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Abstract—Analogues of the natural antibiotic thiolactomycin, with acetylene-based side chains, have the highest recorded in vitro
inhibitory activity against the recombinant Mycobacterium tuberculosis b-ketoacyl-ACP synthase mtFabH condensing enzyme. In
particular, 5-[3-(4-acetyl-phenyl)-prop-2-ynyl]-4-hydroxy-3,5-dimethyl-5H-thiophen-2-one exhibited more than an 18-fold increased
potency, compared to thiolactomycin, against this key condensing enzyme, involved in M. tuberculosis mycolic acid biosynthesis.
Analogues of the antibiotic thiolactomycin, with acetylene-based side chains, have the highest recorded activity against cloned
mtFabH condensing enzyme.
# 2003 Elsevier Ltd. All rights reserved.
1. Introduction

Mycobacterium tuberculosis continues to be a primary
cause of morbidity and mortality worldwide; it is cur-
rently estimated that one-third of the world’s popu-
lation is infected with the bacillus.1 The emergence of
bacterial resistance to existing antitubercular agents has
become a significant concern for the effective treatment
of tuberculosis.2 The determination of the whole-gen-
ome sequence of M. tuberculosis has pinpointed drug
targets that potentially offer improved therapy.3

Thiolactomycin (TLM, 1) is a thiolactone antibiotic
isolated from a soil Nocardia spp.4 TLM exhibits potent
in vivo activity against many pathogenic bacteria,
including Gram-negative and Gram-positive bacteria
and M. tuberculosis.5�7 It is relevant that TLM inhibits
bacterial and plant type II fatty acid synthases (FAS-II)
but not mammalian or yeast type I fatty acid synthases
(FAS-I).8 For instance, in Escherichia coli, TLM inhi-
bits both b-ketoacyl-ACP synthase I to III and acetyl
coenzyme A (CoA):ACP transacylase activities in vivo
and in vitro.9,10 In addition, TLM possesses encoura-
ging anti-malarial activity, involving inhibition of the
type II fatty acid biosynthetic pathway in apicoplasts.11

TLM 1 inhibits M. tuberculosis FAS-II through inhibi-
tion of both b-ketoacyl-ACP synthase condensing
enzymes, mtFabH and KasA, in vitro and in vivo lead-
ing to inhibition of cell wall mycolic acid biosynthesis
and to cell death.12�15 Previous studies have shown that
a number of TLM analogues, with aliphatic and other
substituents linked to the 5-position of a thiolactone
intermediate 2, have significantly enhanced activity
against mycolate synthesis.13,16 The best results were
obtained with 10-carbon isoprenoid-based side-chains.
However, the use of more chemically stable and con-
formationally predictable substituents would be advan-
tageous in a potential drug and assist in understanding
modes of action. Recently, we have shown a number of
biphenyl-based TLM analogues are highly active against
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mtFabH, but the analogue with a benzyl 5-substituent
had little activity.17 These results demonstrated the
importance of side-chain structure in TLM analogues,
in accordance with previous predictions.9,10 In this study,
a propargyl substituted analogue 3 (Table 1) was used as
an intermediate to produce a range of aromatic-acetyl-
inic analogues, conveniently prepared under Sonogashira
coupling18 conditions (Table 1). These compounds pos-
sess p bonds with good potential to form hydrophobic
and stacking interactions within the enzyme pocket.9
2. Chemical strategy

The key thiolactone intermediate 2 was synthesised
essentially according to Wang and Salvino.19 Lithium
hexamethyldisilazane (LHMDS)16,17 was used as a base
to allow propargyl bromide to react at position 5 of the
thiolactone ring 2 to produce the pivotal intermediate 3
(Table 1). Six aryl iodides containing electron-with-
drawing substituents on the aryl ring were chosen
(Table 1) and coupling reactions, using triethylamine,
bis(triphenyl-phosphine)palladium(II) chloride (2
mol%) and copper(I) iodide (2 mol%) gave the desired
products 4–9 (Table 1) in respectable yields (47–86%).
1H NMR showed the absence of the alkynyl proton at d
2.23 in each spectrum and a shift in the terminal carbon
from d 72.6 to the d 90–95 region, indicating that the
Sonogashira coupling had been successful. Details of
the chemical synthesis of all these TLM analogues will
be given elsewhere; the syntheses of intermediate 3 and
compound 4 are described below, as examples.
3. Biological activity

The propargyl substituted intermediate 3 showed better
mtFabH inhibitory properties (IC50 100�5.6 mM) than
a previous17 benzyl substituted compound (>250 mM)
but it was still poorer than TLM 1 (74.9 mM) (Table 1).
Comparable activity to TLM was observed for com-
pound 6, with a para-methyl ester substituent (Table 1).
Compound 7, with the better hydrogen bonding para-
nitro group, had improved activity against mtFabH
(34�9.0 mM). Analogue 8, containing a para nitrile
group, was highly active, with an IC50 value of 7�0.5
mM. However, substitution at the ortho position, 9,
decreased activity to 48�4.1 mM. The best activity
found so far, against mtFabH, was found for analogue
4, the para-acetyl group increasing activity to 4�0.4
mM. Modification of compound 4, by introduction of a
hydroxyl group at the meta position of the aryl ring 5,
slightly decreases activity to 7�0.2 mM (Table 1).

It can be concluded that the activity of a number of the
acetylene-based compounds, 4, 5 and 8 are significantly
better than the best of those generated from Suzuki
coupling reactions.17 For instance, compare the best
compound 4 (IC50 4�0.4 mM) with the best biphenyl-
based compound 10 (IC50 17�1.3 mM).17 The activity
of analogues, such as 4 and 10, is apparently not directly
related to the length of the hydrophobic portion. The
key feature of the highly enhanced activity of com-
pounds, such as 4 and 10 is a linear p rich system con-
taining hydrogen bond accepting substituents attached
at the para position of the aromatic ring.

In conclusion, the new analogues 4, 5 and 8 of TLM
have the highest recorded activity against mtFabH.
These types of condensing enzymes are of key impor-
tance in the synthesis of fatty acids in a number of
microbial pathogens, as summarised above. It is now
Table 1. Synthetic route, structures and in vitro mtFabH activity
R
 IC50, mM
 R
 IC50, mM
74�3.4
1
 TLM
 74.9
 6
3
 100�5.6
 7
 34�9.0
4
 4�0.4
 8
 7�0.5
5
 7�0.2
 9
 48�4.1
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possible, therefore, to use such compounds to probe
important biosynthetic mechanisms and pinpoint effec-
tive drug targets. The synthetic protocols, described,
will readily allow systematic modifications to be made
to effective lead compounds such as 4 (Table 1). These
stable alkynyl compounds have an advantage over pre-
vious active, relatively labile, aliphatic-based analo-
gues13,17 in that their side-chains are conformationally
defined. Other biological properties of these exciting
TLM analogues are currently being investigated.
4. Experimental

4.1. 5-Prop-2-ynyl-4-hydroxy-3,5-dimethyl-5H-thiophen-
2-one (3)

To a stirred solution of 4-hydroxy-3,5-dimethyl-5H-
thiophen-2-one 2 (400 mg, 2.77 mmol) in anhydrous
tetrahydrofuran (THF) (5 mL) at �78 �C was added
lithium bis(trimethylsilyl)amide, 20% in THF
(LHMDS) (15.65 mL, 16 mmol). The reaction mixture
was stirred for 30 min at �78 �C before addition of
propargyl bromide (0.74 mL, 8.33 mmol). The mixture
was allowed to warm to room temperature and stirred
for a further 3 h, acidified to pH 2 with 2M aq acetic
acid and extracted twice with dichloromethane. The
organic layers were combined, washed with satd brine,
dried and reduced in vacuo to yield the crude product.
Purification on a 20 g SPE silica gel cartridge, eluting
from 0 to 5% diethyl ether (1% increments) in di-
chloromethane, yielded 3 (420 mg, 83%) as a clear oil.
dH (400MHz; D3COD,) 1.54 (6H, s, SCCH3, CCH3),
2.23 (1H, s, CH), 2.52–2.73 (2H, m, CH2); �C
(100.6MHz; D3COD) 8.0 (C-6), 25.6 (C-7), 31.0 (CH2),
50.0 (C-5), 72.6 (HC�), 82.0 (CC�), 111.5 (C-3), 182.1
(C-2), 188.5 (C-4); m/z (ESP) 183.0482 (MH+.
C9H10O2S requires 183.0480).

4.1.1. 5-[3-(4-Acetyl-phenyl)-prop-2-ynyl]-4-hydroxy-3,5-
dimethyl-5H-thiophen-2-one (4). To a stirred solution of
intermediate 3 (100 mg, 0.549 mmol), dimethylform-
amide (DMF) (1.5 mL) and triethylamine (1.0 mL),
under N2, was added copper(I) iodide (2 mg, 0.109
mmol, 2 mol%), bis(triphenylphosphine)-palladium(II)
chloride (6.5 mg, 0.274 mmol, 5 mol%) and 4-iodoace-
tophenone (162 mg, 0.659 mmol). The mixture was
stirred overnight at room temperature, acidified to pH 4
with 10% aq citric acid and the product extracted into
ethyl acetate. The organic layers were collected, washed
with water, dried and reduced in vacuo to give the crude
product. This was purified by Fisher Matrix silica gel 60
flash chromatography (0–10% ethyl acetate in cyclo-
hexane) to give the title compound 4 (97 mg, 58%), as a
pale yellow oil. dH (400MHz; D3COD) 1.71 (3H, s,
SCCH3), 1.74 (3H, s, CCH3), 2.60 (3H, s, COCH3),
2.93–3.13 (2H, CH2), 7.46 (2H, d, C-b, J=9 Hz), 7.95
(2H, d, C-a, J=9 Hz); dC (100.6MHz; D3COD) 10.3
(C-6), 27.9 (C-7), 29.3 (C-8), 34.2 (C-14), 60.3 (C-5),
86.0 (C-9), 93.0 (C-10), 113.4 (C-11), 132.1 (C-3), 132.2
(C-b), 135.4 (C-a), 140.0 (C-12), 184.5 (C-4), 199.9 (C-
2), 203.5 (C-13); m/z (ESP) (MH+. 301.0912 (MH+.
C17H16O3S requires 301.0898).
4.2. MtFabH assay: determination of IC50 values

Direct, end-point scintillation proximity assays (SPA)
were performed according to an established SPA
assay.17,20 The assay contained a mixture of recombi-
nant E. coli produced mtFabH12 (1.0 nM), biotinylated-
malonyl-ecACP (2.5 mM), and myristoyl-CoA (0.4 mM)
in 100 mM sodium phosphate buffer with 0.01%
CHAPS and 1 mM DTT. Compounds in DMSO were
added to the assay plate to provide concentrations ran-
ging from 500 to 0.98 mM, followed by mtFabH and
biotinylated-malonyl–ecACP. Following a 5 min pre-
incubation at 30 �C, [3H] myristoyl–CoA and unlabeled
myristoyl–CoA were added to reach a final concen-
tration of 0.4 mM containing approximately 30,000 cpm
per well. Reactions were incubated at 30 �C and 100 mL
of ethanol was added to quench the reaction after 20
min. Streptavidin-coated beads (40 mL) (10 mg/mL in
DPBS) (Amersham) were added to each well, and the
plates sealed with Topseal-A press-on, transparent
adhesive sealing film (Packard) and shaken for 30 min.
The plates were centrifuged for 1 min at 1700�g to pel-
let the beads in each well and the incorporated radio-
activity was counted using a 1450Microbeta Trilux
liquid scintillation counter (Wallac).
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