsumoto H et al (1998) MJ347-81F4 A & B,
Novel Antibiotics from Amycolatopsis sp.: taxonomic charac-
teristics, fermentation, and antimicrobial activity. J Antibiot
51:715-721

Sasse F, Leibold T, Kunze B et al (2003) Cyrmenins, new
B-methoxyacrylate inhibitors of the electron transport. Produc-
tion, isolation, physico-chemical and biological properties. J
Antibiot 56:827-831

Scaloni A, Bachmann RC, Takemoto JY et al (1994) Stereochemical
structure of syringomycin, a phytotoxic metabolite of Pseu-
domonas syringae pv. syringae. Nat Prod Lett 4:159-164

Scaloni A, Camoni L, Di Giorgio D et al (1997) A new syringopep-
tin produced by a Pseudomonas syringae pv. syringae strain
isolated from diseased twigs of laurel. Physiol Mol Plant P
51:259-264

Scaloni A, Serra MD, Amodeo P et al (2004) Structure, conformation
and biological activity of a novel lipodepsipeptide from Pseu-
domonas corrugata: cormycin A. Biochem J 384:25-36

Schaeffer DJ, Hooser SB, Haschek WM et al (1989) Toxicity of intra-
peritoneal doses of microcystin-LR in two strains of male mice
Lovell, R.A. J Environ Pathol Toxicol Oncol 9:221-238

Schmidt U, Mundinger K, Mangold R et al (1990) Lavendomycin:
total synthesis and assignment of configuration. J Chem Soc
Chem Comm 18:1216-1219

Sheehan JC, Mania D, Nakamura S et al (1968) The structure of telo-
mycin. ] Am Chem Soc 90:462-470

Shigematsu N, Ueda H, Takase S et al (1994) FR901228, a novel
antitumor bicyclic depsipeptide produced by Chromobacte-
rium violaceum No. 968. 1I. Structure determination. J Antibiot
47:311-314

Shimada N, Morimoto K, Naganawa H et al (1981) Antrimycin, a
new peptide antibiotic. J Antibiot 34:1613-1614

Shiroza T, Ebisawa N, Furihata K et al (1982a) Isolation and struc-
tures of new peptide antibiotics, cirratiomycin A and B. Agric
Biol Chem 46:865-867

Shiroza T, Ebisawa N, Furihata K et al (1982b) The structures of cir-
ratiomycin A and B, the new peptide antibiotics. Agric Biol
Chem 46:1891-1898

Shiroza T, Ebisawa N, Kojima A et al (1982c) Taxonomy of produc-
ing organism, and production, isolation physico-chemical prop-
erties and biological activities of cirratiomycin A and B. Agric
Biol Chem 46:1885-1890

Shoji J, Hinoo H, Wakisaka Y et al (1976) Isolation of three new anti-
biotics, thiocillins I, II and III related to micrococcin P. (Stud-
ies on antibiotics from the genus Bacillus. VIII). J Antibiot
29:366-374

Shoji J, Kato T, Yoshimura Y et al (1981) Structural studies on thiocil-
lins I, IT and III. (Studies on antibiotics from the Genus bacillus.
XXIX). J Antibiot 34:1126-1136

Silaev AB, Katrukha GS, Trifonova ZhP et al (1971) Structure of
the polypeptide antibiotics A-128-OP and A-128-P. Chem Nat
Compd 7:126-127

@ Springer

Sivonen K, Namikoshi M, Evans WR et al (1992a) Isolation and char-
acterization of a variety of microcystins from seven strains of
the cyanobacterial genus Anabaena. Appl Environ Microbiol
58:2495-2500

Sivonen K, Namikoshi M, Evans WR et al (1992b) Isolation and
structures of five microcystins from a Russian Microcystis aer-
uginosa strain CALU 972. Toxicon 30:1481-1485

Stella S, Montanini N, Le Monnier F et al (1995) Antibiotic GE37468
A: a new inhibitor of bacterial protein synthesis I. Isolation and
characterization. J Antibiot 48:780-786

Stonard RJ, Andersen RJ (1980a) Celenamides A and B, linear pep-
tide alkaloids from the sponge Cliona celata. J Org Chem
45:3687-3691

Stonard RJ, Andersen RJ (1980b) Linear peptide alkaloids from the
sponge Cliona celata (Grant). Celenamides C and D. Can J
Chem 58:2121-2126

Suzumura K-I, Yokoi T, Funatsu M et al (2003) YM-266183 and
YM-266184, Novel Thiopeptide Antibiotics Produced by Bacil-
lus cereus Isolated from a Marine Sponge. II. Structure Elucida-
tion. J Antibiot 56:129-134

Taniguchi M, Nagai K, Arao N et al (2003a) YM-254890, a novel
platelet aggregation inhibitor produced by chromobacterium sp.
QS3666. J Antibiot 56:358-363

Taniguchi M, Suzumura K-I, Nagai K et al (2003b) Structure of
YM-254890, a novel Gg/11 inhibitor from Chromobacterium
sp. QS3666. Tetrahedron 59:4533-4538

Taniguchi M, Suzumura K-I, Nagai K et al (2004) YM-254890 ana-
logues, novel cyclic depsipeptides with Go q/11 inhibitory
activity from Chromobacterium sp. QS3666. Bioorg Med Chem
12:3125-3133

Taori K, Matthew S, Rocca JR et al (2007) Lyngbyastatins 5-7, potent
elastase inhibitors from floridian marine cyanobacteria, Lyng-
bya spp. J Nat Prod 70:1593-1600

Teshima T, Nishikawa M, Kubota I et al (1988) The structure o fan
antibiotic, dityromycin. Tetrahedron Lett 29:1963-1966

Tillett D, Dittmann E, Erhard M et al (2000) Structural organiza-
tion of microcystin biosynthesis in Microcystis aeruginosa
PCC7806: an integrated peptide-polyketide synthetase system.
Chem Biol 7:753-764

Tori K, Tokura K, Yoshimura Y et al (1981) Structures of siomycin-
B and -C and thiostrepton-B determined by NMR spectroscopy
and carbon-13 signal assignments of siomycins, thiostreptons,
and thiopeptin-B. J Antibiot 34:124—-129

Ueda H, Nakajima H, Hori Y, Fujita T et al (1994) FR901228, a novel
antitumor bicyclic depsipeptide produced by Chromobacterium
violaceum No. 968. 1. Taxonomy, fermentation, isolation, phys-
ico-chemical and biological properties, and antitumor activity. J
Antibiot 47:301-310

Ueno T, Hayashi Y, Nakashima T et al (1975a) Isolation of AM-toxin
I, a new phytotoxic metabolite from Alternaria mali. Phytopa-
thology 65:82-83

Ueno T, Nakashima T, Hayashi Y et al (1975b) Isolation and structure
of AM-toxin III, a host specific phytotoxic metabolite produced
by Alternaria mali. Agric Biol Chem 39:2081-2082

Ueno T, Nakashima T, Hayashi Y et al (1975¢c) Structures of AM-
toxin I and II, host specific phytotoxic metabolites produced by
Alternaria mali. Agric Biol Chem 39:1115-1122

Ueoka R, Ise Y, Ohtsuka S et al (2010) Yaku’amides A and B, cyto-
toxic linear peptides rich in dehydroamino acids from the marine
sponge Ceratopsion sp. J Am Chem Soc 132:17692-17694

Vijaya Kumar EKS, Kenia J, Mukhopadhyay T et al (1999) Methyl-
sulfomycin I, a new cyclic peptide antibiotic from a streptomy-
ces sp. HIL Y-9420704. J Nat Prod 62:1562-1564

Wang W-L, Lu Z-Y, Tao H-W et al (2007) Isoechinulin-type alka-
loids, variecolorins A-L, from halotolerant Aspergillus Warie-
color. J Nat Prod 70:1558-1564



o,B-Dehydroamino acids in naturally occurring peptides

17

Ward DE, Vazquez A, Pedras MSC (1999) Probing host-selec-
tive phytotoxicity: synthesis and biological activity of pho-
malide, isophomalide, and dihydrophomalide. J Org Chem
64:1657-1666

Welker M, von Dohren H (2006) Cyanobacterial peptides - nature’s
own combinatorial biosynthesis. FEMS Microbiol Rev
30:530-563

Winkelmann G, Lupp R, Jung G (1980) Herbicolins - new peptide
antibiotics from Erwinia herbicola. J Antibiot 33:353-358

Wolpert TJ, Macko V, Acklin W et al (1985) Structure of victorin
C, the major host-selective toxin from Cochliobolus victoriae.
Experientia 41:1524-1529

Wolpert TJ, Macko V, Acklin W et al (1986) Structure of minor
host-selective toxins from Cochliobolus victoriae. Experientia
42:1296-1299

Yokoi K, Nagaoka K, Nakashima T (1986) Azinomycins A and B,
new antitumor antibiotics II. Chemical structures. Chem Pharm
Bull 34:4554-4561

Yoshinari T, Okada H, Yamada A et al (1994) Inhibition of topoi-
somerase Il by a novel antitumor cyclic depsipeptide,
BE-22179. Jpn J Cancer Res 85:550-555

Yoshioka H, Aoki T, Goko H et al (1971) Chemical studies on tuber-
actinomycin. II. The structure of tuberactinomycin O. Tetrahe-
dron Lett 2043-2046

Yun BS, Seto H (1995) Promoinducin, a novel thiopeptide produced
by Streptomyces sp. SF2741. Biosci Biotechnol Biochem
59:876-880

Yun B-S, Hidaka T, Furihata K et al (1994a) Microbial metabolites
with tipA promoter inducing activity-II: geninthiocin, a novel
thiopeptide produced by Streptomyces sp. DD84. J Antibiot
47:969-975

Yun B-S, Hidaka T, Furihata K et al (1994b) Microbial metabolites
with tipA promoter inducing activity. III. Thioxamycin and its
novel derivative, thioactin, two thiopeptides produced by Strep-
tomyces sp. DP94. J Antibiot 47:1541-1545

Yun B-S, Hidaka T, Furihata K et al (1994c) Thiotipin, a novel thio-
peptide with a tipA promoter inducing activity produced by
Streptomyces sp. DT31. Tetrahedron 50:11659-11664

Yun B-S, Fujita K-I, Furihata K et al (2001) Absolute stereochemis-
try and solution conformation of promothiocins. Tetrahedron
57:9683-9687

Zenkoh T, Ohtsu Y, Yoshimura S et al (2003) The novel gluconeogen-
esis inhibitors FR225659 and FR225656 from Helicomyces sp.
No. 19353. III. Structure determination. J Antibiot 56:694-699

Zhang C, Occi J, Masurekar P et al (2008) Isolation, structure, and
antibacterial activity of philipimycin, a thiazolyl peptide discov-
ered from Actinoplanes philippinensis MA7347. ] Am Chem
Soc 130:12102-12110

Zhang C, Herath K, Jayasuriya H et al (2009) Thiazomycins, thiazolyl
peptide antibiotics from Amycolatopsis fastidiosa. J Nat Prod
72:841-847

Zheng J, Zhu H, Hong K et al (2009) Novel cyclic hexapeptides from
marine-derived fungus, Aspergillus sclerotiorum PT06-1. Org
Lett 11:5262-5265

@ Springer



	α,β-Dehydroamino acids in naturally occurring peptides
	Abstract 
	Introduction
	Dehydroamino acids
	Dehydroalanine and dehydrobutyrine

	Dehydrovaline and dehydroisoleucine
	Dehydroproline
	Dehydroaspartic acid
	Dehydrotryptophan
	Unique dehydroamino acids
	Main chain modifications
	N-Methyldehydroamino acids
	Thiazole-, thiazoline-, and oxazole-dehydroamino acids

	Conclusions
	Conflict of interest 
	References


