Dewey G. McCafferty
Predrag Cudic
Brenda A. Frankel
Salim Barkallah
Ryan G. Kruger
Wenkai Li

Chemistry and Biology of the
Ramoplanin Family of
Peptide Antibiotics

Department of Biochemistry
and Biophysics
and the Johnson Research
Foundation,
The University of Pennsylvania
School of Medicine,
Philadelphia, PA 19104-6059

Abstract: The peptide antibiotic ramoplanin factor A2 is a promising clinical candidate for
treatment of Gram-positive bacterial infections that are resistant to antibiotics such as glycopeptides, macrolides, and penicillins. Since its discovery in 1984, no clinical or laboratory-generated
resistance to this antibiotic has been reported. The mechanism of action of ramoplanin involves
sequestration of peptidoglycan biosynthesis Lipid intermediates, thus physically occluding these
substrates from proper utilization by the late-stage peptidoglycan biosynthesis enzymes MurG and
the transglycosylases (TGases). Ramoplanin is structurally related to two cell wall active lipodepsipeptide antibiotics, janiemycin, and enduracidin, and is functionally related to members of the
lantibiotic class of antimicrobial peptides (mersacidin, actagardine, nisin, and epidermin) and
glycopeptide antibiotics (vancomycin and teicoplanin). Peptidomimetic chemotherapeutics derived
from the ramoplanin sequence may ﬁnd future use as antibiotics against vancomycin-resistant
Enterococcus faecium (VRE), methicillin-resistant Staphylococcus aureus (MRSA), and related
pathogens. Here we review the chemistry and biology of the ramoplanins including its discovery,
structure elucidation, biosynthesis, antimicrobial activity, mechanism of action, and total
synthesis. © 2002 Wiley Periodicals, Inc. Biopolymers (Pept Sci) 66: 261–284, 2002
Keywords: ramoplanin; peptide antibiotics; bacterial infections; peptidoglycan biosynthesis;
Lipid; lipodepsipeptide; antimicrobial peptides; peptidomimetic chemotherapeutics; pathogens

INTRODUCTION
For many decades antimicrobial chemotherapy has
been utilized successfully for the treatment of infec-

tious disease. However, the widespread use of broadspectrum antibiotics has placed enormous selective
pressures on bacterial populations, forcing the evolution of resistance mechanisms. Initially, as resistance
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arose against one class of antibiotics, such as the
penicillins, the problem was overcome by the introduction of new classes of antibiotics, such as the
aminoglycosides, macrolides, and glycopeptides, as
well as the chemical modiﬁcation of existing drugs.
Unfortunately, over the past decade, antibiotic resistance has emerged in virtually all hospital-acquired
pathogen–antimicrobial agent combinations.
Since about 5% of all patients admitted to acutecare hospitals acquire opportunistic infections, inhibiting bacterial colonization is of paramount importance clinically. Seven leading pathogen groups have
accounted for most of the increase in hospital-acquired (nosocomial) infections in the United States
between 1980 and present: Escherichia coli, coagulase-negative Staphylococci, Streptococcus, Pseudomonas aeruginosa, Staphylococcus aureus, Enterococcus faecium, and Candida albicans—the majority
of which are Gram-positive bacteria. Patients recovering from invasive surgery or burn trauma, or with
long-term intravenous lines, intercranial shunts, and
indwelling catheters are at high risk for developing
opportunistic infections from these organisms. Likewise, individuals immunocompromised due to organ
transplantation, HIV-AIDS, or intensive chemotherapy of leukemia, lymphoma, or other neoplastic cancers are vulnerable to nosocomial infection. Antibiotic resistance results in morbidity and mortality from
treatment failures and increased health care costs,
presently estimated by the National Centers for Disease Control and Prevention to be over $4 billion
annually. Given our dwindling arsenal of effective
antibiotics, primarily consisting of vancomycin, the
drug of last resort for treatment of Gram-positive
pathogens, it is not difﬁcult to see a time when our
most serious infectious threats will be untreatable.
The peptide antibiotic ramoplanin factor A2 (2,
Figure 1) is emerging as a promising clinical candidate for treatment of Gram-positive bacterial infections, particularly those that are resistant to antibiotics
such as glycopeptides, macrolides, and penicillins.
Remarkably, since its discovery in 1984, no clinical or
laboratory-generated resistance to this antibiotic has
been reported. The mechanism of action of ramoplanin is unique in that it involves sequestration of peptidoglycan biosynthesis Lipid intermediates, thus
physically occluding these substrates from proper utilization by the late-stage peptidoglycan biosynthesis
enzymes MurG and the transglycosylases (TGases)
(Figure 2). Recent studies on the molecular mechanism of action of ramoplanin, combined with a newly
reported total synthesis, now make possible the rational examination of structure-activity relationships, the
evaluation of a bioactive pharmacophore, and the

generation of ramoplanin sequence-derived peptidomimetics. Here we review the chemistry and biology
of this important new class of peptide antibiotics,
focusing on the discovery, structure elucidation, biosynthesis, antimicrobial activity, mechanism of action, and total synthesis of the lipodepsipeptide antibiotic ramoplanin. Structural and functional relationships of the ramoplanin family of peptide antibiotics
to the enduracidin, lantibiotic, and glycopeptide antibiotic families are also reviewed.

RAMOPLANINS A1-A3 AND
RAMOPLANOSE: DISCOVERY AND
STRUCTURE ELUCIDATION
Discovery
Ramoplanin factors A1 (1), A2 (2), and A3 (4) were
discovered in 1984 in the course of a Biosearch Italia
(formerly Gruppo Lepetit SPA, Italy) industrial drug
discovery program aimed at identifying novel antibiotics active against bacterial cell wall production from
the culture broth of actinomycetes (members of the
genus Actinoplanes) (Figure 1).1,2 This discovery program relied on the development of a speciﬁc culture
media that allowed the researchers to isolate in pure
culture numerous Actinoplanes strains. Cell wall active antibiotics were identiﬁed from the actinomycetes
culture broth based on the selective killing of methicillin-resistant Staphylococcus aureus over the Lform of S. aureus (a form lacking cell wall synthesis
when cultured in hypotonic medium). Thus ramoplanin factors A1, A2, and A3 were isolated in 12, 72,
and 16% yields, respectively, from puriﬁcation of the
culture broth of Actinoplanes strain ATCC 33076.
Ramoplanins A1–3 differ in the length of the Nterminal acyl chain, but all have nearly identical antimicrobial activity (Figure 1). Soon after the discovery and isolation of factors A1–3, the media formulation was changed and the host producing strain was
genetically manipulated to increase the content of
factor A2 and decrease the combined content of factors A1 and A3 to ⱕ15% of the total ramoplanins.2
Three additional ramoplanin factors designated
A⬘1, A⬘2, and A⬘3 were later shown to be present in
the fermentation medium, and were shown to differ
from the A1, A2, and A3 components of the original
complex by lacking one mannose unit from the glycosidic group.3 Bioconversion of A factors into A⬘
factors was achieved by incubation with the mycelium
of Actinoplanes ATCC 33076. Factor A⬘2 has better
antibacterial activity than A2 against some bacteria.3
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FIGURE 1 Chemical structures of members of the ramoplanin family of lipoglycodepsipeptide
antibiotics. D-Amino acids are depicted in red letters, L-amino acids in blue letters, and the pendant
mannosyl carbohydrate in magenta. Ramoplanins A1–A3 contain the same peptide core and
carbohydrate modiﬁcation, but they differ in the composition of the N-terminal acyl chain. Ramoplanin A2 and ramoplanose only differ by the presence of an additional D-mannose sugar.

Soon after the discovery of ramoplanins A1–3,
Pﬁzer Central Research discovered the related antibiotic ramoplanose (3, also known as UK-71,903) from
fermentation of an unnamed Actinoplanes species
(Figure 1). Structural differences and similarities between ramoplanins A1–A3 and ramoplanose are described below. Unfortunately, no information about
the biological activity of ramoplanose has been reported since its discovery.

Structure Elucidation
Using a combination of chemical degradation, 1H and
13
C NMR, and mass spectrometery studies, the structures of the three components of the antibiotic ramoplanin (formerly A/16686) were elucidated by Ciabatti and co-workers.4 In a companion paper, Ketten-

ring and colleagues conﬁrmed the sequence of
ramoplanin A2 using multidimensional NMR techniques.5 All the components have structures formed
by a common depsipeptide skeleton carrying a dimannosyl group, and are differentiated by the presence
of various acylamide moieties, derived from C8, C9,
and C10 fatty acids (Figure 1). Ramoplanins contain
an abundance of hydroxyphenylglycines (Hpg) of
both D and L conﬁgurations as well as numerous
␤-hydroxylated amino acids (D,L allo-Thr; threo-␤OH–Asn). The N- and C-termini of ramoplanin are
covalently linked by a lactone bridge between the
3-chloro-4-hydroxyphenylglycine residue (Chp17)
and the side-chain hydroxyl of ␤-hydroxyasparagine
(␤-OH–Asn2), forming a 49-membered ring.
Soon after the structure of ramoplanin A2 was
described, Williams and co-workers determined the
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FIGURE 2 Biosynthesis of bacterial peptidoglycan. Antibiotics interrupting this pathway are
highlighted in red. Ramoplanin A2 interrupts the late-stage glycosyltransferase activities of MurG
and the transglycosylase (TGase).
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FIGURE 3 Stick and space-ﬁlling (CPK) representations of the three-dimensional structure of
ramoplanin A2 as determined by Kurz and Guba. Coordinates for the ramoplanin A2 NMR structure
have been deposited in the Protein Databank under the accession number 1DSR.

composition and three-dimensional solution structure
of the related antibiotic ramoplanose using NMR
methods in conjunction with chemical degradation
and mass spectrometry studies.6 Williams found
ramoplanose to be identical in composition to ramoplanin A2 with the exception of the branched mannose trisaccharide attached to Hpg11 (ramoplanin A2
contains an ␣(132)-linked D-mannosyl disaccharide).
Ramoplanose was described as possessing an antiparallel two-stranded ␤-sheet deﬁned by seven intramolecular hydrogen bonds and two reverse turns. One
peptide strand contains a ␤-bulge. As the peptide
strands extend away from the Thr8–Phe9 reverse turn,
their chiralities alternate in pairs (D/D then L/L). In the
context of a ␤-sheet, this arrangement of residue
chiralities forces the amino acid side chains to adopt
adjacent positions on one side of the antiparallel
␤-sheet. To relieve steric strains due to this juxtaposition, the peptide backbone curves signiﬁcantly, giving the antibiotic a cup-like architecture. The regiochemistry of the 7-methyloctadi-2,4-enoic acid Nacyl group was established unequivocally as cis–
transoid–trans.
In 1996, Kurz and Guba determined the threedimensional structure of the clinically important
ramoplanin A2 in 20% DMSO using multidimensional NMR methods.7 Space-ﬁlling and stick rep-

resentations of the structure of ramoplanin A2 are
depicted in Figure 3. Kurz and Guba conﬁrmed the
similarity in overall architecture of ramoplanin A2
to ramoplanose, and they also revised the regiochemistry of the double bonds of the 7-methyloctadi-2,4-enoic acid group to cis–trans since previously it had been assigned as cis– cis.4 Several
factors help deﬁne the conformation of ramoplanin
A2, including the presence of six hydrogen bonds
bridging the two antiparallel ␤-strands, a buried
core of orthogonally packed hydrophobic residues
(Phe7, Hpg3, and Chp17), the conformationally constraining intramolecular macrocyclic lactone bond,
and steric constraints imposed by the pendant disaccharide (Figure 1).
To date, no x-ray crystal structure has been reported for any member of the ramoplanin family.
However, in preparation for crystallographic analyses
of ramoplanin A2 and its complex with peptidoglycan-derived ligands, McCafferty and Loll have obtained crystals of ramoplanin A2 and heavy atom
derivatives that diffract to 2.1 Å (Figure 4, P. J. Loll
and D. G. McCafferty, unpublished results). At the
time of submission of this review, full data sets have
been obtained and our laboratories are working to
solve the crystal structure.
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FIGURE 4 The 2.1 Å diffracting crystals of ramoplanin
A2.

BIOSYNTHESIS OF RAMOPLANIN
Nonribosomal Peptide Synthesis
Many low-molecular-weight peptides of microbial origin are synthesized nonribosomally on large multifunctional proteins, termed nonribosomal peptide synthetases (NRPSs). Common to these synthetases are
repeated modular deﬁned domains that catalyze speciﬁc reactions of peptide synthesis. The order of these
domains within the enzyme determines the sequence
and structure of the peptide product. For each amino
acid in the peptide sequence, NRPS enzymes contain
unique tri-functional modules comprised of condensation (C), adenylation (A), and thiolation (T) domains. NRPS active sites of C, A, and T domains are
highly organized so that a speciﬁc amino acid is
recognized and incorporated into the peptide sequence. Detailed sequence, mutational, and structural
analyses of A-domain active sites of NRPS synthetases by the Marahiel8 and Townsend groups9 have
revealed a unique NRPS speciﬁcity code that has been
successfully employed as a predictor of the amino
acid sequence of the peptide product.10
Within a tri-functional C-A-T module, the A domain activates the amino acid as an adenylate for
subsequent attachment to the T domain (also called a
peptidyl carrier protein or PCP). The resultant aminoacyl adenylate is attached to the NRPS T domain by
thiol attack from an enzyme-bound phosphopantetheine cofactor, which forms an enzyme–acyl thioester
linkage. Peptide bond formation is then catalyzed by
the C domain, which joins the pendant T domain
amino acid with an activated aminoacyl intermediate
bound to the T domain of an adjacent C-A-T module.
This results in a dipeptide ﬁxed to the T domain of the
second module and the regeneration of the T domain
in the preceding module. This process continues in a
stepwise “assembly line” fashion until the full-length
peptide is assembled, after which the peptide is released by the action of a C-terminal thioesterase domain (TE domain) that hydrolyzes the thioester, and
in speciﬁc cases, is also responsible for peptide macrocyclization.

Additional important tailoring enzymes are found
within antibiotic biosynthetic loci. The primary sequence of NRPS-produced peptide antibiotics may be
further modiﬁed by halogenation, epimerization, hydroxylation, methylation, glycosylation, etc. These
modiﬁcations may occur prior to, during, or immediately after NRPS peptide assembly. Tailoring enzymes are found both as part of the NRPS, such as a
methylation or epimerization internal domain, or as
external neighboring genes contained within the biosynthetic locus. Genes encoding pathways for the
biosynthesis of amino acid, polyketide, or fatty acid
precursors, and those responsible for antibiotic export
or for producer immunity, are often located near the
NRPS in the biosynthetic locus. Harnessing the potential of the gene products within antibiotic biosynthetic loci has widespread potential applications in
bioengineering, particularly in applications directed
toward improving antibiotic production, improving
chemical/biological properties, and generating new
bioactive molecules.

The Ramoplanin Biosynthetic Gene
Locus
Farnet and co-workers recently cloned and sequenced
the 88.5 kilobase (kb) ramoplanin biosynthetic gene
locus from Actinoplanes ATCC 33076.11 As shown in
Figure 5, the ramoplanin biosynthetic gene locus contains 33 genes responsible for a myriad of functions
including amino acid (Orfs 4, 6, 7, 28, 30), fatty acid
(Orfs 9, 16, 24, 25, 26, 27) and peptide biosynthesis
(Orfs 11, 12, 13, 14, 15, 17), polypeptide tailoring
(Orfs 10, 20), antibiotic export/producer resistance
(Orfs 2, 8, 23, 31), and transcriptional regulation (Orfs
5, 21, 22, 33). A summary of the putative gene functions and related genes identiﬁed by homology
searches appears in Table I.

Ramoplanin NRPS Architecture
The ramoplanin peptide core is assembled by the
combined action of four NRPS genes, Orfs 12, 13, 14,
and 17. Sequence analysis of these genes revealed
condensation, adenylation, and thiolation domains for
16 out of the 17 amino acids (Figure 6). Examination
of the adenylation domains predict that Orf 12 contains a C-A-T module for Asn, so it appears that Orf
12 is used twice, once for Asn1 and again for ␤-OH
Asn2. Orf 13 is considerably larger, containing C-A-T
modules for residues Hpg3–Phe9, with the exception
of a missing adenylation domain for Thr8. However,
Orf 17 probably provides this missing adenylation
domain since it contains an isolated Thr-encoded A-T
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FIGURE 5 Arrangement of open reading frames in the ramoplanin A2 biosynthetic gene locus.

domain. Thus Thr8 is unusual in that it is activated by
Orf 17 then condensed with Orf 13 in trans. Orf 14
continues the assembly of the peptide chain, with C-A-T
modules coding for D-Orn10–Chp17. Interestingly, although ramoplanin contains an abundance of D-amino
acids, there are no epimerization domains contained
within the NRPS Orfs. Located at the C-terminus of Orf
14 is a small thioesterase domain that cleaves the ramoplanin peptide thioester from the carrier thiolation domain with concomitant Asn2–Chp17 macrolactonization.

Biosynthesis of Ramoplanin Precursors
Orfs 4, 6, 7, and 30 closely resemble the Hpg biosynthetic machinery in the biosynthetic gene clusters of
chloroeremomycin and complestatin.12–14 Like these
natural products, Hpg is formed from prephenate
through the predicted prephenate dehydrogenase, hydroxyphenylglycine transaminase (HpgT), hydroxymandelate oxidase (Hmo), and hydroxymandelate synthase
(HmaS) activities of these proteins (Figure 7). However,

the ramoplanin gene cluster also contains a ﬁfth enzyme,
Orf 28, which shows high sequence similarity to chorismate mutase (Table I). Therefore, an additional step may
be present in the ramoplanin Hpg biosynthetic pathway
as compared to that of chloroeremomycin and complestatin. The presence of Orf 28 would suggest that chorismate is an abundant precursor for Hpg in Actinoplanes
ATCC 33076; thus either chorismate, prephenate, or
tyrosine may be employed as starting substrates.
At present, the stereochemical outcome of the Hpg
pathway is unknown. No epimerization domains are
located in NRPS Orfs 13 and 14. However, since Dand L-Hpg residues are found in ramoplanin, either the
enzymes of the Hpg biosynthetic pathway or the adenylation domains are D/L-enantioselective or intracellular epimerases assist in production of the alternate
stereoisomer.
Ramoplanin’s acyl chain is likely produced from
the C7 precursor depicted in Figure 8. The presence of
candidate acyl carrier proteins (ACPs) (Orfs 11, 27)
and an acyl–CoA ligase (Orf 26) would suggest that
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Summary of Genes Identiﬁed in the Ramoplanin Biosynthetic Gene Cluster

ORF (Name)

Position in
Base Pairs
(Start–Stop)

Size (Amino
Acids)

1

2077–3078

333

2
3

3118–4032
4038–5048

204
321

4*
5*
6
7
8*

6665–5814
7703–6693
9464–8130
9691–10761
12751–10829

283
336
444
356
640

9*
10*
11
12 (RAMO A)
13 (RAMO B)
14 (RAMO C)
15
16

13617–12802
15203–13614
15591–15863
15880–19035
19032–39713
39713–65800
65826–66530
66546–67370

271
529
90
1051
6893
8695
234
274

17
18
19
20*
21*
22*
23
24*

67384–70059
70099–70662
70659–71906
73439–71964
74216–73563
75424–74213
75535–76464
78110–76449

891
187
415
491
217
403
309
553

25*

79864–78107

585

26*
27*
28*
29
30

81624–79861
81909–81682
82346–82062
82587–84446
84481–85548

587
75
94
619
355

31
32*
33

85556–86845
87372–86803
87494–88420

429
189
309

Proposed Function
Unknown membrane
protein
ABC transporter
Unknown membrane
protein
Prephenate dehydrogenase
Regulatory protein
Aminotransferase
Hydroxymandelate oxidase
Glycopeptide ABC
transporter
Type II thioesterase
Hydroxylase
PCP/ACP
Peptide synthetase
Peptide synthetase
Peptide synthetase
Type II thioesterase
NAD dependent ACP
reductase
Peptide synthetase
Unknown
Transmembrane protein
Halogenase
Resistance/response
Resistance/response
ABC transporter
FAD dependent Acyl-CoA
dehydrogenase
FAD dependent Acyl-CoA
dehydrogenase
Acyl CoA ligase
ACP/PCP
Chorismate mutase
Transmembrane protein
Hydroxymandelate
synthase
Na/H antiporter
Unknown
Regulatory

Accession Numbers of
Homologous Proteins
CAB48902
CAB48901, AAF12291
CAB48902
CAA11792, CAB38592
CAA07385, CAB45047
CAB38598, CAA11790
CAB38520, AAA34030
CAA11793, AAF67494
CAB38877, CAA11784
AAB30311
AAA22001, AAF62883
CAB15186, AAD56240
AAC80285, AAC45930
AAC80285, AAC45930
AAC69333, AAC01736
AAC44307, CAA77599
CAA67248, AAC38442
None
CAB42730, CAB02537
CAA11780, CAA76550
CAB59507, CAB38597
CAB42041, CAB38596
CAB48901, AAF12291
AAD45605, CAB55554
CAB61531, CAB07077
AAG02359, AAB52538
CAB38589, CAB08480
CAB02002, CAB72783
CAB16086, CAA05568
CAA11761, AAA50231
CAB45049, BAA16991
CAB72201, CAB56690
CAB95285, CAC44680

* Gene on opposite strand.

either an acyl–CoA or an acyl–ACP is the true acyl
precursor substrate. In analogy to fatty acid biosynthesis, Orfs 24 and 25 are putative FAD-dependent
dehydrogenases and Orf 16 is a putative NAD-dependent reductase with similarity to 3-oxoacyl ACP reductases (Table I). These enzymes likely work together to generate the unique cis-trans double bond
regiochemistry found in the N-acyl chain. Intriguingly, no ketosynthase is present in the biosynthetic

gene cluster, but this activity may be borrowed from
primary metabolism. The mature fatty acid is probably transferred via an ACP (possibly Orf 11 or 27) to
Orf 12-bound Asn1 to form the starter unit. It is
important to note that putative ACP/PCPs (Orfs 11,
27) and type II thioesterases (Orfs 9, 15) are also
found within the biosynthetic locus. Assembly of the
acyl chain could involve the contribution of one or all
of these gene products.

Ramoplanin Family of Peptide Antibiotics

269

FIGURE 6 Organization of the nonribosomal peptide synthetases found in the ramoplanin A2
biosynthetic gene locus. Orf 12 contains activation, thiolation, and condensation domains for
assembly of the starter unit of Asn1 and Asn2 residues. The latter residue is subsequently ␤-hydroxylated. Residues 3–9 are assembled using two NRPS enzymes, Orf 13 and Orf 17. Orf 13
contains condensation, activation, and thiolation domains associated with assembly of residues 3–7
and 9, but only contains condensation and thiolation domains for Thr8. The missing adenylation
domain and a thiolation domains for Thr8 are found separately on a small NRPS (Orf 17). Thr8
assembly therefore requires the coordinate interaction of Orf 13 and Orf 17 for peptide bond
formation. Lastly, Orf 14 is an NRPS that codes for the assembly of the remaining residues 10 –17.
Orf 14 terminates with a thioesterase (TE) domain that is responsible for cleavage and concomitant
peptide cyclization. There are no epimerization domains present in any of the NRPS open reading
frames.

Tailoring Enzymes
Ramoplanin contains three covalent amino acid modiﬁcations. Asn2 is ␤-hydroxylated, Hpg11 is glycosylated, and Hpg17 is chlorinated. However, the biosynthetic locus offers clues to only two of these modiﬁcations. No glycosyl transferases were identiﬁed in
the locus, and although ramoplanin could be a substrate for cellular glycosyl transferases, such a relationship has not yet been demonstrated. Orf 10, predicted to be a non-heme Fe-hydroxylase, is the candidate enzyme for ␤-hydroxylation of Asn2. Orf 20
shows high homology to known halogenases involved
in the chlorination of secondary metabolites and is the
probable halogenase involved in production of Chp17.

Regulation, Export, and Immunity
In addition to the enzymes responsible for assembly
and covalent modiﬁcation of ramoplanin, there are a
number of ORFs bearing similarity to proteins and
enzymes involved in transcriptional regulation or im-

munity (Orfs 5, 21, 22, 33) and transport (Orfs 2, 8,
23, 31). Orfs 1, 3, 18, 19, 29, and 32 are proteins of
unknown function for which little homology to known
proteins exists. However, some of these proteins contain predicted transmembrane domains that might
suggest their involvement in transport, transcriptional
regulation, or immunity.

ANTIMICROBIAL ACTIVITY
Antimicrobial Activity and Speciﬁcity
Studies
Ramoplanin exhibits broad-spectrum and potent in
vitro and in vivo activity against Gram-positive bacteria. Espensen’s 1999 review on the clinical progress
of ramoplanin neatly outlined results from antimicrobial speciﬁcity testing.15 We will therefore brieﬂy
summarize these results. Ramoplanin is active against
a wide variety of Gram-positive bacteria16,17 including enterococci,18 –24 staphylococci,17,18,24 –32 bacilli,20
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FIGURE 7 Pathway for biosynthesis of 4-hydroxyphenylglycine from the ramoplanin A2 gene
locus.

streptococci,24,27,33,34 Listeria monocytogenes,20 and
Gram-positive anaerobes such as Clostridium difﬁcile.23,31,33,35–37
Ramoplanin susceptible S. aureus strains and
MRSA have low MIC values (ⱕ2.0 g/mL). Coagulase-negative staphylococci have MIC values up to 8
g/mL.38 Streptococci, pneumococci (including penicillin-resistant strains), Corynebacterium sp., and
Propionibacterium acnes are susceptible with MIC
values of ⱕ2 g/mL.37 VRE is also potently inhibited
by ramoplanin with a MIC of ⬍1 g/mL, and it
experiences a bacteriocidal effect at twice the MIC
value.39 The antibiotic also has bacteriocidal activity
against MRSA and enterococci.37,40 Ramoplanin MIC
values are not inhibited by an inoculum of up to 107
colony-forming units, but the bacteriocidal activity
can be modulated by the addition of serum or serum
albumin.41 Ramoplanin has no activity against Gramnegative bacteria.16,30 Furthermore, no clinical or laboratory-generated resistance to ramoplanin has been
reported.

Clinical Results and Applications
In multiple Phase I clinical trials, ramoplanin proved
to be safe and well tolerated at all tested doses. Ramoplanin treatment of patients with symptomatic
pseudomembraneous colitis (PMC) was examined in
Phase I trials using six male subjects given a single oral
dose of 200 mg. No detectable concentrations of ramo-

planin were found in serum or urine.42 Maximum concentration in stool was 392 g/g. No adverse effects
were reported. Repeated oral divided doses in healthy
human volunteers demonstrated a lack of absorption (no
detectable levels in urine or plasma), and a lack of
deleterious effect on fecal ﬂora.43 However, suitable
concentrations were available for treatment of Grampositive pathogens. An animal model of gastrointestinal
colonization with VRE showed signiﬁcant suppression
of bacterial growth, although colonization recurred after
ramoplanin administration was discontinued.44
Ramoplanin was licensed to IntraBiotics for Phase
II efﬁcacy trials for elimination of intestinal VRE.
Bloodstream infections due to VRE pose a particular
risk in patients with compromised immune systems.
At-risk populations include patients undergoing chemotherapy, organ transplantation, or any kind of immunosuppressive regimen, and patients in the intensive care unit. By eliminating the reservoir of VRE in
the gut, physicians believe that the incidence of VRE
bloodstream infections may be reduced. Phase II trial
results demonstrated that ramoplanin signiﬁcantly reduced VRE gastrointestinal colonization in hospitalized patients. Wong and co-workers evaluated the
safety and efﬁcacy of oral ramoplanin versus a placebo for suppression of gastrointestinal VRE colonization.45 Results showed that ramoplanin eradicated
gastrointestinal VRE in 90% of the patients undergoing treatment; by comparison, all placebo patients had
detectable VRE. The Phase II protocol was originally
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FIGURE 8 Biosynthesis of the N-terminal methyl-octadi-2,4-enoic acid.

designed for a total of 150 patients; however, enrollment was terminated early (after 68 patients were
treated) at the recommendation of an independent
Data and Safety Monitoring Board (DSMB). The
DSMB determined that ramoplanin had already
shown sufﬁcient evidence of effectiveness and safety,
and suggested that the product proceed to Phase III
trials. In a related study, Moellering and co-workers
recently reported the molecular characterization of
VRE that was found to repopulate the gastrointestinal
tract following treatment with ramoplanin.46
In October 2001, the rights to develop and market
ramoplanin as an agent for the prevention of bloodstream infections caused by VRE in the United States
were transferred from Biosearch Italia to Genome
Therapeutics Corp. A 950-patient, Phase III clinical
trial is currently underway at more than 40 sites in the
United States. In response to the pressing threat of
rising antimicrobial resistance and VRE infections,
the U.S. Food and Drug Administration (FDA) has
designated Fast Track status for ramoplanin, reﬂect-

ing its potential to address an unmet medical need for
a serious, life-threatening condition.
The lack of systemic absorption of ramoplanin has
limited clinical applications of oral formulations of the
drug to the treatment of gastrointestinal carriage, nasal
staphycoccal carriage,15 and antibiotic-associated diarrhea.2 Parenti and co-workers recently developed injectable formulations of ramoplanin particularly suitable for
intravenous administration.47 These formulations were
well tolerated and are particularly effective in treating
severe Gram-positive bacterial infections. Other potential applications include topical use for treatment of
acne,29,37 open wounds,29 and skin grafts.48

MECHANISM OF ACTION
Ramoplanin Alters Bacterial Cell Wall
Peptidoglycan Architecture and Integrity
Ramoplanin causes alterations to cell wall peptidoglycan linkages and membrane permeability of Gram-
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positive bacteria. Liquid chromatography-mass spectrometry (LC-MS) analyses of the peptidoglycan
nucleotide precursor contents of enterococci and
staphylococci treated with ramoplanin, tunicamycin,
or vancomycin were carried out by van Heijenoort
and co-workers.49 In all cases, a sharp increase in the
UDP–N-acetylmuramoyl–pentapeptide or –pentadepsipeptide pool was observed. Concomitantly, new
peptidoglycan nucleotide peptides of higher molecular masses with hexa- or heptapeptide moieties were
identiﬁed: UDP–MurNAc–pentapeptide–Asp or pentadepsipeptide–Asp in enterococci, and UDP–MurNAc–pentapeptide–Gly or –Ala and UDP–MurNAc–
pentapeptide–Gly–Gly or –Ala–Gly in staphylococci.
Reynolds and Somner observed that ramoplanin
disrupts the integrity of the bacterial cell wall.50 It was
found that bacteria treated with high concentrations of
ramoplanin released UV-active cellular contents into
the culture medium. Electron microscopy studies of
the effects of ramoplanin on Gram-positive bacteria
cell wall ultrastructure are in progress (D. McCafferty, unpublished results).

Ramoplanin Inhibits the MurG and
Transglycosylase Glycosyltransferase
Enzymes by a Mechanism that Involves
Sequestration of Peptidoglycan
Biosynthesis Lipid Intermediates
Ramoplanin acts by inhibiting the late stage assembly of
the peptidoglycan monomer and its polymerization into
mature peptidoglycan (Figure 2). Reynolds and Somner
ﬁrst determined that ramoplanin inhibits the ability of
the MurG glycosyltransferase to convert undecaprenyl–
pyrophosphoryl–N-acetylmuramyl–pentapeptide (Lipid
I) and uridyl–pyrophosphoryl–N-acetylglucoseamine
(UDP–GlcNAc) into uridyl– diphosphate (UDP) and undecaprenyl–pyrophosphoryl–N-acetylmuramyl–(Nacetylglucoseamine)–pentapeptide (Lipid II, see Figure
2).50 Reynolds further astutely postulated that this mechanism of inhibition might involve complexation of
Lipid I by ramoplanin since its antimicrobial activity
was increased dramatically as levels of the antibiotic
approached concentrations equivalent to predicted
cellular pool levels of Lipid I. Work by van Heijenoort and colleagues conﬁrmed inhibition of MurG by
ramoplanin (50 M) in vitro using recombinant, detergent solublized His6-tagged enzyme and a synthetic
Lipid I analogue.51,52
Sahl and co-workers provided the ﬁrst evidence
that ramoplanin interacts with Lipid intermediates.53
They showed that thin layer chromatographic migration proﬁles of both Lipid I and Lipid II were altered
in the presence of the antibiotic, suggesting that the

FIGURE 9 Transmission electron micrograph of the
ﬁbrils formed from the complexation of ramoplanin A2 with
a soluble analogue of Lipid I, citronellyl–Lipid I. Similar ﬁbrils
have been observed to form from the complexation of ramoplanin with citronellyl–Lipid II, UDP–MurNAc–pentapeptide
(Park’s nucleotide), and UDP–MurNAc–tripeptide.

two form a complex. Since both Lipid I and II were
observed to bind ramoplanin, the possibility was
raised that the antibiotic might also interfere with
transglycosylation via capture of Lipid II. Using
citronellyl–Lipid II, a soluble synthetic analogue of
Lipid II, Walker and co-workers subsequently conﬁrmed that ramoplanin indeed possessed this second
peptidoglycan biosynthesis inhibitory activity by directly showing its inhibition of extracellular transglycosylase activity.54 Importantly, upon complexation
with citronellyl–Lipid II, Walker showed that ramoplanin underwent a ligand-induced aggregation to
produce insoluble ﬁbrils, precluding molecular characterization of the inhibitory complex. McCafferty
and co-workers subsequently conﬁrmed that complexation and ﬁbril formation was not restricted to Lipid
II, since the synthetic Lipid I analogue citronellyl–
Lipid I and the related peptidoglycan biosynthesis
precursors UDP–MurNAc– L -Ala– ␥ - D -Glu–mesoDap–D-Ala–D-Ala (also known as UDP–MurNAc–
pentapeptide or Park’s nucleotide) and UDP–
MurNAc–L-Ala–␥-D-Glu–meso-Dap (UDP–MurNAc–tripeptide) were found to bind to ramoplanin with
high afﬁnity. Like Lipid II, these structurally related
compounds formed insoluble ﬁbrils following complexation with ramoplanin (Figure 9).55
McCafferty and colleagues observed that the addition
of 20% DMSO during titrations of ramoplanin with
peptidoglycan-derived monomers prevented or considerably reduced ﬁbril formation of the complex. However, signiﬁcant binding afﬁnity for peptidoglycan intermediates and related analogues was preserved, thus facilitating both the determination of dissociation
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FIGURE 10 (A) NMR localization of the binding interface between ramoplanin A2 and Park’s
nucleotide (1:1 molar ratio). Protons that exhibit downﬁeld chemical shifts upon binding are colored
green; those that shift upﬁeld are depicted in orange. Protons that do not shift upon binding are
colorless. Intermolecular NOEs are depicted by red arrows. Possible anchoring electrostatic interactions between ramoplanin Orn4,Orn10 residues and Park’s nucleotide are indicated by blue arrows.
NMR experiments further localize the minimum peptidoglycan structure recognized by ramoplanin
to the intact pyrophosphate, the muramyl carbohydrate, and the ﬁrst two amino acids of the
pentapeptide. (B) Surface localization of the peptidoglycan monomer/lipid intermediate binding
region of ramoplanin. Residues comprising the binding interface identiﬁed by NMR that lie on the
same face of the antibiotic are colored yellow and mapped onto (C) the three-dimensional NMR
structure of ramoplanin obtained in 20% DMSO.

constants for the complex and the identiﬁcation of the
binding interface by NMR methods.55 NMR analysis in
conjunction with chemical dissection of the peptidoglycan monomer revealed that the ramoplanin octapeptide
D-Hpg–D-Orn–D-alloThr–Hpg–D-Hpg–alloThr–Phe–DOrn recognizes MurNAc–Ala–␥-D-Glu pyrophosphate,
the minimum component of peptidoglycan capable of
high afﬁnity complexation and ﬁbril formation (Figure
10). Ramoplanin therefore recognizes a novel peptidoglycan binding locus different from the N-acyl–DAla–D-Ala moiety targeted by vancomycin.
McCafferty and co-workers determined that ramoplanin’s cup-shaped central two-stranded ␤-sheet ﬂattens upon complexation with peptidoglycan biosynthesis intermediates.55 In solution, this conformational change exposes the Phe9–Chp17–Hpg3
hydrophobic core to bulk solvent, creating a newly
exposed hydrophobic face capable of dimerization
and oligomerization with other complexes. This is
likely the physical basis of the ligand-induced ﬁbril
formation that is observed in aqueous solution in the
absence of 20% DMSO. Fibril formation might be
precluded in a membrane environment. Although the

membrane-bound conformation of ramoplanin has
not yet been established, Walker and co-workers
recently showed that in deuterated methanol, a solvent chosen to purportedly mimic the dielectric
constant of a water–membrane interface, ramoplanin exists as an equilibrium mixture of monomer
and homodimer at millimolar (mM) concentrations.56 In the NMR structure of the homodimer,
residues Orn10–Gly14 from each monomer form two
bent antiparallel ␤-strands with four hydrogen
bonds acting to stabilize the interface, forming a
purported peptidoglycan monomer binding pocket
ﬂanked by Orn4 and Orn10 (Figure 11). However,
the residues comprising this pocket and the dimer
interface are not those identiﬁed as making critical
contacts with peptidoglycan monomers as assessed
by solution NMR and chemical modiﬁcation studies.55 In fact, residues that are believed to assist in
capture of peptidoglycan monomers lie on the outer
solvent-exposed surface of the dimer structure.55
Since ramoplanin’s MIC values are in the 0.03
g/mL range and no dimer formation is observed in
aqueous solution at concentrations up to 5 mM, the
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FIGURE 11 Left panel: Three-dimensional structure of the antiparallel ramoplanin A2 dimer that
forms at mM concentrations in deuterated methanol as determined by Walker. Right panel:
Antiparallel arrangement of the ramoplanin A2 molecules in the homodimer depicting the four
intermolecular hydrogen bonds that deﬁne the interface.

physiological signiﬁcance, if any, of methanol-induced dimer formation of the unliganded antibiotic
is not clear. However, the conformational changes
observed by ramoplanin in solution when complexed to peptidoglycan biosynthesis intermediates54,55 and concomitant intercomplex aggregation
certainly raise the possibility that oligomerization
might occur at the level of the membrane, where it
would be expected to impart beneﬁcial avidity effects for capture of peptidoglycan monomers or
actively polymerizing peptidoglycan chains.
Importantly, no detailed kinetic data is yet available to delineate whether ramoplanin acts to inhibit
MurG and/or TGases by substrate depletion (providing a characteristic sigmoidal velocity vs substrate rate proﬁle), or whether the ramoplanin–
Lipid intermediate complex is itself a competitive
inhibitor of these enzymes. Understanding the true
mechanism of ramoplanin is complicated further
since the cellular localization of ramoplanin is unknown. As ramoplanin diffuses to the level of the
bacterial cell surface, it likely encounters extracellular membrane-associated TGase enzymes, Lipid
II, and other actively polymerizing peptidoglycan
chains. Although inhibition of TGase activity may
be the main basis of ramoplanin’s antimicrobial
activity, if the antibiotic is capable of translocating
across the phospholipid bilayer, if it can capture
Lipid I when associated with the outer face of the
cell membrane, or if it can interact with MurG/
Lipid I when membrane associated, then MurG
inhibition could play a signiﬁcant role in its mechanism of action. Ramoplanin can efﬁciently anchor
to membrane-mimicking unilamellar phospholipid

vesicles and micelles (D. McCafferty, unpublished
results) suggesting that the antibiotic likely physically interacts with the outer membrane of bacteria.
MurG is peripherally associated to the inner cytoplasmic face of the outer membrane,57 and Lipid I
and II are membrane-anchored by a C55 undecaprenyl unit that large enough to span a phospholipid
bilayer. Due to this large undecaprenyl appendage,
one might expect that translocation of Lipid I may
be entropically favored. Lastly, it is not yet known
if the late-stage peptidoglycan biosynthesis enzymes MraY, MurG, and the TGases are part of a
membrane-spanning murein synthase holoenzyme
complex that is susceptible to the effects of ramoplanin.58 Like numerous antibiotics such as vancomycin and nisin, ramoplanin may be evolutionarily
optimized to kill bacteria by multiple mechanisms.59 It is clearly too early to assign a single
deﬁnitive mechanism of action to ramoplanin.

Structurally Related Antibiotics: The
Enduracidins and Janiemycin
A substructure search of the ramoplanin Hpg3–Orn10
peptidoglycan recognition sequence in known peptide
antibiotics yielded the enduracidin family of cell wall
active lipodepsipeptide antibiotics (Figure 12).60,61
Produced by Streptomyces fungicidicus B5477, enduracidins A (5) and B (6) are active against Grampositive bacteria,62– 66 avian myeloblastosis virus reverse transcriptase,67 hepatitis B virus,68 and prolyl
endopeptidase.69 Enduracidins have been primarily
employed as feed additives to promote livestock
growth. The enduracidins contain the sequence allo-
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FIGURE 12 Chemical structure of the antibiotics enduracidin A and B. D-Amino acids are
depicted in red, L-amino acids are depicted in blue. Nonstandard residues are denoted as follows:
Cit, citrulline; Dpg, 3,5-dichloro-4-hydroxyphenylglycine; End, enduracididine.

Thr8-D-Hpg7–Hpg6–D-allo-Thr5-D-Orn4–D-Hpg3 that
exhibits close sequence similarity to ramoplanin’s
Hpg3–Orn10 peptidoglycan recognition sequence
(Figure 12). Enduracidin and ramoplanin share a
number of additional structural similarities that point
to similar mechanisms of action and a common bioactive antibiotic pharmacophore.61 This was conﬁrmed recently by McCafferty and co-workers, who
showed that, like ramoplanin, the enduracidins bind to
peptidoglycan lipid intermediates.61
Ramoplanin A2 is also related structurally to the
peptide antibiotic janiemycin, a cell wall biosynthesis
inhibitor produced by Streptomyces macrosporeus.70
Janiemycin shares a similar amino acid composition
with enduracidin,70 although further structural analysis of this peptide has not been reported. Like ramoplanin A2, bacteria treated with janiemycin accumulate lipid intermediates.71,72 Given the amino acid
similarity of janiemycin to the ramoplanins and the
enduracidins, it is likely that janiemycin also inhibits
TGase and/or MurG activity by a mechanism involving Lipid I and/or II binding.

Ramoplanin is Functionally Related to
Lipid II Binding Lantibiotics and
Glycopeptides
In addition to the glycopeptides, a growing number
of antibiotics have been found to sequester Lipid II

as a fundamental part of their mechanism of action.59 These include two members of the poreforming type A lantibiotics nisin and epidermin,
and the two type B lantibiotic transglycosylase
inhibitors mersacidin and actagardine.73,74 The primary sequences of nisin, epidermin, mersacidin,
and actagardine appear in Figure 13. Comparison of
ramoplanin with nisin and epidermin73 indicates no
conservation of primary or secondary structure, although these conformationally ﬂexible pore-forming antibiotics are known to bind to Lipid II prior to
membrane disruption.53,75,76 Mutants of nisin with
reduced capacity for pore formation still kill bacteria by inhibition of peptidoglycan synthesis via
Lipid II sequestration.76 Mersacidin and actagardine are conformationally constrained globular lantibiotics that inhibit the transglycosylation step of
peptidoglycan biosynthesis in a mechanism that
involves the formation of a high afﬁnity complex
with Lipid II.77,78 Sahl and co-workers showed that
mersacidin targets the MurNAc–GlcNAc disaccharide and pyrophosphate functionalities of Lipid II.78
The Lipid II subdomain recognized by mersacidin
is strikingly similar to the minimal peptidoglycan
binding region identiﬁed for ramoplanin.55 Comparison of the solution NMR structures of ramoplanin,7 mersacidin,79 and actagardine80 also reveal a
conserved backbone fold (Figure 14).59,61 Preser-
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FIGURE 13 Primary sequences of the Lipid intermediate II binding lantibiotics nisin, epidermin,
actagardine, and mersacidin, and glycopeptides vancomycin and teicoplanin. Nonstandard residues
are denoted as follows: Abu, aminoisobutyric acid; Dha, didehydroalanine; Dhb, didehydrobutyrine.

vation of this overall fold between these Lipid
II-binding antibiotics is suggestive of overlapping
Lipid II binding sites and a common mechanism of
action.55,59,73,80 – 82

Ramoplanin is also functionally related to glycopeptide antibiotics such as vancomycin and teicoplanin (Figure 13). Though these antibiotics bear no
sequence or structural similarity to ramoplanin,

FIGURE 14 Tertiary backbone structures of ramoplanin A2 (green) and two functionally related
type B lantibiotics, mersacidin (magenta) and actagardine (blue). Ribbon representations of the
tertiary structures were drawn using the program Insight II. Coordinates for ramoplanin (1DSR) and
actagardine (1AJ1) NMR structures have been deposited in the Protein Data Bank. NMR coordinates for mersacidin were kindly provided by Dr. Thomas Prasch (Johann Wolfgang GoetheUniversitate, Frankfurt).
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FIGURE 15 MIC values of semisynthetic derivatives of ramoplanin A2 and dissociation constants for peptidoglycan intermediate binding.

both are transglycosylase inhibitors that sequester
Lipid II during the normal course of their mechanism of action. Whereas glycopeptides bind to the
terminal N-acyl–D-Ala–D-Ala moiety of Lipid II,
ramoplanin targets the MurNAc–(GlcNAc)–Ala–␥D-Glu pyrophosphate region of Lipid II. Vancomycin resistance is conferred by replacement of the
Lipid II terminal D-Ala–D-Ala dipeptide with a DAla–D-lactate depsipeptide. The resulting Lipid II
depsipeptide functions equivalently as the wildtype substrate for transpeptidation and transglycosylation, yet this oxygen for nitrogen mutation reduces its binding to the antibiotic by 1000-fold.83,84
The potent activity of ramoplanin against vancomycin-resistant bacterial strains may be explained in
part by its ability to target nonoverlapping sites of
Lipid intermediate II.

SYNTHETIC STUDIES OF
RAMOPLANIN AND RELATED
ANALOGUES
Semisynthetic Modiﬁcations of
Ramoplanin and Ramoplanose
Ramoplanin has been semisynthetically modiﬁed for
the purposes of improving its antimicrobial activity
and for analysis of the structural basis for its mechanism of action. Ciabatti and co-workers prepared de-

rivatives of ramoplanins A1–A3 in which the double
bonds of the native N-terminal acyl chain were reduced by catalytic hydrogenation over platinum oxide.85,86 The resulting compounds, intended for use as
topical antibiotics for treatment of open wounds, exhibited excellent activity against a variety of Grampositive bacterial strains.
Aglycons of ramoplanins A1–A3, prepared by
Ciabatti and colleagues using trimethylsilyl iodide
in dimethylformamide (DMF), exhibited equipotent
or slightly better activity than the parent compounds against an array of S. epidermis, S. aureus,
and P. acne strains, suggesting that glycosylation is
not essential for antimicrobial activity.87,88 McCafferty and co-workers determined that glycosylation
of ramoplanin A2 only has a slight inﬂuence on the
energetics of peptidoglycan lipid intermediate
monomer binding (Figure 15).61 Like ramoplanin
A2, the aglycon (compound 7, Figure 15) also
formed ﬁbrils with peptidoglycan biosynthesis intermediates and related analogues.61 However, removal of the disaccharide also increased conformational ﬂexibility and susceptibility of the aglycon to
acid hydrolysis. Since the aglycon contains the full
complement of wild-type ramoplanin’s antimicrobial activity, removal of the mannosyl disaccharide
from ramoplanin A2 leads to a bioactive pharmacophore with signiﬁcantly reduced chemical complexity.
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FIGURE 16 Covalent structure of a disulﬁde-linked lipopeptide with peptidoglycan binding
activity based on the Hpg3–Orn10 peptidoglycan binding motif of ramoplanin A2.

To examine the involvement of ramoplanin’s
two ornithine residues (Orn4 and Orn10) within the
Hpg3–Orn10 peptidoglycan recognition sequence in
peptidoglycan monomer recognition and ﬁbril formation, McCafferty and co-workers prepared semisynthetic analogues in which the Orn residues were
side chain modiﬁed by guanidylation (8), reductive
amination (9), and acetylation (10) (Figure 15).61 It
was found that increasing dissociation constants of

derivatives binding to peptidoglycan biosynthesis
intermediates were paralleled by increasing MIC
values (Figure 15). Loss of cationic charge by acetylation severely reduced antimicrobial activity and
eliminated binding to peptidoglycan monomers and
related analogues, in turn abolishing ﬁbril formation. Preservation of cationic charge by guanidylation and reductive amination of these sites resulted
in only small to modest alterations to antimicrobial

FIGURE 17 Boger’s synthesis of a protected form of threo-␤-hydroxy-L-asparagine for use in
the total synthesis of ramoplanin A2.
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FIGURE 18 Synthesis of ramoplanin A2 and ramoplanose aglycon. Part I: Assembly of the
protected D-Hpg–D-Orn–D-alloThr–Hpg–D-Hpg–alloThr–Phe heptapeptide subunit.

activity, peptidoglycan monomer binding, and ﬁbril
formation propensity as compared to ramoplanin
A2. Orn4 and Orn10 likely interact with the pyrophosphate and terminal carboxylate of Lipid I/II.
The strong correlation between the presence of
cationic charges on the Orn4,Orn10 side-chain
amino groups and the afﬁnity of the antibiotic toward peptidoglycan precursors suggests that these
residues anchor the peptidoglycan ligand in the
proper orientation for binding using electrostatic or
hydrogen-bonding interactions.61 Preservation of
charge on these residues is also essential for antimicrobial activity, with the general order of activity
of 1° amine ⬎ guanidine ⬎ 2° amine for those
analogues tested.

Williams and co-workers previously demonstrated that the hydrolyzed linear form of the
closely related antibiotic ramoplanose maintained
signiﬁcant native-like ␤-sheet structure in D2O after hydrolysis89; however, the solubility of this
compound was markedly reduced. Similarly, McCafferty and co-workers found that linearized
ramoplanin A2 (11, Figure 15) also was signiﬁcantly less soluble than the parent lactone and the
antimicrobial activity of this compound was decreased ⬎2000-fold as compared to ramoplanin
A2.61 Linearized ramoplanin A2 did not bind peptidoglycan biosynthesis lipid intermediates or related analogues, suggesting that high afﬁnity capture of these compounds requires presentation of
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FIGURE 19 Synthesis of ramoplanin A2 and ramoplanose aglycon. Part II: Assembly of the
protected Leu–D-Ala–Chp–L-threo-␤-OH–Asn–Asn subunit.

residues along the Hpg3–Orn10 sequence in a speciﬁc three-dimensional conformation (Figure 15).
Presentation in its bioactive conformation is facil-

itated by the constraining Asn2–Chp17 lactone. Evidence in support of a speciﬁc bioactive conformation for the Hpg3–Orn10 sequence was recently

FIGURE 20 Synthesis of ramoplanin A2 and ramoplanose aglycon. Part III: Assembly of the
protected D–Orn–Hpg–D-alloThr–Hpg–Gly pentapeptide subunit.
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FIGURE 21 Synthesis of ramoplanin A2 and ramoplanose aglycon. Part IV: Assembly of the
full-length linear 17-residue depsipeptide, Orn10–Phe9 macrocyclization, and end-game deprotection.

obtained since a synthetic cyclic peptide derived
from the ramoplanin peptidoglycan recognition sequence, N␣-octanoyl–Asn–Asn–cyclo[Cys–D-Orn–
Phe–allo-Thr– D -Hpg– D -allo-Thr–Hpg–Cys]– D Orn–NH2 (12) was shown to bind the peptidoglycan
biosynthesis intermediate Park’s nucleotide as the
conformationally constrained disulﬁde, but not as
the linear free dithiol (Figure 16).61

Total Synthesis of the Aglycon of
Ramoplanin A2 and Ramoplanose
Boger and co-workers recently reported an elegant
solution-phase total synthesis of the aglycon of
ramoplanin A2 and ramoplanose (7, Figure 15).90,91
Their strategy was to construct three key protected
peptide subunits that were sequentially coupled to
form a 17-residue linear protected peptide. This
intermediate was subsequently cyclized between
Phe9 and Orn10 to form the 49-membered macrocycle (Figure 1). This macrocyclization site was

chosen to take advantage of the beneﬁcial effects of
␤-sheet preorganization as well as previous reports
of efﬁcient peptide macrolactamization at a
92
D-amino acid terminus.
The preparation of the nonstandard amino acid
L-threo-␤-hydroxyasparagine (L-threo-␤-OH–Asn)
was required as a key subunit. Since no enantioselective synthesis of threo- ␤ -OH–Asn was known,
Boger’s group developed a nine-step asymmetric synthesis of L-threo-N ␣ -Fmoc–␤-OH–Asn(Trt)–OBn
(22), a protected form of the amino acid suitable for
solution-phase assembly of ramoplanin (Figure 17).
In Boger’s approach, Sharpless aminohydroxylation
of cinnamate 13 established the threo stereochemistry of
the amino and hydroxyl groups. Following functional
group transformations to produce compound 17, the ␣-carboxylate was liberated from the 4-methoxyphenyl masking
group by RuO4 oxidation. Subsequent functional group
transformation and introduction of 9-ﬂuorenylmethoxycarbonyl (Fmoc) and trityl (Trt) protecting groups produced
the L-threo-␤-OH–Asn module 22.
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The ﬁrst stage of assembly of the protected modular peptides is depicted in Figure 18. Protected
amino acids 23–28 were coupled together using either
standard carbodiimide activation or 3-(diethoxyphosphoryloxy)-1,2,3-benzotriazin-4(3H)-one (DEBPT)93
(to prevent racemization of Hpg and reduce ␤-elimination of ␣-Thr residues) to form tripeptide 29 and
tetrapeptide 30. These intermediates were joined to
afford the D-Hpg–D-Orn–D-aThr–Hpg–D-Hpg–aThr–
Phe heptapeptide subunit 31. It is of note that neither
Hpg nor allo-Thr residues were side chain protected
during assembly of the main-chain amide bonds, owing to the lack of reactivity of these residues and the
judicious choice of activation reagents. ␤-Elimination
was also suppressed by similar critical evaluation of
the experimental conditions employed.
The second key subunit, pentadepsipeptide 38, was
prepared from four protected component pieces:
L-threo-␤-OH–Asn module 22, Leu–D-Ala dipeptide
32, and Asn derivative 35 and Chp analogue 36 (Figure 19). Compound 22 was deprotected to afford
compound 34, efﬁciently coupled to Chp derivative
36 using 1-ethyl-3(3⬘-dimethylaminopropyl)carbodiimide hydrochloride (EDCI) with the acylation catalyst 4-(N,N-dimethylamino)pyridine (DMAP), and
then deprotected with B-bromocatecholborane (for selective Boc group removal) to provide depsipeptide
37. Dipeptide 32 was deprotected, coupled with 37,
and deprotected to afford the Leu–D-Ala–Chp–Lthreo-␤-OH–Asn–Asn subunit 38.
The third pentapeptide key subunit 43 was assembled from precursors 25 and 39 – 41 (Figure 20). Hpg
derivative 25 and D-alloThr derivative 40 were efﬁciently coupled using DEPBT without deleterious racemization. Boc removal followed by acylation with
39 generated tripeptide 42. Compound 25 was coupled with 41 using DEPBT, deprotected, and joined
with 42 to provide the D-Orn–Hpg–D-alloThr–Hpg–
Gly pentapeptide (43) in excellent yield.
Assembly of the key fragments proved to be the
most challenging portion of the synthesis. As depicted
in Figure 21, fragments 31 and 38 were coupled using
DEPBT to yield depsipeptide 44. Boc group removal
and carbodiimide-mediated coupling with subunit 43
yielded the entire linear 17-residue depsipeptide 45; at
this point in the synthesis all peptide backbone bonds
were intact with the exception of the amide bond
between Orn10 and Phe9. Following deprotection, the
Orn10–Phe9 macrolactam was efﬁciently produced
(87%) using EDCI/HOAt (1-hydroxy-7-azabenzotriazole) to yield depsipeptide 46. Selective removal of
the N-terminal Asn Fmoc protecting group followed
by acylation of that site with 7-methyloctadi-2,4enoic acid (prepared from 5-methyl-hex-2-enal

using the Horner–Wadsworth–Emmons methods) and
global deprotection with HF yielded the ramoplanose
and ramoplanin A2 aglycon (7, Figure 15).

CONCLUSIONS
Ramoplanin is a promising clinical candidate for
treatment of VRE and MRSA infections. Presently the
antibiotic is in Phase III trials for oral treatment of
enterococcal infections. Ramoplanin is signiﬁcantly
more potent than vancomycin for treatment of Grampositive bacterial infections, although the lack of absorption of the antibiotic has limited its development
as a general replacement for vancomycin to date.
Detailed mechanism of action and structure/activity
studies have shed light on the molecular basis for its
bacterial killing mechanism. However, many critical
issues remain unresolved, such as the unknown capacity of the antibiotic to translocate into the bacterial
cell, the signiﬁcance of the phenomenon of Lipid
intermediate capture and intercomplex aggregation,
and the identity of the ramoplanin bioactive pharmacophore. Regardless, ramoplanin and its derivatives
will ﬁnd increasing use in dissecting the poorly understood late-stage steps of peptidoglycan biosynthesis and murein sacculus turnover. The development of
a new total synthesis of the aglycon now makes possible the development of ramoplanin-derived peptide
or peptidomimetic antibiotics with improved activity,
absorption, and physiochemical properties for use
against VRE, MRSA, and related bacterial pathogens.
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