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Nonactin, produced by Streptomyces griseus ETH A7796, is a macrotetrolide assembled from nonactic acid.
It is an effective inhibitor of drug efflux in multidrug resistant erythroleukemia K562 cells at sub-toxic
concentrations and has been shown to possess both antibacterial and antitumor activity. As total synthe-
sis is impractical for the generation of nonactin analogs we have studied precursor-directed biosynthesis
as an alternative as it is known that nonactic acid can serve as a nonactin precursor in vivo. To determine
the scope of the approach we prepared and evaluated a furan-based nonactic acid derivative, 11.
Although no new nonactin analogs were detected when 11 was administered to S. griseus fermentative
cultures, a significant inhibition of nonactin biosynthesis was noted (IC50 � 100 lM). Cell mass, nonactic
acid production and the generation of other secondary metabolites in the culture were unaffected by 11
demonstrating that 11 selectively inhibited the assembly of nonactin from nonactic acid. While we were
unable to generate new nonactin analogs we have discovered, however, a useful inhibitor that we can use
to probe the mechanism of nonactin assembly with the ultimate goal of developing more successful pre-
cursor-directed biosynthesis transformations.

� 2008 Elsevier Ltd. All rights reserved.
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Streptomyces griseus subsp. griseus ETH A7796 (DSM40695)
makes a series of ionophore antibiotics known as the macrotetro-
lides (Fig. 1).1 Nonactin, the prototypical macrotetrolide (1) is
assembled from two monomers of (�)-nonactic acid and two
monomers of (+)-nonactic acid assembled (+)-(�)-(+)-(�) in a
head-to-tail manner into a 32-membered macrocycle. Nonactin
has both antibiotic and anticancer properties2 and has been shown
to be an inhibitor of drug efflux in multiple drug resistant cancers.3

The natural macrotetrolide homologues produced by S. griseus
show a wide range potency with the minimum inhibitory concen-
tration of 1 being an order of magnitude greater than that of din-
actin (3) against Staphylococcus aureus and Mycobacterium bovis,
a difference that is related to the stability constants of their respec-
tive Na+ and K+ complexes.1,2,4

Nonactin is far too hydrophobic and insufficiently soluble to be an
effective therapeutic.5 The development of therapeutics based upon
nonactin, therefore, will be dependent upon being able to make non-
natural analogs in a direct and efficient manner. The total synthesis
of nonactin has been achieved by a number of groups6–9 as has the
synthesis of nonactic acid.10,11 The total synthesis of nonactin ana-
logs is complicated as both enantiomers of nonactic acid, and its ana-
logs, are required as is the sequential construction of a linear
tetraester prior to a final macrolactonization reaction affording the
ll rights reserved.
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6 R = Me (+)-nonactic acid

Figure 1. The structures of the naturally occurring macrotetrolides and the
monomer, nonactic acid.
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nonactin analog. This complexity does not lend itself to straightfor-
ward drug development.

Fermentative cultures of S. griseus can generate 6–15 g/L of
macrotetrolide mixtures (>90% 1 and 2). When nonactic acid is
added to fermentative cultures of either S. griseus, or genetically al-
tered strains of S. griseus that have been blocked in the early stages
of nonactin biosynthesis, it can be readily and efficiently incorpo-
rated into nonactin.12 These observations strongly suggest that
precursor-directed biosynthesis has the potential to generate
new nonactin analogs.13,14 As we know that a complex structure
such as nonactic acid will serve as a substrate for precursor-direc-
ted biosynthesis, our first task was to set bounds on the system by
discovering the simplest, most straightforward nonactic acid ana-
log that would work. To that end we completed the synthesis of
the substituted furan derivative 11 (Scheme 1) and evaluated it
in precursor-directed biosynthesis experiments.

Alkylation of a furan-derived anion with propylene oxide was
achieved using White’s method affording 8 in 66% yield after distil-
lation.10 The secondary alcohol of 6 was protected as an acetate by
reaction with acetic anhydride in pyridine to give 9 (79%).15 The
furan derivative 10 was obtained by a free radical addition reaction
with ethyl 2-iodopropionate, as described by Baciocchi and Mura-
glia, to give 10 in 11% yield.16,17 Saponification of 10 gave the free
acid 11 (81%).18 Although the synthesis generated a mixture of dia-
stereoisomers, the synthesis was quite short and effective and we
hoped that new analogs would more likely be formed using such a
mixture in a precursor-directed feeding experiment.

To assess the incorporation of compound 11 into new macrote-
trolide analogs, two fermentative cultures of S. griseus ETH A7796
were prepared from a single vegetative culture and grown for
48 h under standard conditions.19 At 48 h after inoculation of the
fermentative culture (50 mL), 56 mg of 11 (56 mg in 0.5 mL of eth-
anol) was added to one culture; a blank sample (0.5 mL ethanol)
was added to the equivalent control culture. The cultures were al-
lowed to grow for an additional 96 h and the macrotetrolide mix-
ture was isolated according to standard protocols.19 Analysis of the
macrotetrolide mixtures by HPLC20 and LC–MS (TOF)21 showed an
unexpected drastic reduction in macrotetrolide production in the
fed culture compared to the control. Unfortunately, no likely non-
actin analogs could be detected in the extract by both LC–MS and
MS analysis of the complex mixture.

We decided to further evaluate the inhibitory effects of 11 on
the production of nonactin to determine if adding less material
might allow for the production of higher levels of nonactin in
which a low incorporation of 11 might then be more evident. To
this end a series of fermentative cultures were evaluated, with a
range of concentrations of 11 ranging from 0.01 mM to 10 mM, to-
gether with a control culture receiving no exogenous compound.
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Scheme 1. Synthesis a furan-based nonactic acid analog 11. Reagents and
conditions: (a) n-BuLi, �78 �C, THF then propylene oxide, 66%; (b) Ac2O, pyridine,
THF, 79%; (c) BEt3, Fe2(SO4)3, ethyl DL-2-iodopropionate, DMSO, 11%; (d) 2.5 M LiOH,
MeOH, THF, 81%.
Mycelia were recovered from each culture and an approximate
wet weight determined; addition of 11 had no effect upon biomass
production. Macrotetrolides present in the extracts were quanti-
fied by reverse-phase HPLC.20 It was determined that nonactin pro-
duction was inhibited by more than 90% in fermentative cultures
containing either 10 mM or 1 mM of 11. Nonactin production
was at the same level as in the control in a culture containing
0.01 mM of 11; a concentration of 0.1 mM of 11 lead to an interme-
diate level of nonactin production. In all cases, no new macrotetro-
lide analogs were evident in either MS or LC–MS analyses of the
extracts. In addition to showing that 11 had little effect on biomass
production, each of the fermentative cultures reliably generated
other secondary metabolites (phenazines) usually co-synthesized
with macrotetrolides when secondary metabolism is initiated in
S. griseus. Furthermore, analysis22 of the extracts demonstrated
that both enantiomers of nonactic acid, the monomer precursor
to nonactin, were generated in each culture irrespective of the con-
centration of 11 added. We have demonstrated, therefore, that
while 11 does not serve as a precursor to new macrotetrolides, it
is indeed a reasonably potent (IC50 � 100 lM) and selective inhib-
itor of nonactin biosynthesis. As nonactic acid production is not
perturbed, the furan derivative 11 is interfering with the assembly
of nonactin from its monomeric precursors, a process that requires
only the products of the nonK and nonJ type II polyketide synthase-
encoding genes and the nonL CoASH-dependent ligase-encoding
gene.23,24 The inhibition shown by 11 is distinguished from that
of our earlier acetylenic analogs which likely block the formation
of the monomer, nonactic acid.25

While we were not successful in the developing new nonactin
analogs through precursor-directed biosynthesis we have set limi-
tations on the nonactic acid analogs that may be used; it is likely
that the tetrahydrofuran ring of nonactic acid will be essential.
We have discovered, however, an inhibitor that likely will be of
use in our quest to determine how the macrocycle of nonactin is
constructed in vivo from monomeric precursors which, in turn, will
allow us to develop improved approaches for the discovery of non-
actin analogs by precursor-directed biosynthesis.
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