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The emergence of bacteria resistant to clinically used antibiotics
is a leading public health issue. As the clinical incidence of
resistance increases, there is a corresponding increase in the need
for new antibiotics with distinct modes of action. This need led us
to investigate ramoplanin (Figure 1), a cyclic depsipeptide that was
proposed in 1990 to inhibit the MurG step of peptidoglycan
biosynthesis (Figure 2).1-3 Ramoplanin was proposed to block the
enzyme by binding to its substrate, Lipid I,1d,e but there was no
direct evidence for this. Furthermore, there were no direct assays
to monitor MurG activity and thus no way to test the hypothesis
that inhibition is caused by substrate binding.4 We have developed
a direct assay to monitor the activity ofE. coli MurG using synthetic
Lipid I analogues5 and report here that ramoplanin does not inhibit
peptidoglycan synthesis by the proposed mechanism.

Inhibitors that block enzymatic activity by substrate depletion
alone yield velocity versus substrate concentration curves that are
sigmoidal, with almost no enzymatic activity at low substrate
concentrations and no inhibition at high substrate concentrations.6

Ramoplanin inhibition cannot be overcome with additional sub-
strate, a result inconsistent with a mechanism involving substrate
depletion (Figure 3a). This result implies that ramoplanin interacts
directly with MurG.

To determine whether ramoplanin inhibits MurG alone or as a
complex with Lipid I, we synthesized the alanine-modified deriva-
tives 2 and 3.7 Each compound was tested for binding using a
previously described NMR assay,4a,8 and for MurG inhibition.5

Compound2 binds to Lipid I analogue4, but compound3 does
not, indicating that ornithine 10 is essential for recognition of
peptidoglycan intermediates. Both2 and 3 were found to inhibit
MurG (IC50 ) 20-25 µM). Because3 is unable to bind Lipid I
but inhibits MurG comparably to ramoplanin (IC50 ) 20 µM), it is
reasonable to conclude that ramoplanin also inhibits without binding
substrate.

We prepared the fluorescein-labeled derivative6 to confirm that
ramoplanin binds directly to MurG. Like ramoplanin itself,6 inhibits
MurG at micromolar concentrations. We monitored the change in
polarization of6 with increasing concentrations of MurG in the
absence of Lipid I (Figure 3b). The binding isotherm obtained fits
a 1:1 binding mode with aKd of 4 × 10-6 M, a value reasonably
consistent with the IC50 value.9

Because ramoplanin has been shown to bindboth Lipid I and
Lipid II, we compared the binding of ramoplanin to analogues4
and 5 to determine whether the antibiotic discriminates between
these peptidoglycan intermediates (Figure 4). In the case of the
Lipid II analogue5, the ramoplanin signals disappear before a full
equivalent of the ligand has been added, whereas with the Lipid I
analogue4, more than 2 equiv are required to achieve the same
effect. Furthermore, resonances for both ramoplanin and4 coexist

throughout the titration. Although the NMR titrations provide only
qualitative information, it is apparent that ramoplanin interacts more
strongly with5 than with4.

To evaluate whether substrate binding playsanyrole in biological
activity, we measured the minimum inhibitory concentrations
(MICs) of 2 and3 against two representative Gram-positive bacterial
strains.10 Compound2, which is capable of binding peptidoglycan
intermediates, is biologically active (MIC) 0.8 µg/mL), but
compound3, which cannot bind, has almost no activity (MIC)* To whom correspondence should be addressed. E-mail: swalker@princeton.edu.

Figure 1. Structures of compounds referred to in the text.

Figure 2. Latter stages of peptidoglycan biosynthesis.

Figure 3. (a) Velocity versus [4a] curves for MurG at different concentra-
tions of ramoplanin: 0µM (0); 1 µM (b); 2 µM (×); and 5µM (2). (b)
Anisotropy of6 as a function of [MurG].
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100µg/mL). These results suggest that substrate recognition, while
unnecessary for MurG inhibition, is important for in vivo activity.

It has been widely accepted that ramoplanin inhibits MurG by
binding to the Lipid I substrate.1d,e,4,11The results described above
disprove this hypothesis. However, the ability of ramoplanin to bind
peptidoglycan intermediates does correlate with biological activity.
Because ramoplanin binds better to Lipid II than to Lipid I, Lipid
II is probably the relevant substrate to consider. There are two ways
in which Lipid II binding could be involved in ramoplanin’s
biological activity. First, docking of ramoplanin to Lipid II on the
external surface of the bacterial membrane could facilitate entry
of the antibiotic into the bacterial cell where MurG is located. It is
believed that several other antibiotics, including nisin and some
vancomycin derivatives, combine an ability to bind Lipid II with a
second mechanism of action.12 Alternatively, ramoplanin could kill
bacterial cells by blocking enzymes that use Lipid II as a substrate.
We have previously shown that ramoplanin does, in fact, inhibit
the bacterial transglycosylases,4a,8 supporting this hypothesis.
Furthermore, there is a good correlation between the ability of
ramoplanin to inhibit transglycosylation in vitro and the amounts
of compound required to inhibit bacterial cell growth (IC50 ) 0.25
µM; MIC ) 0.1 µM). In contrast, the dissociation constant of
labeled ramoplanin for MurG (4µM) is more than 10 times higher
than the concentration of ramoplanin (1) required to inhibit growth.
These data suggest that MurG inhibition is not the mechanism that
leads to bacterial cell death. However, the studies on MurG were
done in the absence of membranes, and it is conceivable that
membranes influence the affinity of ramoplanin for MurG. The role
of MurG inhibition, if any, in the activity of ramoplanin remains
to be established.

In summary, the results presented in this paper show that Lipid
I binding is not involved in MurG inhibition by ramoplanin and
suggest that Lipid I plays no role in ramoplanin’s activity. Instead,
Lipid II is implicated as the relevant peptidoglycan intermediate
targeted by ramoplanin. Experiments to characterize the mode of
transglycosylase inhibition and to probe the in vivo mechanism
further are underway.
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Figure 4. 600 MHz1H NMR spectra of downfield regions of ramoplanin
(0.1 mM) in D2O (pD ) 6.9) at the indicated ratios of Lipid I analogue4
(left) or Lipid II analogue5 (right).
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