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Phenylglycine-type amino acids occur in a wide variety of peptide natural products, including glycopeptide
antibiotics and biologically active linear and cyclic peptides. Sequencing of biosynthesis gene clusters of
chloroeremomycin, balhimycin and pristinamycin paved the way for intensive investigations on the
biosynthesis of 4-hydroxyphenylglycine (Hpg), 3,5-dihydroxyphenylglycine (Dpg) and phenylglycine (Phg)
Received 25th February 2015 in recent years. The significance and importance of this type of unusual non-proteinogenic aromatic

amino acids also for medicinal chemistry has drawn the attention of many research groups and
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1 Introduction

A great many fundamental processes in the cell are based on the
interaction of peptides and proteins, which are composed of the
repertoire of 20 so-called canonical amino acids (cAA). Gener-
ally, the biosynthesis of these peptides and proteins is based on
mechanisms of ribosomal synthesis. The alphabet of the cAAs
has recently been extended by two additional amino acids,
selenocysteine (abbreviated as Sec or U, in older publications as
Se-Cys) as the 21% proteinogenic amino acid, which is used as a
building block for selenoproteins in all kingdoms of life* and
pyrrolysine (Pyl or O) as the 22" proteinogenic amino acid,
which in 2002 was discovered to be used by Methanosarcina
barkeri in the active site of a methyl-transferase enzyme. Pyl is
encoded by the amber stop codon UAG*™® and also used by some
methanogenic archaea as well as the Gram-positive bacterium
Desulfitobacterium hafniense as a part of a methane-producing
enzyme complex.® The structural complexity in the bacterial and
fungal world is further increased by posttranslational modifi-
cations of the canonical amino acids® to a multitude of addi-
tional amino acid modifications.

An alternative biosynthesis route for assembly of peptides is
non-ribosomal peptide biosynthesis. In a similar manner to
ribosomally synthesized and post-translationally modified
peptides (RiPPs) biosynthesis, genes are assembled in gene
clusters which harbor a variety of genes coding for non-
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ribosomal peptide synthetases (NRPSs), amino acid biosyn-
thesis genes, tailoring enzymes, as well as genes for export and
resistance. The NRPSs are multimodular giant enzymes, in
which one module is typically dedicated to the activation and
coupling of one amino acid. Of particular importance are the
adenylation (A) domains as essential constituents of these
modules. The A-domains perform the recognition and activa-
tion of a specific amino acid. The amino acids to be activated
can be proteinogenic or non-proteinogenic. In the latter case,
the gene cluster or the genome of the producing organism must
contain the biosynthesis genes for the corresponding non-pro-
teinogenic amino acid. Structural diversity during non-ribo-
somal biosynthesis is further attained either by in cis acting
domains (methylation, epimerization, cyclization, etc.) or by
tailoring enzymes, performing methylations, B-hydroxylations,
oxidation reactions and halogenations acting in trans. Methyl-
ations have been observed at the B-carbon atom of some amino
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acids like Asp in friulimicin,” Glu in daptomycin® and Phe in
hormaomycin.” Such B-hydroxylations are catalyzed either by
nonheme iron-containing a-ketoglutarate-dependent dioxyge-
nases'®' or cytochrome P450 monooxygenases'" and a
prominent example is B-hydroxytyrosine in various glycopeptide
antibiotics, such as vancomycin." Likewise halogenations of
proteinogenic amino acids have been described for glycopep-
tide antibiotics.™

A remarkable family of non-proteinogenic amino acids
which are recruited by NRPSs to build up peptide structures are
the phenylglycines (Scheme 1), consisting of phenylglycine
(Phg), 4-hydroxyphenylglycine (Hpg) and 3,5-dihydroxy-
phenylglycine (Dpg) as the most important representatives.
Phenylglycine-type amino acids occur in various natural prod-
ucts, e.g. in pristinamycins (Phg),'*"” or in almost all glycopep-
tide antibiotics (Hpg and Dpg). They can formally be regarded
as truncated versions of Phe or Tyr which lack the methylene
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Scheme 1 Shared biosynthesis scheme for phenylglycines and the aromatic amino acids Phe, Tyr and Trp. While Phg and Hpg originate from
chorismate branching off into the biosyntheses of Phe and Tyr, the amino acid Dpg is directly assembled from acetyl-CoA. Detailed insights into

the biosynthesis of Phg, Hpg and Dpg are discussed in Section 4.

group in contrast to the methylene-extended versions, i.e. the
homoamino acids.”® Respective examples are homo-
phenylalanine (homoPhe), in pahayokolides A and B,* homo-
tyrosine  (homoTyr) in cyanopeptolins as well as
anabaenopeptins,* or 3,4-dihydroxyhomotyrosine in echino-
candin B.** In this review we highlight some structural aspects
of Phg, Hpg and Dpg, discuss their occurrence in various
natural products as well as their biosynthesis, modification and
incorporation into peptides.

2 Structure and properties of Phg,
Hpg and Dpg

Steric and electronic aspects play an important role for
conformation and reactivity of phenylglycine-containing
peptides and thus it is pertinent to discuss these influences.
Remarkably, in phenylglycines the bulky aromatic sidechain
is directly attached to the a-carbon. This is in stark contrast to

This journal is © The Royal Society of Chemistry 2015

the proteinogenic aromatic amino acids, which all bear a B-
methylene spacer between the a-carbon and the aromatic
group. Accordingly, phenylglycines have, assuming that the
conformation of the peptide backbone is fixed, strongly
restricted degrees of freedom for the aromatic side chain.
Furthermore, electronic effects of substituents at the aromatic
rings influence reactivity and physical properties. In general,
phenylglycines appear more prone to racemization than other
a-amino acids.”>*

In the literature, two basic mechanisms of racemization for
amino acids are discussed. According to the first mechanism, it
is believed that deprotonation occurs at the a-carbon due to
acidic nature of the a-proton stabilizing an enolate-like struc-
ture, which ultimately leads to racemization upon reprotona-
tion. Alternatively, deprotonation may occur at the amide
proton forming an enolate upon rearrangement, leading to
racemization.” Interestingly, Phg, Hpg and Dpg undergo base-
catalyzed racemization at the o-position at much higher rate

Nat. Prod. Rep., 2015, 32, 1207-1235 | 1209
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compared to Phe/Tyr and also compared to other proteinogenic
amino acids. Experimentally, it was found that Phg has a nine-
fold higher rate of racemization compared to alanine.**** A 4-
hydroxy group substitution on phenylglycine (Hpg) should
decelerate the racemization rate, which can be attributed to the
mesomeric effect (+M) (Scheme 2) decreasing the acidity of the
a-carbon. Electron withdrawing substituents in this position,
e.g. a nitro group, should dramatically increase racemization.
Due to the m-position, the phenol substituents of Dpg have a
significantly reduced M-effect compared to Hpg. Rather —I-
effects could induce faster racemization. In addition, one has to
consider that the electronic effects of the aromatic sidechain are
conformation-depend, i.e. that rotation of the aromatic ring (IV)
out of the plane (V) leads to lowered orbital overlap and thus
less influence on racemization rate of the a-carbon.

The racemization-prone nature of phenylglycines is a well-
known phenomenon and has been described for synthesis
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applications during deprotection® and macrocyclization reac-
tions of amino acids and peptides, which greatly limits the
selection of protecting groups, and further requires the careful
selection of reaction conditions. This indicates the importance
of structural features and of electronic effects on the stability of
phenylglycines as well as of peptides derived from them. In
addition, electron donating effects from hydroxyl and other
substituents on the aromatic ring may influence - stacking,
as well as capabilities for formation of H-bonds.

While the electronic nature and influence of phenylglycines
within a peptide context is rather poorly understood, it is
apparent that these amino acids play a particular role for both
structure and bioactivity. One example for the importance of the
Hpg residue was performed at [L-Dap®Jramoplanin A2 aglycon
by an alanine scan,* a commonly used method to systematically
replace and hence assess every amino acid position of a peptide
by Ala. By means of this method the minimal inhibitory
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Scheme 2 Proposed racemization mechanism of phenylglycines due to stereochemical and conformational influences. (a) The carbanion
structure (I) and the enolate structure () postulated also for proteinogenic amino acids is further stabilised by delocalisation of the negative
charge in the aromatic ring (ll); (b) electron donating and electron withdrawing substituents (S) stabilize or destabilize the carbanion structure
thus influencing racemisation rates. Substituents in p-position are expected to exert a stronger effect compared to m-substituents; (c) rotation of
the aromatic ring (IV) out of plane (V) interrupts communication between rt-orbitals of the aromatic ring and is expected to strengthen resistance
against racemisation; (d) the rate of racemization increases in the order Hpg < Phg < Dpg.
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concentration (MIC) decreased 13 to 74 times fold depending
on the position of Hpg which had been exchanged with Ala.” A
similar experiment was carried out for the peptide antibiotic
feglymycin, where an assessment of contributions of Hpg and
Dpg to the antimicrobial activity was performed.>

3 Phenylglycines in peptide natural
products

Phenylglycines occur in various forms as constituents of peptide
natural products and thus contribute to novel - and even
medically exploited - bioactivities. With regard to structural
aspects, the number of phenylglycine building blocks varies,
from a single occurrence to multiple times in different peptides.
Among phenylglycine-containing peptides linear structures,
head-to-tail cyclizations or side chain-bridges directly involving
phenylglycines have been described. In addition, both enan-
tiomeric forms of phenylglycines, i.e. L or b configuration, are
represented in various peptides. In the following sections we
will suggest a classification of peptides according to character-
istic structural features.

3.1 Phg-containing peptides

The amino acid phenylglycine has been reported in the early
1960-70s as a constituent of the peptide antibiotics virgin-
iamycin $**° produced by Streptomyces virginiae, streptogramin
B (also known as pristinamycin IA and mikamycin IA)**3*
produced by various species of the Streptomyces genus (e.g.
Streptomyces diastaticus, and Streptomyces graminofaciens),* and
pristinamycin I*****° produced from Streptomyces pristinaespir-
alis (Scheme 3). The structure elucidation of these compounds
has been performed by identification of hydrolysis
products,?****> while the configuration of these compounds has
been determined by mass spectrometry and X-ray crystallog-
raphy.”®* Pristinamycin I, virginiamycin S and streptogramin B
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are heptameric cyclic peptide antibiotics synthesized by
NRPSs***” which share the same core structure. Pristinamycin I
for example consists of seven amino acids, five of them are
noncanonical residues including r-hydroxypicolinic acid
(t-Hpa), r-aminobutyric acid (r-Apa), 4-N-N-dimethylamino-
L-phenylalanine (.-DAMPA), 4-oxo-L-pipecolic acid (1-Pip) and
t-phenylglycine (.-Phg)."”*® Virginiamycin S has exactly the same
structure as pristinamycin I with the exception that it contains
L-Phe instead of .-DAMPA (Scheme 3).

Virginiamycin S has antimicrobial activities against a broad
spectrum of Gram-positive bacteria, and was used as an anti-
biotic for poultry feeds in order to stimulate growth.**** The use
of virginiamycin increased from 1995 to 1997 as growth
promoter for pigs, which in turn caused an increase in virgini-
amycin-resistant Enterococcus faecium isolates from 27.3% in
1995 to 66.2% in 1997 in Denmark. In the beginning of 1998,
the Danish government banned its use, and the occurrence of
virginiamycin-resistance decreased to 33.9% in 2000.*® Similar
results have been reported from Norway and Finland.*” Strep-
togramins (including virginiamycin S and pristinamycin I)
inhibit bacterial protein synthesis in Gram-positive bacteria
targeting the 23S ribosomal RNA by binding to the P-binding
site of the 50S ribosomal subunit. This prevents the elongation
of the protein chains by the ribosome, ultimately leading to the
premature release of peptides.*

Pristinamycin I exhibits antimicrobial activities against
erythromycin-resistant staphylococci and streptococci, as well
as against methicillin-resistant Staphylococcus aureus (MRSA).
This peptide, which has moderate bacteriostatic effects,"” is
synthesized together with the polyunsaturated cyclopeptide/
macrolactone pristinamycin II, a streptogramin group A
member. The producing strain Streptomyces pristinaespiralis
synthesizes both compounds in an approximate 1 : 3 ratio.”
Both compounds, pristinamycin I and II, act in a synergistic
manner rendering bactericidal affects. In spite of its poor

Dityromycin = e R= e
(o] OH
MBJ-0086 NO MBJ-0087 o

Cl

Scheme 3 Structures of the Phg-containing peptides: pristinamycin IA/streptogramin B, virginiamycin S1, the bicyclic peptides dityromycin,

MBJ-0086 and MBJ-0087.

This journal is © The Royal Society of Chemistry 2015
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solubility (10™* mg ml~" water),?® which limits its usage in
intravenous formulations, it is sometimes used as a therapeutic
drug in human medicine against multi-resistant Gram-positive
bacteria, such as the semisynthetic streptogramin Synercid
(Pfizer) which is a mixture of quinupristin (a pristinamycin I
derivative) and dalfopristin (a pristinamycin II derivative).>>*®
Dalfopristin binds to the 23S ribosomal RNA of the 50S ribo-
somal subunit and changes its conformation, which enhances
the binding of quinopristin 100 fold."” Pristinamycin I is used as
an alternative to rifampicin, fusidic acid or linezolid in the
treatment of methicillin-resistant Staphylococcus aureus MRSA,
drug-resistant Streptococcus pneumoniae and vancomycin-resis-
tant Enterococcus faecium as well as some Gram-negative
bacteria, such as Haemophilus spp.'”*->

In addition to the monocyclic peptides mentioned above, a
bicyclic peptide named dityromycin is also a Phg-containing
peptide (Scheme 3).°*** Dityromycin is produced by Strepto-
myces sp. strain AM-2504, and shows antimicrobial activities
against Gram-positive bacteria including Bacillus, Clostridium,
and Corynebacterium.> Its structure was elucidated by NMR
spectroscopy and FAB-MS, and finally confirmed by fragment
synthesis.>® Nevertheless, its stereochemistry has not yet been
clarified. The structure of GE82832, synthesized by Strepto-
sporangium cinnabarinum (strain GE82832) is highly related to
that of dityromycin and has a mass difference of 2 Da, which
might result from an additional yet undetermined position of a
double bond.** Furthermore, GE82832 consists of two bioactive
isomeric components (A and B) with the same molecular weight
(1286 Da) which may be due to the occurrence of diastereo-
mers.>® Dityromycin and GE82832 inhibit bacterial protein
synthesis in vitro and in vivo by targeting the small ribosomal
subunit and inhibiting the EF-G-catalyzed translocation of the
elongation step.***” Recently, two new bicyclic depsipeptides,
named MBJ-0086 and MBJ-0087, have been isolated from the
culture broth of Sphaerisporangium sp. 3226.>® They have very
similar structure to dityromycin and GE82832 peptides (Scheme
3). Their structures were elucidated by NMR spectroscopy and
high-resolution-ESI-LC-MS. MBJ-0086 shows a high antimicro-
bial activity against Bacillus subtilis with an MIC value of 1.1 um,
in comparison to 24 um for MBJ-0087. Both compounds have no
cytotoxicity against human ovarian adenocarcinoma SKOV-3
cells (IC5, > 50 pm) nor antimicrobial activity against Micrococcus
luteus (ICso > 50 um).*® As the above-mentioned Phg-containing
natural products are the only examples of Phg found in nature,
this amino acid appears to be the least represented among all
phenylglycines.

3.2 Hpg and Dpg-containing peptides

Non-substituted phenylglycines are comparatively rare in
peptide natural products, and they do not occur accompanied
by other phenylglycines. However, it is quite remarkable that
there have been several peptides described with the concomi-
tant presence of Hpg and Dpg. Furthermore, the structural
diversity of Hpg- and Dpg-containing peptides is much more
pronounced, possibly also due to the H-bonding properties of
the phenolic groups, which expands the options for molecular
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interactions. However, the amino acid 3-hydroxyphenylglycine
rarely occurs in nature, and the only example of a known natural
product is forphenicine (4-formyl-3-hydroxyphenylglycine), an
inhibitor of alkaline phosphatase produced by Actinomyces ful-
voviridis var. acarbodicus.’>*® Another rare natural derivative of
phenylglycine is m-carboxyphenylglycine, which was isolated
from bulbs of Iris tingitana var. Wedgewood.*

3.2.1 Linear peptides. Peptide natural products with a
linear architecture containing Hpg include members of the B-
lactam-type compounds of microbial origin, such as the
monocyclic B-lactam antibiotics nocardicin A-G (Scheme 4).5>¢
They have been isolated from Nocardia uniformis ssp. tsuyama-
nensis ATCC 21806, with nocardicin A as the most abundant
component out of seven from the nocardicin A-G series.®>*%%
The structure elucidation of the nocardicins was performed by
'H and "*C NMR spectroscopy, complemented by hydrolysis
and derivatization studies.®* Structurally, the nocardicins vary
in their amine oxidation state and the presence or absence of an
ether-linked homoseryl (hSer) side chain. Remarkably, all
nocardicin structures contain the Hpg motif in a twofold
manner. One Hpg constitutes the C-terminus of nocardicin
whereas the other Hpg, which is attached to the N-terminus of
the lactam, is masked as an oxime and, in addition, is etherified
in the phenolic side chain with hSer in case of nocardicin A and
C (Scheme 4). The simplest member of the nocardicin family is
nocardicin G, which is derived from the tripeptide core p-Hpg-L-
Ser-p-Hpg. Nocardicin G was shown to be incorporated intact
into nocardicin A, which was confirmed by preparation of a
doubly labeled (**C, >N) sample of nocardicin G, and subse-
quent feeding into a growing culture of Nocardia uniformis ssp.
tsuyamanensis ATCC 21806.°° Nocardicin has a modest activity
against a wide spectrum of Gram-negative bacteria, e.g. Proteus
vulgaris IAM-1025 (MIC = 3.13 ug ml™ ") and Pseudomonas aer-
uginosa IAM-1095 (MIC = 400 pg ml™'), and possesses at the
same time B-lactamase resistance.®*¢”

Some other B-lactam linear peptides, which are structurally-
related to nocardicin A are chlorocardicin and the formadicins.
Chlorocardicin, was isolated from Streptomyces sp. (SK&F-AAH-
873) from a soil sample collected from the root zone of a cactus
in Pima County, Arizona.*®®* The structure was elucidated by
high resolution FAB-MS and 'H and *C NMR analysis.® The
only difference to the nocardicin A structure is an additional
chlorine atom, resulting in 3-chloro-4-hydroxy phenylglycine
instead of the C-terminal Hpg moiety (Scheme 4). The anti-
bacterial activities against Gram-negative bacteria, e.g. Klebsi-
ella pneumoniae were similar to nocardicin A in M9 medium,
and eightfold higher in complex media (Miiller-Hinton broth
MHB; MIC = 25 pg ml~").*® Chlorocardicin exhibits low activity
against Staphylococcus aureus, whereas nocardicin A is not
active.®® The formadicins were isolated from Flexibacter algino-
liquefaciens sp. nov. YK-498 (ref. 70) in four variants: formadicin
A-D with a homologous structure to norcardicin A. Additional
structural modifications are a formylamino group at the 3- or
12-position (R*> and R' respectively in the structure of for-
madicins in Scheme 4), as well as B-b-glucoronidation at the
phenolic group in formadicins A and B.”*

This journal is © The Royal Society of Chemistry 2015


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c5np00025d

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 05 May 2015. Downloaded on 7/9/2025 2:39:31 PM.

(cc)

Review
m N
D-Hpg
Nocardicin A and E
A: R=homoserine
E: R=H
D-H (0] OH
(0] pg o D-Hpg
(0]
NH,
\KMH OH
_N
HO
Chlorocardicin
D-Hpg L-Hpg
OH
5% HO/£OH HO
D-Dpg D-Dpg D-Dpg
Feglymycin

L-Hpg

OH HO

View Article Online

Natural Product Reports

D-Hpg OH

\G%L .

D-Hpg

Nocardicin C and G
C: R=homoserine
G: R=H

(0] OH
D-Hpg

(0]
o
HO (0] N
NH, ,
ﬁ R2 OR®
R1

Formadicins A, B, C, and D

A: R'=0OH, R2=NHCHO, R3=D-glucoronic acid
B: R'=NHCHO, R?=H, R®=D-glucoronic acid
C: R'=0OH, RZ=NHCHO, R3=H

D: R'=NHCHO, R?=H, R3=H

L-Hpg
OH
COOCH
(0] (o]
H H H
N N N\)J\
N N 5 N COOH
H H : H
(6] (0] \@
OH HO OH

D-Dpg

Scheme 4 Structures of Hpg- and Dpg-containing linear peptides: nocardicin A, C, E, and G, chlorocardicin, formadicin A-D, and feglymycin.

Formadicins A and C contain two residues of ao,4-
dihydroxybenzeneacetic acid instead of the N-terminal p-Hpg
residue. Formadicins have antibacterial activities similar to that of
nocardicin A, and they exhibit high activity against some Pseu-
domonas and Proteus species. Generally, the formadicins C and D
display higher antimicrobial activities than formacidins A and B.”®
A linear peptide which contains both amino acids, Hpg and Dpg,
is feglymycin (Scheme 4). The peptide was isolated from Strep-
tomyces DSM 11171 (ref. 72 and 73) and its structure was solved
by NMR spectroscopy’® and later by X-ray crystallography.”™ It is
a 13mer peptide consisting of four Hpg (one p-Hpg and three
L-Hpg) and five p-Dpg residues. With exception of the N-terminal
p-Hpg the molecule displays a long stretch of alternating p- and
L-configured amino acid residues. In the crystal the peptides
form a m-helical homodimeric cylinder where the aromatic side
chains of Hpg and Dpg point to the outside. The lids of the
cylinder are formed by the side chains of Phe.” While fegly-
mycin shows antibacterial activity only against Gram-positive

This journal is © The Royal Society of Chemistry 2015

bacteria it inhibits peptidoglycan biosynthesis enzymes MurA
and MurC (E. coli and Staphylococcus aureus) of Gram positive
and Gram negative bacteria (Scheme 4).>* Furthermore, fegly-
mycin has been reported to inhibit HIV replication in the low pm
range (ECso = 0.8-3.2 pm) in addition to the inhibition of the
formation of syncitia, which results from cell-to-cell transfer
between HIV-infected T cells and healthy CD4" T cells as well as
the DC-SIGN-mediated viral transfer to CD4" T cells. Feglymycin
acts as gp120/CD4 binder by interacting with the heavily gly-
cosylated viral envelope protein gp120, as determined by
surface plasmon resonance (SPR) spectroscopy, thus inhibiting
HIV entry to CD4" T cells via CCR5 and/or CXCR4 chemokine
receptors.” Finally, the total synthesis of the 13 amino acid
antiviral peptide antibiotic feglymycin and its enantiomer was
performed by fragment condensation. This study was motivated
by the difficulty in assembling a large number of phenylglycines
while suppressing racemization and epimerization, respec-
tively. Structure-activity-relationship (SAR) studies with
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truncated synthetic peptides shed light on structural features
relevant to the molecular mode of action of feglymycin.” A
further Ala-scan of feglymycin revealed contributions of amino
acid side chains to the activity in antibacterial and antiviral
assays.”®

The Ala-scan showed a significant decrease in MICs, 4-16
times lower when p-Dpg was exchanged with p-Ala. Interest-
ingly, p-Hpg' and 1-Hpg® were even more critical for the anti-
microbial activities.?
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3.2.2 Cyclic peptides. The formation of rings is a widely
distributed principle of nature to fix peptides in certain
conformations, which are crucial to exert biological activity.
Hence, it is not surprising that a considerable number of cyclic
peptides containing phenylglycines have been identified.

The lipoglycodepsipeptide antibiotic ramoplanin (Scheme
5), formerly called A-16686,%7” was isolated from the liquid
culture of Actinoplanes strain ATCC33076.7%7®
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Scheme 5 Structures of Hpg-containing cyclic peptide antibiotics, enduracidins A and B, ramoplanin (A1, A2, A3), ramoplanose, and ramoplanin

aglycon.
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Ramoplanin, produced as a complex of three compounds
A1-A3,777%%% has excellent antibacterial activities against Gram-
positive bacteria (2-10 times more active than vancomycin
against 500 strains), particularly against Staphylococci
(including methicillin-resistant isolates), vancomycin-resistant
Enterococci VRE (MIC = 0.5 pug ml™%), Streptococci, Actino-
myces and Gram-positive anaerobes.”*®" It shows excellent
therapeutic activities against experimental septicemias in the
mouse and exhibits a lack in the cross-resistance with other
clinically used antibiotics.”*”® The main mode of ramoplanin
action is changing the bacterial peptidoglycan architecture,
thus inhibiting bacterial cell wall integrity by interrupting the
late stage membrane-associated glycosyltransferase reactions
catalyzed by transglycosylases and MurG.*** Because of its
highly potent antimicrobial activity, ramoplanin reached phase
I clinical trials in the early 90ies and since 2001 is in phase III
clinical trials for the temporary suppression of VRE gastroin-
testinal carriage and for the treatment of Clostridium difficile-
associated diarrhea. In 2001 the FDA put ramoplanin A2 on a
fast-truck status for the prevention of VRE and treatment of
C. difficile colitis.®*®"%% Ramoplanin A1-A3 structures were
elucidated in 1989 by means of chemical degradation, mass
spectrometry as well as '"H and *C NMR studies.”””® They are
macrocyclic peptides consisting of 17 amino acids, 12 of them
are non-proteinogenic amino acids, and seven display
p-configuration. All ramoplanins contain five 4-Hpg residues,
two of them with p-configuration. In addition they contain an
t-3-chloro-4-Hpg (1-Chp17) residue (Scheme 5). Ramoplanins
A1-A3 only differ in the lipid side chains attached to the
N-terminus of Asn'.2>7779-81

The ramoplanose structure (ramoplanin aglycon) was eluci-
dated in 1991 by means of FAB-MS, amino acid analysis, chiral
GC, and NMR spectroscopy®® and subsequently corrected in
1996 by 2D NMR spectroscopy; from these data a 3D structure
model has also been derived.*"* This 3D structure is charac-
terized by two antiparallel B-strands (1-3-OH-Asn® to p-Hpg’,
and p-Orn'® to Gly'") stabilized by six transannular hydrogen
bonds and a cluster of hydrophobic aromatic side chains
(p-Hpg?, 1-Phe® and 1-Chp'”). This provides a U-shape topology
to the B-sheet with a reverse B-turn formed by 1-Thr® and 1-Phe’®
at one end and a more flexible connecting loop (r-Leu®™ to
1-Chp'’) at the other end.?>*"#7# The total synthesis of ramo-
planin A2 and ramoplanose was achieved in 2002 by assembly
and cyclization of three peptide subunits in a solution phase
approach.®® Structure-activity relationship (SAR) studies by
Boger and coworkers were performed by an Ala-scan on the
derivative [1-Dap®] ramoplanin A2 aglycon.? This study showed
that for Hpg substitutions the MIC decreased between 13 to 74
times upon substitution with Ala, depending on the positions of
Hpg within the molecule. Nevertheless, the most critical residue
for its activity was p-Orn"'® where the MIC decreased three order
of magnitude when substituted with Ala.*

The peptide antibiotics enduracidin A and B*>***° (Scheme 5)
and janiemycin have similar amino acid compositions,®>** and
show similar core structures compared to ramoplanin. Endur-
acidin A and B were isolated from mycelium of Streptomyces
fungidicus B-5477.°° The structure of enduracidin was
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determined by Hori and coworkers in the early 70s by NMR
spectroscopic studies,”** while the 3D solution conformation
was determined in 2005 by NMR spectroscopy and molecular
dynamics.*® Enduracidins are cyclodepsipeptides composed of
17 amino acids, of which 16 form a macrolactam. The N-
terminus is acylated with cis,trans-fatty acids (Scheme 5), which
is the discriminating feature of enduracidin A and B.** Apart
from significant similarities between enduracidin and ramo-
planin the former contains the characteristic amino acid
enduracididine (End) at position 10 and 15 and citrulline (Cit’)
replacing Phe®, Orn'® and Leu'” in ramoplanin. The structures
further differ in p-mannosylation of ramoplanin at Hpg'' as
well as in the length of the acyl chain.* Structural similarities
between enduracidin and ramoplanin point to a similar
mechanism of action, i.e. binding to the peptidoglycan lipid
intermediate and a common bioactive antibiotic pharmaco-
phore.*** The total synthesis of enduracidin has not yet been
achieved; enduracididin (End) has been synthesized previously
by Tsuji and coworkers in 1975.°° Enduracidin shows in vitro
and in vivo antibacterial activities against a wide spectrum of
Gram-positive bacteria including MRSA causing human urinary
tract and skin infections,®” as well as Neisseria gonorhoeae, with
a minimal inhibitory concentration (MIC) < 0.05 pug ml ™~ *.%-103
Although enduracidins are known since the 1960s, they have
more recently been revisited for their potential as pharmaceu-
tically used antibacterial compounds. In addition, enduracidin
hydrochloride has been reported to be used for animal
production in order to increase animal weight in pigs and
chicken, and to improve feed conversion ratio in these
animals.’™

Janiemycin is a cell wall biosynthesis inhibitor peptide iso-
lated from Streptomyces macrosporeus. It has a structure related
to the peptide antibiotic ramoplanin A2, and shares a similar
amino acid composition with enduracidin.®>**>'* Until now a
detailed structure analysis of janiemycin has not been per-
formed. Application of janiemycin on Gram-positive and Gram-
negative bacteria results in accumulation of lipid intermedi-
ates.®>'® Based on amino acid similarities of janiemycin to
ramoplanin A2 and to enduracidin, it is proposed that jan-
iemycin might also inhibit transglycosylases and/or MurG by
binding to lipid I and/or lipid II.**

The calcium dependent peptide antibiotic CDA (Scheme 6)
has first been described by B. Rudd in 1978 as produced by
Streptomyces coelicolor A3(2).*” This peptide was called CDA
because it kills bacteria only in the presence of calcium ions,
where it produces transmembrane channels to conduct mono-
valent cations.'*®'” The CDA structure was elucidated by Jung
and co-workers*’ by means of amino acid analysis, Edman
degradation and 2D NMR spectroscopy. CDA occurs also in
various natural subtypes (CDA1b, CDA2a, CDA2b, CDA3a,
CDA3b, CDA4a and CDA4b) and their production depends on
the culture medium used."**> With regard to the structure,
CDA is an 1lmer cyclic lipopeptide with the C-terminus
attached to the side chain of Thr®. An epoxyhexanoyl residue is
attached to the N-terminus of Ser'. Further structural charac-
teristics of this molecule are p-4-Hpg at position 6, p-3-hydroxy-
asparagine at position 9, and four acidic amino acids (1-Asp at
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