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The peptide antibiotic ramoplanin inhibits bacterial peptidoglycan
(PG) biosynthesis by interrupting late-stage membrane-associated
glycosyltransferase reactions catalyzed by the transglycosylase
and MurG enzymes. The mechanism of ramoplanin involves se-
questration of lipid-anchored PG biosynthesis intermediates, phys-
ically occluding these substrates from proper utilization by these
enzymes. In this report, we describe the first molecular-level details
of the interaction of ramoplanin with PG biosynthesis intermedi-
ates. NMR analysis in conjunction with chemical dissection of the
PG monomer revealed that the ramoplanin octapeptide D-Hpg-D-
Orn-D-alloThr-Hpg-D-Hpg-alloThr-Phe-D-Orn recognizes MurNAc-
Ala-�-D-Glu pyrophosphate, the minimum component of PG capa-
ble of high-affinity complexation and fibril formation. Ramoplanin
therefore recognizes a PG binding locus different from the N-acyl-
D-Ala-D-Ala moiety targeted by vancomycin. Because ramoplanin is
structurally less complex than glycopeptide antibiotics such as
vancomycin, peptidomimetic chemotherapeutics derived from this
recognition sequence may find future use as antibiotics against
vancomycin-resistant Enterococcus faecium, methicillin-resistant
Staphylococcus aureus, and related pathogens.

Bacterial resistance to antibiotics has seriously impacted our
ability to overcome infectious disease. Resistance to front

line �-lactam, aminoglycoside, and glycopeptide antibiotics has
become widespread, signaling the end of the golden age of
antimicrobial chemotherapy (1). For almost thirty years, the
glycopeptide antibiotic vancomycin has been the drug of last
resort against infections from Gram-positive pathogens. Unfor-
tunately, the utility of this drug class has been limited because of
the recent onset of clinical cases of glycopeptide resistance, most
notably in enterococcal and multidrug-resistant staphylococcal
nosocomial pathogens. Given the dwindling arsenal of effective
antibiotics against these infections, a replacement for vancomy-
cin is urgently needed.

The lipoglycodepsipeptide antibiotic ramoplanin factor A2 (1,
Fig. 1) is a promising candidate to replace vancomycin. Produced
by fermentation of Actinoplanes ATCC 33076, ramoplanin A2 is
highly active against numerous Gram-positive bacteria, including
methicillin-resistant Staphylococcus aureus (MRSA) (2–6),
vancomycin-resistant Enterococcus faecium (VRE), and those
resistant to ampicillin and erythromycin (6–11). Ramoplanin
factor A2 is currently under Phase III clinical development for
eradication of VRE and MRSA. No cases of clinical or labora-
tory-generated resistance to this antibiotic have been reported
(12, 13).

A global view of the mechanism of action of ramoplanin is
beginning to emerge. Reynolds and Somner determined that
ramoplanin arrests cell wall biosynthesis at a late stage pepti-
doglycan (PG) biosynthesis step whereby the enzyme MurG
catalyzes the conversion of undecaprenyl-pyrophosphoryl-N-

acetylmuramyl-pentapeptide (Lipid I) and uridyl-pyrophospho-
ryl-N-acetylglucosamine (UDP-GlcNAc) to uridyl-diphosphate
(UDP) and undecaprenyl-pyrophosphoryl-N-acetylmuramyl(N-
acetylglucoseamine)-pentapeptide (Lipid II) (13). Reynolds fur-
ther postulated that this mechanism of inhibition might involve
complexation of Lipid I by ramoplanin, a mechanism that echoes
the mode of action of both glycopeptide antibiotics and select
lantibiotics. Work by van Heijenoort and colleagues verified
inhibition of MurG by ramoplanin in vitro using recombinant,
detergent solublized His-6-tagged enzyme and a synthetic Lipid
I analogue (14). Brotz and coworkers demonstrated that ramo-
planin altered the chromatographic migration profiles of both
Lipid I and Lipid II, suggesting that the two form a complex with
the antibiotic, thereby raising the possibility that ramoplanin
might also interfere with transglycosylation via capture of Lipid
II (1). Using citronellyl–Lipid II, a soluble synthetic analogue of
Lipid II, Walker and coworkers (15) subsequently confirmed
that ramoplanin indeed possessed this second PG biosynthesis
inhibitory activity by directly showing its inhibition of extracel-
lular transglycosylase activity. Importantly, it was also shown that
on complexation with citronellyl–Lipid II, ramoplanin under-
went a ligand-induced aggregation to produce insoluble fibrils,
precluding molecular characterization of the inhibitory complex.

We report here the characterization of the complex of ramo-
planin with PG precursors and related fragments. We find that
the fibrils formed on solution complexation of ramoplanin with
PG biosynthetic intermediates can be solublized with 20%
dimethyl sulfoxide while preserving modest binding affinity, and
thus allowing for the characterization of the binding interface by
NMR-based methods. We have determined that ramoplanin
utilizes an 8-aa sequence to recognize the muramyl carbohydrate
and adjacent pyrophosphosphate moieties of PG, a different
locus than the N-acyl-D-Ala-D-Ala dipeptide site targeted by
vancomycin. Chemotherapeutics derived from this recognition
sequence may find future use as antibiotics against VRE, MRSA,
and related infections.

Experimental Methods
Methods and Materials. Transmission electron micrographs were
recorded on a Philips 400 electron microscope. HPLC was per-
formed on a Thermo-Separations TSP 3000 system. Ramoplanin
factor A2 (1) was kindly provided by Aventis Pharmaceuticals
(Bridgewater, NJ). UDP-MurNAc-L-Ala-�-D-Glu-meso-Dap-D-
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Ala-D-Ala [6, Park’s nucleotide (16)], and UDP-MurNAc-L-Ala-
�-D-Glu-meso-Dap (7, UDP-MurNAc-tripeptide) were isolated
from Bacillus subtilis according to the method of Holtje (17).
1-Phospho-MurNAc-L-Ala-�-D-Glu-meso-Dap (8) was prepared
according to the Van Heijenoort method (14). L-Ala-�-D-Glu-D-
Lys-D-Ala-D-Ala (4) and MurNAc-L-Ala-�-D-Gln (10) were pur-
chased from Bachem. P1-Citronellyl-P2-MurNAc-L-Ala-�-D-Glu-L-
Lys-D-Ala-D-Ala pyrophosphate (5) and the related MurNAc
pyrophosphate 9 were prepared from benzyl N-acetyl-4,6-
benzylidenemuramic acid as reported (18). Minimal inhibitory
concentrations were performed according to standard methods,
using B. subtilis strain ATCC 8037 (19).

Transmission Electron Micrographs (TEM). To prepare fibrils for
TEM measurements, a solution of ramoplanin (1, 1 mM) was
mixed 1:1 with a solution of PG intermediate (5, 6, or 7, 1 mM)
in 50 mM phosphate buffer (pH 6.0). Fibrils formed immediately
if complexation ensued. Following fibril polymerization, aliquots
for negative staining were diluted 1,000-fold into 0.05 M am-
monium formate buffer (pH 6.0) containing 0.2 M NaCl. One
drop (�20 �l) of the mixture was immediately placed on the
carbon film and negatively stained with a freshly prepared
solution of 2% (wt�vol) uranyl acetate. Transmission electron
micrographs were obtained at 80 kV with a magnification of
�20,000–60,000. Fibril dimensions were measured on a digitiz-
ing pad.

NMR Spectroscopy. One- and two-dimensional NMR spectra were
recorded on Varian Inova spectrometers equipped with a Varian

5-mm triple-resonance probe with 3-axis pulsed field gradients
(PFGs) operating at 500 MHz and 600 MHz (1H) at 298 K.
Proton chemical shifts were referenced to an external standard
of DSS [3-(trimethylsilyl)-1-propanesulfonic acid sodium salt] in
D2O. Standard pulse sequences were used for acquisition of
homonuclear total correlation spectroscopy (TOCSY) and nu-
clear Overhauser effect spectroscopy (NOESY) experiments.
The TOCSY data were recorded with a 150-ms mixing time, and
an 8-kHz proton MLEV-16 isotropic mixing sequence. The
NOESY data were recorded with a range of mixing times from
50 to 500 ms. Quadrature detection in the indirect time domain
was accomplished using the method of hypercomplex recon-
struction (20). For samples dissolved in H2O, selective solvent
suppression was achieved using the double PFG excitation
sculpting technique of Shaka (21, 22). All spectra were processed
using the software package FELIX (Molecular Simulations,
Waltham, MA).

Determination of Dissociation Constants. The dissociation con-
stants of the complexes between ramoplanin and PG precursors
were determined by titration using 1H NMR in 20% DMSO-
d6�D2O at 25°C. In these experiments, the concentration of PG
precursors 5-7 was kept constant (0.25 mM), whereas the
concentration of 1 was varied from 0.05–2.5 mM. The data
were fit by nonlinear least-squares analysis to the following
expression:

� � �free � ��lim � �free��2co�co � cs � Kd

� ��co � cs � Kd�
2 � 4cocs�

1/2� , [1]

where �free and �lim denote the 1H NMR chemical shifts of free
and fully complexed 5-7, respectively; co is the concentration of
compound 1; cs is the concentration of PG precursor; and Kd is
the dissociation constant.

Results and Discussion
Ramoplanin Binds Lipid Intermediate I and Related Peptidoglycan
Biosynthesis Intermediates. Walker’s verification of transglycosy-
lase (TGase) inhibition by ramoplanin in vivo suggests that the
primary mechanism of bacterial killing involves Lipid II seques-
tration (15). However, ramoplanin differs from transglycosylase
inhibitors such as moenomycin and mersacidin in that it not only
inhibits TGase activity, but also generates a metabolic block at
the level of the MurG reaction, forcing a buildup of cellular pools
of Lipid I (12, 13). Inhibition of MurG activity might be
explained simply if the ramoplanin–Lipid II complex was an
inhibitor of MurG, because the enzyme is peripherally associated
with the inner face of the cytoplasmic membrane (23). Alter-
natively, should either ramoplanin or Lipid I encounter the other
because of membrane translocation, an inhibitory complex could
form. Thus, to ascertain whether Lipid I could serve as a ligand
for ramoplanin, we synthesized citronellyl–Lipid I (5, Fig. 2), a
soluble derivative of Lipid I, and examined its ability to bind
to ramoplanin by using 1H NMR spectroscopy (Fig. 3; refs. 18
and 24).

Indeed, titration of a solution of ramoplanin (1, 0.5 mM in
D2O, pH 6.0) with 5 (0.5 mM in D2O, pH 6.0) resulted in the
progressive loss of signal intensity because of alterations in the
NMR relaxation properties of the fibrillar aggregate that formed
during the titration (Fig. 3A). Similar aggregation was observed
when ramoplanin was titrated against the related citronellyl–
Lipid II (15). We have determined by NMR that ramoplanin
anchors to membrane-mimicking unilamellar vesicles or micelles
composed of physiologically relevant phospholipids (D.G.M.,
unpublished work), so it is very likely that the encounter occurs
in the membrane bilayer. Although we note that fibril formation
of ramoplanin with undecaprenyl lipid intermediates has not

Fig. 1. Chemical structures of ramoplanin factor A2 (25) and enduracidins A
and B (27, 38).
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been observed in vivo, intercomplex association in vivo could
prove beneficial for membrane anchoring or binding with PG
monomers and�or associated PG synthase machinery.

Because ramoplanin formed fibrils with both Lipid I and II, we
believed a minimal PG recognition motif exists for the antibiotic.
We tested whether additional related PG biosynthetic interme-
diates were capable of binding to ramoplanin and forming fibrils.
Ramoplanin was titrated against solutions of UDP-MurNAc-L-
Ala-�-D-Glu-L-Dap-D-Ala-D-Ala pentapeptide (6, Park’s nucle-
otide) and UDP-MurNAc-L-Ala-�-D-Glu-L-Dap tripeptide (7),
two cytoplasmic biosynthetic precursors on the pathway for Lipid
II biosynthesis. Both compounds bound the antibiotic and
formed fibrils. As with the Lipid I analogue 5, fibril formation
with 6 and 7 occurred instantaneously on mixing. Taken together
with the titration studies with compound 5, these results indicate
that ramoplanin can form a high-affinity complex with simpler
PG intermediates, as well as Lipid I�II, and furthermore show
that the presence of the undecaprenyl lipid is not an essential
requirement for PG molecular recognition and fibril formation.
Although Lipid II is likely the physiologically relevant target,
these results suggest that simpler, more readily isolatable and
soluble PG intermediates can serve as excellent models for
studying the interaction of ramoplanin analogues with lipid
intermediates.

The fibrils that formed from the interaction of ramoplanin
with 5, 6, and 7 in water were examined using transmission
electron microscopy (Fig. 3B). Fibrils formed from ramoplanin
complexation with compounds 5-7 were found to be nearly
identical in length and overall morphology. They formed flat or
twisted ribbons �5 nm in width and 100 nm in length. The
kinetics of fibril formation were extremely rapid, occurring
within seconds after mixing homogeneous solutions of the two
soluble precursors (0.1–0.5 mM each).

To further localize the site of antibiotic binding, we next
examined by NMR whether the northern and southern halves of
Lipid I, L-Ala-�-D-Glu-L-Lys-D-Ala-D-Ala (4) and P1-citronellyl-
P2-�-D-N-acetylmuramyl pyrophosphate (9) (18), were capable
of binding to ramoplanin. When mixed with equimolar ramo-
planin either separately or in combination, compounds 4 and 9
showed neither antibiotic binding nor fibril formation (Fig. 3A).
Thus, the simultaneous presentation of both halves of 5 to
ramoplanin resulted in complete disruption of the binding

interaction and subsequent fibril formation. Because pentapep-
tide 4 contains the N-acyl-D-Ala-D-Ala moiety targeted by
glycopeptide antibiotics, the mechanism of PG recognition must
be completely different from that of vancomycin and related
antibiotics. Furthermore, because ramoplanin binds to full
length citronellyl–Lipid I (5) but not the component pieces (4, 9),
binding and fibril formation absolutely requires an intact amide
bond between the lactyl ether side chain of the carbohydrate and
the pendant L-alanine residue of the pentapeptide.

Fibril Solublization and Molecular Dissection of the Ramoplanin–Lipid
Intermediate Interaction. Fibril formation in aqueous buffers
precluded structural assessment of the recognition interface of
ramoplanin with PG intermediates and assessment of relative
affinities of PG precursors to the antibiotic. However, we
discovered that addition of 20% DMSO drastically reduces or
altogether eliminates fibril formation, yet preserves modest
binding affinity. Fortuitously, Kurz and Guba’s solution struc-
ture of ramoplanin was also performed in 20% DMSO-d6, so the
starting conformation of the antibiotic was firmly established
(25) and structural changes that ensued on ligand complexation
could easily be observed by NMR. Furthermore, the 1H NMR
spectrum of ramoplanin in 20% DMSO is nearly identical to that
of the spectrum acquired in water (data not shown), so infor-
mation gained regarding the initial encounter complex of ramo-
planin with PG precursors in 20% DMSO may be extrapolated
with confidence to encounters in aqueous systems.

Titrations of ramoplanin with 5, 6, or 7 in DMSO-d6�D2O (1:5
vol�vol) or DMSO-d6�H2O�D2O (20:72:8 vol�vol�vol) at 25°C
resulted in widespread chemical shift changes in both antibiotic
and PG ligand on binding (Fig. 3). For ramoplanin, the 1H
chemical shift changes were primarily localized to the octapep-
tide stretch from hydroxyphenylglycine (Hpg)3 to ornithine
(Orn)10. Similar chemical shift changes occurred in the PG
intermediates on binding ramoplanin, such as the shifts of the
protons of the C4-lactyl ether, the NHAc, the muramyl carbo-
hydrate, and the Ala residues (Figs. 3C and 4A). Because each
ramoplanin-PG intermediate complex was in fast chemical ex-
change on the NMR chemical shift time scale, equilibrium
binding constants (Kd) could be directly obtained.

Dissociation constants were measured for ramoplanin binding
to compounds 6 and 7 by monitoring the chemical shift of the
lactyl ether methyl proton (�1.4 ppm) (3a position, see Fig. 4)
and fitting this data to Eq. 1. As illustrated in Fig. 3D, the best
nonlinear least squares statistical fit was obtained for the for-
mation of a complex with a 1:1 stoichiometry. For Park’s
nucleotide (6), the dissociation constant of 180 	 20 �M
obtained was nearly an order of magnitude lower than the
2,380 	 440 �M Kd obtained for UDP-MurNAc-tripeptide (7,


G � �1.53 kcal�mol). This 

G value, consistent with loss
of a partially buried or multiple solvent-exposed hydrogen bonds
or a salt bridge, suggests that the terminal D-Ala carboxylate is
an important binding component. For Lipid I analogue 5, an
estimated Kd of 	100 �M was obtained because of spectral
overlap of the citronellyl methyl resonances with the diagnostic
protons of 5 and because in titration experiments of 
2 h
duration a minute amount of fibrils precipitated in the NMR
tube. Because each PG precursor interacted with ramoplanin
with differing affinities in 20% DMSO, it is attractive to spec-
ulate that ramoplanin might be capable of discriminating be-
tween Lipid I and II in vivo. However, in aqueous solution,
compounds 5, 6, and 7 were each equally capable of high-affinity
association and rapid fibril formation with the antibiotic.

To further define a minimal binding determinant for the
antibiotic–ligand interaction, we prepared truncated PG precur-
sors and assessed their capacity for ramoplanin binding and fibril
formation. Ramoplanin (1) is positively charged at physiological
pH because of the presence of Orn4 and Orn10. We envisioned

Fig. 2. Chemical structures of synthetic and naturally occurring analogues of
bacterial peptidoglycan monomers used in this study.
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that these residues might interact with the anionic pyrophos-
phate and terminal carboxylate of Lipid I�II. We dissected the
pyrophosphate bond of UDP-MurNAc-tripeptide (7) with snake
venom nucleotide pyrophosphatase to form 1-phospho-
MurNAc-L-Ala-�-D-Glu-meso-Dap (8) and assessed its ability to
interact with ramoplanin. Monophosphate 8 neither associated
with ramoplanin nor formed fibrils. In addition, no binding or
fibril formation was observed for ramoplanin with MurNAc-L-
Ala-�-D-Gln (10), UMP, or citronellyl-1-phosphate. These data
suggest that the pyrophosphate is an important recognition
element that is necessary but not sufficient to promote associ-
ation. In sum, these data reflect the importance of key compo-
nents for ramoplanin recognition: a MurNAc sugar containing
a 1�-pyrophosphate, an intact amide bond between the 3�-lactyl
side chain, and the pendant peptide moiety. Each substructure
contributes to form a minimal recognition sequence capable of
ramoplanin binding and ligand-induced fibril formation.

NMR Analysis of the Ramoplanin–Park’s Nucleotide Complex. To gain
insight into the binding interface of ramoplanin with PG inter-

mediates, we examined the binding of the antibiotic with Park’s
nucleotide (6) in 20% DMSO�8% D2O�72% H2O by two-
dimensional NMR at 500 MHz. Park’s nucleotide was chosen as
a model for Lipid I and II for several reasons. Compound 6 was
freely soluble during the NMR experiment, whereas concen-
trated solutions of ramoplanin with 5 in 20% DMSO would
precipitate a small amount of fibrils during extended NOESY
runs. Although 5 and 6 exhibited similar Kd values with ramo-
planin, compound 6 could be readily isolated in multimilligram
quantities from B. subtilis (17), whereas analogue 5 was prepared
by a lengthy total synthesis (18).

Proton resonances of the complex of 1 with 6 were assigned
using a combination of two-dimensional correlation spectros-
copy (COSY) and total correlation spectroscopy (TOCSY)
experiments and comparison to the parent spectra (25, 26).
Two-dimensional NOESY spectra were obtained with a 500-ms
mixing time and by using a 4-fold excess of 6 because of its
modest binding constant. As compared with the spectrum of 1
and 6, the NOESY spectrum of the complex revealed numerous

Fig. 3. (A Left) 1H NMR titration spectra of ramoplanin (1) with citronellyl–Lipid intermediate I (5). As a 1:1 stoichiometry is reached (center trace), the intensity
of the NMR signals is diminished and subjected to severe line broadening because of the formation of insoluble peptide fibrils. (A Right) 1H NMR titration spectra
of ramoplanin (1) with equimolar P1-citronellyl-P2-MurNAc pyrophosphate (9) and L-Ala-�-D-Glu-L-Lys-D-Ala-D-Ala (4) added in trans. At the 1:1:1 stoichiometric
titration point (center trace), the NMR spectra of the mixture is the superposition of each individual component. No chemical shift changes or line broadening
was observed during the titration, indicating that no interaction between the antibiotic and in trans peptidoglycan fragments occurred. (B) Transmission electron
micrograph of the fibrils formed from the complexation of ramoplanin (1) with citronellyl–Lipid I (5). The fibrils formed from the interaction of 1 with 6 and 7,
respectively, exhibited similar morphology by transmission electron micrograph (TEM). (C) Part of the aliphatic region of the 1H NMR spectrum of free ramoplanin
(1), free Park’s nucleotide (6), and a 1:1 mixture of the two depicting the chemical shift changes that occur on binding. (D) Representative Kd determination plot
of the binding of ramoplanin (1) to Park’s nucleotide (6) as obtained by 1H NMR titration. The curve denotes the experimental (o) and calculated (solid line)
chemical shifts (�) of the lactyl ether methyl protons (3a) of 6 as a function of ramoplanin concentration.
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inter- and intramolecular NOEs that delineate the binding
interface and conformational rearrangements in the antibiotic
that ensue on complexation (Fig. 4). Most notable were the
presence of five strong intermolecular NOEs that were distrib-

uted between ramoplanin residues Thr8 and Hpg6. The NH and
aryl protons of Thr8–Hpg6 show short-range interactions with
the uridyl protons, protons of the muramyl carbohydrate, and the
lactyl ether side chain of 6. These five NOEs are sufficient to
provide the orientation of the two molecules to each other (Fig.
4A). These residues are part of the Hpg3–Orn10 stretch that
exhibits marked chemical shift changes on complexation (Fig. 4
A and B). Within this sequence stretch are several exchangeable
ramoplanin side chain hydroxyls that likely assist in capture of
the muramyl carbohydrate. Although significant chemical shift
changes are seen in the terminal D-Ala-D-Ala �-CH and
�-methyl protons, no intermolecular NOEs involving these
residues were detected under these conditions.

In addition to new intermolecular NOEs that localize the
antibiotic–PG ligand complex binding interface, several confor-
mationally diagnostic NOEs in ramoplanin shift significantly or
disappear altogether, signaling a flattening of the cup-shaped
central two-stranded �-sheet of the antibiotic on ligand associ-
ation (see the supporting information, which is published on the
PNAS web site, www.pnas.org). The two-stranded sheet is held
in an elongated closed loop defined by the depsipeptide lactone
between Asn2 and chlorohydroxyphenylglycine (Chp)17 and the
Thr8-Phe9 type I �-turn (Figs. 1 and 4). In 20% DMSO, a series
of strong intramolecular NOEs are observed between the Thr8–
Phe9 turn and Asn2–Chp17 depsipeptide lactone and surrounding
residues, confirming their transannular relationship (Fig. 4C).
However, on complexation to 6, many of these conformationally
diagnostic transannular NOEs disappear, presumably because of
a flattening of the cyclic depsipeptide architecture. Because the
PG ligand binds to the solvent-exposed outer �-strand between
Asn2 and Thr8 (Fig. 4B), f lattening the cup-shaped two-stranded
peptide backbone would result in exposure of the Phe9–Chp17–
Hpg3 hydrophobic core to bulk solvent, creating a newly exposed
hydrophobic face capable of dimerization and oligomerization
with other complexes. This ligand-induced exposure of the
ramoplanin hydrophobic core likely leads to the fibril formation
that is observed in aqueous solution in the absence of 20%
DMSO.

The Cell-Wall-Active Antibiotics Ramoplanin, Enduracidin, and Janie-
mycin Contain a Common Lipid Intermediate Recognition Motif. For
ramoplanin, the majority of induced chemical shifts and inter-
molecular NOEs were localized to an Hpg3–Orn10 octapeptide
recognition motif. Thr8, Hpg7, and Hpg6 (and likely Thr5) play
a key role in sequestration of the muramyl carbohydrate of PG
precursors with Orn4 and Orn10 orienting and stabilizing the
ligand in this complex (Fig. 4A). Our belief in a common
recognition motif for lipid intermediates is further reinforced by
our observation that a nearly identical motif is conserved in the

Fig. 4. (A) NMR localization of the binding interface between ramoplanin (1)
and Park’s nucleotide (6) (1:1 molar ratio). Protons that exhibit downfield
chemical shifts on binding are colored green; those that shift upfield are
depicted in orange. Protons that do not shift on binding are colorless. Inter-
molecular NOEs are depicted by red arrows. Possible anchoring electrostatic
interactions between ramoplanin Orn4 and Orn10 residues and 6 are indicated
by blue arrows. NMR experiments further localize the minimum PG structure
recognized by ramoplanin to the intact pyrophosphate, the muramyl carbo-
hydrate, and the first two amino acids of the pentapeptide. (B) Surface
localization of the peptidoglycan monomer�lipid intermediate binding re-
gion 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 (25).

Fig. 5. Primary and backbone tertiary backbone structures of ramoplanin A2 (green) and two functionally related type-C lantibiotics, mersacidin (purple) and
actagardine (blue). Nonstandard residues are denoted as follows: Abu, aminoisobutyric acid; 3-OH Asn, threo-3-hydroxy-L-asparagine; Chp, chlorohydroxyphe-
nylglycine; Dha, dehydroalanine; FA, (2Z,4E)-7-methyl-octadienoic acid; Man, mannose. D-Amino acids are depicted by black circles. 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 provided by Dr. Thomas Prasch.

7388 � www.pnas.org�cgi�doi�10.1073�pnas.102192099 Cudic et al.



enduracidins, a related family of cell-wall-active lipodepsipep-
tide antibiotics from Streptomyces fungicidicus (2-3, Fig. 1; ref.
27). In addition, although the structure of the lipodepsipeptide
antibiotic janiemycin from Streptomyces macrosporeus has not yet
been elucidated, its antibiotic function and amino acid compo-
sition are also nearly identical to ramoplanin and enduracidin
(28). We predict that janiemycin also contains this PG recog-
nition motif.

Ramoplanin and the Two Type-C Lantibiotics, Mersacidin and Acta-
gardine, Share a Common Fold and Function. 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 (29). These include two members of the pore-forming
type-A lantibiotics, nisin and epidermin, and the two type-C
lantibiotic transglycosylase inhibitors, mersacidin and actagar-
dine (30, 31). Direct comparison of the primary and secondary
structures of ramoplanin (25) with vancomycin (32, 33) reveals
no obvious structural similarities between the two, suggesting
that they bind Lipid II at different loci. The lack of apparent
binding between ramoplanin and the D-Ala-D-Ala-containing
pentapeptide 4 confirms this hypothesis. Comparison of ramo-
planin with nisin and epidermin (30) indicates no conservation
of primary or secondary structure, although these conforma-
tionally f lexible pore-forming antibiotics are known to bind to
Lipid II prior to membrane disruption (1, 34). However, com-
parison of the solution NMR structures of ramoplanin (25),
mersacidin (35), and actagardine (36) reveals a conserved
backbone fold (Fig. 5). The latter two antibiotics possess a
unique mechanism of action involving binding to the MurNAc-
GlcNAc disaccharide and pyrophosphate functionalities of Lipid
II (37). Preservation of this overall fold between three Lipid

II-binding antibiotics is suggestive of overlapping Lipid II bind-
ing sites and a common mechanism of action.

Implications for Antibiotic Design. Our structure�function studies
of ramoplanin with PG intermediates and related synthetic
analogues indicate that the Lipid I�II MurNAc-Ala-�-D-Glu
pyrophosphate core is the minimum structural element of the
PG monomer required by ramoplanin for high-affinity binding
and fibril formation in solution. Intriguingly, mersacidin exhibits
a strikingly similar preference for binding to the GlcNAc-
MurNAc-pyrophosphate moiety of Lipid II (37). Both ramopla-
nin and mersacidin (and likely actagardine) recognize a region
of the PG monomer that is distinctly different than that of
vancomycin. This discovery explains the effectiveness of ramo-
planin for treatment of vancomycin-resistant pathogens and
highlights its promising clinical potential. Furthermore, ramo-
planin is more amenable to total synthesis and structure–activity
analysis than is vancomycin or mersacidin because its chemical
structure is less complex. Future structure–activity studies with
ramoplanin will help dissect out the key structural features that
promote high-affinity PG complexation and potent antimicro-
bial activity.
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