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Thiolactomycin (TLM, 1) (TLM numbering uses IUPAC no-
menclature of giving the lowest locant to heteroatoms in hetero-
cycles, and is different from the initial numbering used on TLM.1a)
was initially isolated from aNocardiasp. (ATCC 31319) found in
a Japanese soil sample1-4 This unusual thiolactone antibiotic has
low toxicity and is active against Gram-positive, and -negative
bacteria, including both aerobes and anaerobes. TLM has also been
shown to be effective in murine infectious disease models,2-6 and
to have encouraging anti-malarial activity.7 In all of these cases,
evidence indicates that TLM acts as a selective and reversible
inhibitor of the dissociated type II fatty acid synthase (FAS).7-10

As this FAS plays an essential role in biosynthesis of membrane
lipids, the individual components have attracted significant interest
as valid antibacterial targets.9,11 In Escherichia coli, theâ-ketoacyl
synthase (KAS I, FabB) of the FAS has been unequivocally
demonstrated to be the target for TLM; missense mutations in FabB
or overexpression of FabB both lead to TLM resistance.12,13

Important interactions between TLM and the FabB active site have
been obtained from a recent enzyme-inhibitor cocrystal structure.14

TLM has thus emerged as an attractive lead for developing new
antibacterial agents.15

Several synthetic strategies have been developed for generation
of TLM and TLM analogues. The initial synthesis reported provided
racemic TLM,16 while a subsequent asymmetric approach provided
the (5S)-isomer.17 Recently, an asymmetric synthesis of the natural
(5R) isomer of TLM from (2R)-alanine has been developed.18 This
method is flexible and will allow substituents on the thiolactone to
be varied in a combinatorial mode.18 Some synthetic TLM
analogues have already been shown to be effective FAS inhibitors.
For instance, TLM analogues with extended hydrocarbon chains
at C-5 have been shown to have enhanced anti-mycobacterial
activity.6,19 These compounds also inhibit the pea (Pisum satiVum)
FAS.20 Furthermore, C-3 acetyl TLM analogues also bearing
lipophilic C-5 substituents are active againstStaphyloccocus aureus
and Pasteurella multocida.15 Despite the significance of these
results, the biosynthetic pathway for TLM has not been elucidated.
In this study, we show that the backbone of this unique thiolactone
is synthesized from acetate- and propionate-derived building blocks
in a manner consistent with a polyketide biosynthetic process,
suggesting that combinatorial biosynthesis may provide an alterna-
tive approach for generation of novel and useful TLM analogues.

Nocardiasp. ATCC 31319 was grown as a two-stage fermenta-
tion process in shake flask cultures (29°C and 210 rpm). A 10%
inoculum for the 3-day seed culture3 (substituting 2 g/L of meat
extract for 5 g of “Boullion”) was used to inoculate the production
medium.21 After 3 days, TLM was extracted from the acidified

fermentation broth (pH 3) with ethyl acetate and purified by reverse-
phase HPLC. Gradient HMQC and HMBC spectra were collected
on unlabeled TLM (10 mg) and used to provide the unequivocal
13C and1H NMR assignments. The13C assignments (Table 1) are
consistent with those initially reported for TLM,1 with the exception
of a switch in assignment of resonances associated with C-3 and
C-9. [2,3-13C2]Propionate was added as a sterile solution at 24 and
48 h to the second-stage fermentation, at a final concentration of 5
mM. A total of 3.2 mg of TLM was isolated from 1 L of broth and
analyzed by13C NMR. No change was observed in the relative
intensities for each of the13C natural abundance signals. However,
doublets surrounding C-3, C-6 (1J13C-13C 46.3 Hz), C-5, C-7 (1J13C-13C

35.1 Hz), and C-9, C-12 (1J13C-13C 41.6 Hz) unambiguously
demonstrated intact incorporation of C-2 and C-3 of the labeled
propionate into these three pairs of adjacent carbons at a level of
approximately 1.5% (Figure 1). An analogous incorporation experi-
ment conducted using [1,2-13C2]acetate provided 12.1 mg of pure,
labeled TLM from 2 L of broth. In this case, the13C NMR analysis
revealed doublets surrounding the natural abundance signals for
just C-10 and C-11 (1J13C-13C 69.4 Hz), demonstrating approximately
1% intact incorporation of the labeled acetate into these specific
adjacent carbons of TLM.

These results are consistent with a pathway in which an acetate-
derived starter unit is elongated by three propionate/methylmalonate-
extender units in a manner established for polyketide synthases
(PKS).22-24 On the basis of a PKS model, a linear tetraketide
product, (4E,6E)-2,4,6-trimethyl-3-oxo-octanoic acid (2), potentially
activated as an ACP (acyl carrier protein-R′ in Figure 1) thioester,
can be envisioned. This biosynthetic intermediate could then be
transferred to an enzyme (R′′ in Figure 1) that contains a cysteine
persulfide in its active site, releasing the ACP. The resulting
disulfide-linked polyketide product (3) could then undergo a unique
∆4,6∆5,7 isomerization that would simultaneously cyclize and transfer
this sulfur to the polyketide chain, generating TLM (Figure 1). An
alternative cyclization pathway, proceeding from2 through a
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Table 1. Revised 13C Assignments for Thiolactomycin

carbon 13C chemical shift (ppm) (CHCl3) attached hydrogens (no.)

C-2 197.3 0
C-3 110.9 0
C-4 180.2 0
C-5 55.8 0
C-6 8.1 3
C-7 30.2 3
C-8 129.5 1
C-9 140.8 0
C-10 141.0 1
C-11 114.5 2
C-12 12.5 3
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thiirane intermediate (4), can also be envisioned. In either case the
sulfur atom of TLM is likely to be obtained by desulfuration of
L-cysteine, (potentially analogous to the process catalyzed by IscS
in E. coli).25 Consistent with this hypothesis we observed radiola-
beled TLM when our fermentations ofNocardiasp. ATCC 31319
were carried out in the presence of35S-labeled cysteine (see
Supporting Information).

Streptomycessp. Y-0834H26 also produces TLM and may do so
in an analogous fashion. In this organism, analogues containing
ethyl substituents at C-5 (834-B1) and both C-3 and C-5 (thiotetro-
mycin) have been reported. This substituent variation in PKS-
derived products is well established and is the result of the use of
either ethylmalonate- or methylmalonate-derived extender units
during biosynthesis.27,28

Exciting progress with the generation of hybrid PKSs in recent
years suggests that the TLM biosynthetic process may be engineered
for production of novel analogues with improved activity or
pharmacological properties. We are in the process of cloning the
TLM biosynthetic gene cluster to both address this possibility and
investigate the unique final steps of TLM biosynthesis. We have
cloned numerous separate PKS biosynthetic gene clusters from the
producing strain,Nocardia sp. ATCC 31319, and are currently
determining which is responsible for TLM production. The results
of these analyses will be reported in due course.

Supporting Information Available: 13C NMR spectra of acetate
and propionate labeled thiolactomycin. HPLC-analyses of radiolabeled
TLM produced from incorporation experiments using [35S]-L-cysteine
and [1-14C]propionate (PDF). This material is available free of charge
via the Internet at http://pubs.acs.org.
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Figure 1. Biosynthetic origins of thiolactomycin (1). Bold bonds indicate
intact incorporation of adjacent13C atoms from dual labeled acetate and
propionate. Putative pathway intermediates (2-4) are also shown.
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