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a b s t r a c t

Inhibitors of Staphylococcus aureus biotin protein ligase (SaBPL) are generated by replacing the acyl phos-
phate group of biotinyl-50-AMP with either a 1,2,3-triazole (see 5/10a/10b) or a 1,2,4-oxadiazole (see 7)
bioisostere. Importantly, the inhibitors are inactive against the human BPL. The nature of the 5-substitu-
ent in the component benzoxazolone of the optimum 1,2,3-triazole series is critical to activity, where this
group binds in the ATP binding pocket of the enzyme.

� 2014 Elsevier Ltd. All rights reserved.

Biotin protein ligase (BPL) is an adenylate forming enzyme that
catalyses the reaction of biotin and ATP to form an acyl AMP inter-
mediate known as biotinyl-50-AMP (1). This intermediate is then
employed in the biotinylation and subsequent activation of acetyl
CoA carboxylase; a key metabolic enzyme that is central to mem-
brane biogenesis and, hence, the viability of all organisms.1,2 Thus,
the inhibition of BPL has been identified as a viable drug target for
pathogens resistant to existing chemotherapies.3–8 Recent efforts
in this area have focused on developing mimics of biotinyl-50-
AMP 1, where the reactive acyl phosphate group is replaced with
a stable bioisosteres,9–24 but to date, only a handful of acyl phos-
phate bioisosteres have been reported that mimic biotinyl-5’-
AMP.5–8 For example, biotinol-50-AMP 2 with its phosphodiester
bioisostere, is a potent inhibitor of BPL from Staphylococcus aureus
(SaBPL), Escherichia coli and Homo sapiens (HsBPL).5,24 Importantly,
this compound also inhibits the growth of Staphylococcus aureus
with a minimal inhibitory concentration (MIC) of 8 lg/lL.5

Sulfomylamide isosteres, as found in 3, have also been reported
to be active against Mycobacterium tuberculosis BPL, with no data
reported on other BPLs.6,7

We also recently reported a 1,2,3-triazole as an effective bioiso-
stere of the hydrolytically unstable acyl phosphate of 1, for exam-
ple, see 4, Figure 1.5 A 1,2,3-triazole heterocycle as in 4 offers
significant advantages over other reported acyl phosphate bioisos-
teres in that it allows for both facile synthesis by Huisgen cycload-
dition and also combinatorial in situ approaches to inhibitor
discovery and optimization.5,25 This work identified 1,2,3-triazole
5 as the most potent (Ki = 0.09 ± 0.01 lM) and selective (>1100 fold
in Ki SaBPL vs HsBPL) inhibitor of SaBPL reported to date.5 The tri-
azole 5 inhibits the growth of S. aureus, while being devoid of cyto-
toxicity against cultured human liver cells.5 X-ray crystal
structures of SaBPL in complex with 5, in combination with muta-
genesis studies, identified a key role for active site amino acids
Arg122, Arg125 and Asp180 in selective binding to SaBPL (see
Fig. 3). X-ray crystallography also confirmed that the benzoxazo-
lone group of 1,2,3-triazole 5 binds into the ATP pocket of SaBPL
thereby functioning as a replacement of the adenine group present
in 1–4.

This paper reports the synthesis of analogues of 1,2,3-triazole 5
and their inhibition against SaBPL and HsBPL. The inverted
1,2,3-triazole 6, 1,2,4-oxadiazole 7, 1,2,4-triazole 8 and 1,3,4-oxa-
diazole 9 heterocycles were compared as possible bioisosteres of
the reactive acyl phosphate group of 1 (see Fig. 2). All compounds
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share the benzoxazolone group and optimum tether linkers either
side of the bioisostere as found in 5, where a simple methylene-
based tether can replace the ribose group of 1 and 4 without

compromising inhibitory activity. A range of substituents on the
benzoxazolone group of 5 were also investigated in order to begin
to explore interactions with the ATP binding pocket of SaBPL, see
compounds 10 Figure 2.

The 1,2,3-triazole 6 was prepared by alkylation of benzoxazo-
lone 11,5 followed by copper-catalyzed cycloaddition with biotin
azide 133 in the presence of copper nano powder. Heterocycles
7–9 were each prepared in two steps from a common starting
nitrile 17 as shown in Scheme 1. In particular, oxime 18, prepared
on reaction of 17 with hydroxylamine, was treated with biotin
14b26 and EDCI with subsequent dehydration under reflux to give
1,2,4-oxadiazole 7b. Conversely, conversion of nitrile 17 to imidic
ester 19, followed by microwave reaction with hydrazide 15b in
the presence of K2CO3, gave 1,2,4-triazole 8b in 32% yield. 1,3,4-
Oxadiazole 9b was also isolated from this reaction in 17% yield.
Interestingly, reaction of 14 with 19 under acidic conditions (acetic
acid) gave solely the 1,3,4-oxadiazole 9b and not the 1,2,4-triazole
8b based on analysis by analytical HPLC and mass spectrometry.
Truncated analogues 7a, 8a and 9a were prepared in the same
fashion as shown in Scheme 1. The key building blocks 15a,27

15b and 17 used in these syntheses were prepared as shown in
Scheme 1.

The synthesis of the 1,2,3-triazoles 10a–g is summarized
in Scheme 2. The key benzoxazolone azides 22a–e were obtained
on reacting the respective 2-amino phenol (20a–e) with
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Figure 1. General reaction mechanism of adenylate forming enzymes (left); acyl AMP analogues of biotin protein ligase (right).

Figure 2. Heterocyclic analogues derived from biotinyl-50-AMP 1.

Figure 3. (a) X-ray crystal structure of 5 bound to SaBPL. Interactions between the
1,2,3-triazole ring and residues are highlighted with black dashes. The edge to face
pi interaction between 1,2,3-triazole ring and W127 is not shown. (b) An overlay of
X-ray crystal structure of biotinyl-50-AMP 1 and 1,2,3-triazole 5. The hydrogen
bonding interactions between amine of 1 and D211 (3.06 Å) and S128 (3.41 Å) are
highlighted with black dashes. Methyl substituent of 5 is 4.00 Å and 3.02 Å away
from D211 and S128, respectively.
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