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Methicillin-resistantStaphylococcus aureus(MRSA) infections
have traditionally been treated with the glycopeptides vancomycin
(1a, Figure 1) and teicoplanin (2a). The emergence of vancomycin-
resistant bacteria has caused considerable alarm among public health
providers and has prompted efforts to develop second-generation
glycopeptide analogues.1 Glycopeptide analogues such as chloro-
biphenyl vancomycin (CBPV,3a) and dalbavancin (4a), which
resemble teicoplanin in having a hydrophobic group on the A4-
linked carbohydrate moiety, have shown particularly good activity.2,3

In fact, dalbavancin (4a) is now in late-stage clinical trials.4

However, the molecular basis for the enhanced activity of dalba-
vancin or CBPV is not understood.

All glycopeptide antibiotics are believed to have the same
mechanism of action: they prevent maturation of the bacterial cell
wall by binding to the terminalD-alanyl-D-alanine moiety of
peptidoglycan precursors, thus blocking enzymes involved in the
final stages of peptidoglycan synthesis.5,6 Despite minor differences
in the structures of the aglycones, theD-Ala-D-Ala binding sites
are similar in all glycopeptides and the affinities forD-Ala-D-Ala
are essentially identical.7,8 Nevertheless, the potency and spectrum
of various glycopeptides can differ significantly.3 For example,
dalbavancin and CBPV show superior activity againstS. aureus
strains (including MRSA) compared with vancomycin and teico-
planin (Table 1).3 We and others have suggested that the improved
activity of particular glycopeptide derivatives (e.g.,3a and3b) is
related to a second mechanism that does not involveD-Ala-D-Ala
binding but rather direct interaction with enzymes involved in the
final stages of peptidoglycan biosynthesis.9-12 Here we test this
hypothesis against the clinically relevant pathogen,S. aureus.

Vancomycin was proposed to inhibit bacterial transglycosylases
by binding to its substrate more than 30 years ago by Strominger5

and Perkins,6 but this proposed mechanism of action has not been
evaluated kinetically because assays to monitor the activity of
purified Gram positive transglycosylases have not been available.
We have recently overexpressed and purifiedS. aureusPBP2
(penicillin binding protein) inEscherichia coliBL21(DE3) as a
C-terminal His6 construct, and conditions were developed to monitor
enzymatic activity using our C35 Lipid II analogue.13 To determine
if the glycopeptides1a-4a are substrate binders, we measured the
reaction rates as a function of lipid II concentration in the presence
of fixed concentrations of each inhibitor.14 The inhibition curves
display the sigmoidal shape characteristic of substrate binders, and

the inflection points are consistent with a 1:1 binding mode of lipid
II/antibiotic (Figure 2a).15 Furthermore, under identical reaction
conditions the IC50’s are similar, reflecting the comparable affinities
of all four compounds forD-Ala-D-Ala (Table 1).

Because the compounds1a-4a share a common mechanism of
inhibition (i.e., blockage caused by substrate binding), differences
in the behavior of compounds may be obscured in the transgly-
cosylase assays. To determine whether any of compounds1-4
retain inhibitory activity whenD-Ala-D-Ala binding is abolished,
we prepared and tested compounds1b-4b in which the peptide
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Figure 1. Glycopeptide antibiotics.

Table 1. Biological Activity and Transglycosylase Inhibition for
Glycopeptides

glycopeptide MICa S. aureusb IC50
c (µm) S. aureus

1a 3.2 1.7
2a 3.2 1.2
3a 0.1 2.7
4a 0.1 1.1
1b >264 >500
2b >100 >500
3b 4.8 3.5
4b 50 70

a MIC values (µg/mL) were obtained using a standard microdilution
assay. The MIC is defined as the lowest antibiotic concentration that resulted
in no visible growth after incubation at 35°C for 22 h.b Bacterial strain
29213.c IC50 values were obtained againstS. aureusPBP2.22
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binding pockets are damaged.16,17 Both the CBPV derivative (3b)
and the dalbavancin derivative (4b) have measurable IC50’s. The
IC50 of 3b is low enough that we were able to evaluate the mode
of inhibition. The inhibition curve is not sigmoidal like that of the
parent compound, consistent with our presumption that these
damaged compounds do not bind the lipid II substrate (Figure 2b).18

Because neither teicoplanin nor vancomycin inhibits PBP2 when
their substrate binding pockets are damaged, we have concluded
that compounds3b and4b contain structural elements that enable
them to interact with the enzyme itself. Unlike1b and 2b,
compounds3b and4b also retain some biological activity against
S. aureus(29213) (Table 1). In fact, the biological activity of the
damaged compounds correlates with their ability to inhibitS. aureus
PBP2, the major PBP in this organism and essential enzyme for
the expression of vancomycin resistance in VRSA.19-21

The role of lipid substituents in the activity of various lipidated
glycopeptides has been debated for many years. It has been
suggested that secondary interactions between lipid substituents and
bacterial membranes target glycopeptides to bacterial cell surfaces,
which leads to enhancedD-Ala-D-Ala binding.23 However, the assay
that was used to monitor the glycosyltransferase activity ofS. aureus
PBP2 does not include membranes or detergents, which enable us
to separate membrane anchoring from other effects. We have shown
that there are significant biological activity differences between
dalbavancin and teicoplanin, which have similar lipid chains.
Moreover, damaged dalbavancin (4b) retains some activity and the
ability to inhibit PBP2 in the absence of peptide binding, whereas
damaged teicoplanin (2b), which contains an identical lipid chain,
does not. Therefore, the activity of4b cannot be explained simply
by nonspecific hydrophobic interactions. It has also been proposed
that some lipidated glycopeptides dimerize in a manner that
enhances substrate binding.23,24 Neither dalbavancin nor damaged
dalbavancin show evidence of dimerization up to concentrations
of 100 µM.25 Although CBPV and damaged CBPV have been
shown to dimerize, enzyme inhibition occurs at concentrations well
below the estimatedKdim for dimerization.26 In addition, a covalently
linked dimer of damaged CBPV has been shown not to bind
peptidoglycan precursors.27 The activity of damaged glycopeptides
3b and 4b is better explained by secondary interactions withS.
aureusPBP2 itself.

This work represents the first time the mechanism of action of
vancomycin has been tested kinetically using a clinically relevant
transglycosylase. UsingS. aureusPBP2, we have shown that
vancomycin and other lipoglycopeptide derivatives, both natural
and unnatural, inhibit the enzyme by binding its substrate. By
damaging the substrate binding pocket, we revealed differences in
the mechanism of action of various glycopeptides. Some of these
compounds are able to inhibit the transglycosylases by a mechanism

independent of peptide binding. The correlation between enzyme
inhibition and biological activity for the damaged compounds
suggests that activity differences between glycopeptide antibiotics
reflect a combination of activity derived from peptide binding as
well as secondary interactions with other targets such as the
transglycosylases.
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Figure 2. Inhibition curves for glycopeptides. (a) Vancomycin [3µM (b)],
CBPV [3 µM (O)], teicoplanin [2µM (0)], and dalbavancin [2µM (2)]
have curves characteristic of substrate binding. (b) Damaged CBPV [5µM
([)], unlike CBPV (O), does not exhibit substrate binding, and the control
[0 µM (9)] shows no inhibition.
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