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The glycopeptide antibiotic vancomycin is active against Gram-
positive bacteria and is the drug of choice for the treatment of
serious infections due to many methicillin-resistant strains includ-
ing Staphylococcus auretstrains and multiply resistant strains
of Streptococcus pneumonia&he emergence of global clinical
resistance to vancomycin has clear, serious clinical consequences
Vancomycin exerts its main bactericidal effect through inhibition
of cell wall peptidoglycan cross-linking by binding to the terminal
L-Lys-D-Ala-p-Ala? of the mucopeptide precursor units at the
crucial site of attachment. Resistance is effected by the biosyn-
thesis of an altered cell wall precursor ending ihys-p-Ala-p-
Lac® Replacement of the terminab-alanine with p-lactate
introduces a repulsive electrostatic interaction in place of a
hydrogen bond resulting in &1000-fold reduction in binding
affinity (Figure 1)#

The identification of synthetic receptors that bind with high
affinity to L-Lys-p-Ala-b-Lac could provide a powerful strategy
for overcoming vancomycin resistantelowever, the design of
synthetic receptors that bind moleculesaiqueoussolution is a
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Figure 1. Repulsive electrostatic interaction in vancomycin binding to
L-Lys-p-Ala-D-Lac.
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Figure 2. Design of synthetic receptdr.

daunting task, and only minimal success has previously been

achieved. Herein, we report synthetic receptors that bindys- tripeptide is acyclic, free rotation should eliminate the unfavorable

p-Ala-D-Lac greater than 5-fold more tightly than vancomycin electrostatic interaction observed between the phenylglycine
in aqueous solution. This work not only has resulted in the most carbonyl of vancomycin and the oxygen of the lactate group. The
potent synthetic receptor toward this target but also representsamino acid side chains and stereochemistries in the tripeptide unit
the first successful application of receptor library synthesis and would then be combinatorially selected for their ability to enhance

screening for the identification of synthetic receptors that bind
small molecules in aqueous solution.

In our receptor design strategy we chose to preserve the right-

hand carboxylate binding pocket of vancomycin in order to retain
a significant element of the hydrogen-bonding network and
hydrophobic interactions that are common tomh&la-b-Lac and
p-Ala-D-Ala complexes. The left-hand side of the molecule is
replaced with a variable tripeptide unit (Figure 2). Because the
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The vancomycin E-ring chlorine and sugar residues are not
incorporated intd. in order to expedite receptor library synthesis.
Binding studies on vancomycin derivatives lacking these groups
have established that the E-ring chlofia@d the sugar residues
each contribute less than 2- to 3-fold to the binding of vancomycin
to N-Ac,-L-Lys-D-Ala-p-Ala. The invariant core macrocycle is
employed as a fixed building block in the receptor library
synthesis and therefore is prepared in solution (Scheme 1). We
selected the thallium(lll) trinitrate (TTN)-mediated oxidative
cyclization strategy to synthesize the key biaryl ether linkage
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Figure 3. Fluorophore-labeled ligands.

without chromatography. Oxidative cyclization ®followed by
in situ reduction with zinc metal provides macrocy@ein
moderate overall yields. Removal of the allyl ester3o@inder
standard conditiort3 followed by hydrodehalogenation using
nickel(ll) acetate and sodium borohydriéierovides the suitably
protected core macrocyckin 68% overall yield.

A library of 39 304 theoretical members was prepared by split
synthesis with 34 amino acid inputs used to introduce diversity
at the R, R?, and R positions. The amino acids were selected
largely on the basis of the side chain display found in the
proteinogenic amino acids; however they also included a number
of constrained amino acids to enhance the rigidity of the
receptors? An “on bead” assay was used to detect the most
active library members by incubation of the support-bound library
with fluorophore labeled depsipeptideor tripeptide6 (Figure
3). The nitrobenzodioxazole (NBD) label was selected over other
fluorophores due to its small size and relatively hydrophilic nature
to minimize binding interactions with the support-bound recep-
tors® The label was attached to the Lys side chains to place the
label as distantly as possible from the binding site. To determine
the structures of the most active receptors, the stained beads wer
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Table 1. Sequences Selected by Ligaritland6 in the Assay of
the Synthetic Receptor Libraty

occ freq (%)

entry ligand AAL AA2 AA3  obsd thedr
1 5 L-Tpi L-His X 29 0.087
2 5 L-N-Me-Phe Disc X 20 0.087
3 6 L-Tpi L-His X 15 0.087
4 6 L-Tpi L-Lys X 9 0.087
5 6 L-Tpi L-N-Me-Gly X 12 0.087
6 6 L-Dapa L-Tpi X 13 0.087
7 6 X L-Tpi L-Lys 9 0.087
8 6 X L-Tpi L-His 6 0.087
9 6 X L-Tpi L-Dapa 8 0.087

a For amino acid structures see Table 2 and Supporting Information.
b Percent probability that a library bead will contain the indicated amino
acid combination.

Table 2. Binding Constantsk, (M) of Synthetic Receptors
Determined in Water by Microcalorimetry (ITC)

synthetic receptor

Q%

HzN OC O

ligand
binding constant (M-1)

N-Aca-L-Lys-D-Ala-D-Ala
(K4 = 75,400 £ 9,000)

X 'H
:’& N’@””“" N-Aco-L-Lys-D-Ala-D-Lac

& y
" N (Ka=17,300% 3,400)
CONH,

7 (AA1-AA»AAg = L-Tpi-L-His-L-Dapa)

Q

i
LNOC ™.
Me H

(AA1-AAZAAg = CNeMe-Phe-D, -Disc-L- -Tyr)

NH,

H

CONH,

N-Acp-L-Lys-D-Ala-D-Ala
(K4 = 102,400 + 41,000)

H.
N-Aco-L-Lys-D-Ala-D-Lac
(Ka= 31,900 + 15,000)
8

N-Acp-L-Lys-D-Ala-D-Ala
(K, = 550,000 + 12,000)

Vancomycin
N-Acg-L-Lys-D-Ala-D-Lac
(Ka 6,300 + 1,400)

€-Lys-pD-Ala-p-Ala (Table 2)2° Receptor7 is based upon the

decoded using the matrix-assisted laser desorption ionization masgonsensus sequence obtained for both ligdhdsd 6, while

spectrometry sequencing method of Younggtfist.

Library screening was performed with 5 mM vancomycin as a
competing receptor and with 0.2 mM or 6. Under these
conditions only 0.1% of the beads were stained in screening
experiments again& and6, with 59 and 106 beads picked and
decoded, respectivel§ Remarkable selectivity was observed. Of
the 59 beads selected against ligénd-Tpi was observed at the
first amino acid position for 39 beads (66%) andN-Me-Phe
was observed for 12 beads (20%). High double combination

receptor8 was observed fob. Receptor7 exhibits binding to
tripeptideN-Ac,-L-Lys-D-Ala-D-Ala that is only 6-fold less than
that of vancomycin. These numbers are remarkable since the
receptors are much less structurally complex than vancomycin,
yet still retain most of vancomycin’s binding affinitMore
significantly, each receptor showed significantly increased binding
to N-Ac-L-LysD-Ala-p-Lac when compared teancomycinOther
synthetic receptors showed no binding by microcalorimetry (data
not shown), thereby demonstrating that the tripeptide portion

consensus sequences were also observed (Table 1, entries 1 angbntributes considerably to the binding interaction.

2). It is significant that screening agairgsalso provided similar
high consensus at the first amino acid position wiffpi observed
for 61 out of 106 beads (57%). The double combinatierpi at
amino acid 1 and-His at amino acid 2 also had the highest
frequency of occurrence (entry 3).

Microcalorimetry® was used to determine the binding affinity
of the selected receptors lAC,-L-Lys-D-Ala-p-Lac andN-Ac,-
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Evaluation of the synthetic receptors for activity against
vancomycin-resistant bacteria is in progress. The molecular basis
of recognition will be explored as will additional rounds of library
synthesis to identify even more potent receptors.
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d. (20) Characterization of the binding potency of the selected receptors to
N-Ac,-L-Lys-D-Ala-D-Lac is necessary to establish that binding occurs with
receptors in solution against unlabeled ligand.



