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Monensin A (1a) from Streptomyces cinnamonensis is an
antibiotic ionophore[1] widely used in veterinary medicine and
in animal husbandry (Scheme 1). It is one of the most
important and best-studied members of a large family of
structurally related polyketide secondary metabolites, the

ionophoric polyethers, which are attracting renewed interest
for their activity against drug-resistant strains of malaria.[2] As
with all natural polyethers, the molecule contains a multi-
plicity of asymmetric centers, but only one stereoisomer (out
of a possible 217) is produced by S. cinnamonensis. The
molecular basis for this exquisite stereocontrol is not
known, and even the nature of the intermediates in polyether
biosynthesis remains obscure. Early feeding studies estab-
lished that monensin A (1a) is derived by a classic polyketide
pathway from five acetate, one butyrate, and seven propio-
nate units[3] and that oxygen atoms at C1, C3, C5, C7, C9, and
C25 arise from the carboxylate oxygen atoms of the corre-
sponding carboxylic acid precursor units, whereas the remain-
ing oxygen atoms at C13, C17, C21, and C26 are derived from
molecular oxygen.[4] On this basis, the “cascade” mechanism
shown in Scheme 2a was proposed for the key oxidative
steps.[4b] This mechanism involves the intermediacy of the
linear E,E,E-triene 2 and of the triepoxide 3 as enzyme-free
intermediates. However, it has proved difficult to obtain
direct experimental support for this mechanism, and in
particular, a synthetic sample of the full-length putative
linear E,E,E-triene precursor 2 was found not to be incorpo-
rated into monensin A by S. cinnamonensis.[5] The configu-
ration of the double bonds in a putative linear precursor of
monensin, as well as the mode of oxidative cyclization,
therefore, remained undefined, and alternative pathways for
oxidative cyclization[6] that involved either a Z,Z,Z triene[6d,e]

or a E,Z,Z triene[6f] have been subsequently proposed
(Scheme 2b).

The recent total sequencing of gene clusters for the
biosynthesis of monensin[6f,7] and of nanchangmycin[8]

revealed, in each case, large open reading frames (ORFs)
encoding a modular polyketide synthase (PKS) with the
anticipated number of extension modules consistent with the
production of a linear “pre-polyether” polyketide chain of the
requisite length. Complete deletion of the gene cluster from
S. cinnamonensis resulted in loss of monensin production,
thus confirming its role in monensin biosynthesis.[7] Each
cluster contains numerous other genes, in particular four
ORFs which, on the basis of database comparisons, appear to
relate to the unusual oxidative cyclizations that are required
to produce the polycyclic product.[6f, 7] Thus, the monensin-
producing cluster contains an epoxidase gene (monCI), a
gene with apparent similarity to an epoxide-opening enzyme
(monCII), and two mutually homologous genes (monBI and
monBII) with apparent similarity to the D5-3-ketosteroid
isomerase of Comamonas testosteroni and which were con-
sidered initially to possibly function as cis–trans isomer-
ases.[6f,7] Further proof that MonCI was an epoxidase was
obtained when a Streptomyces coelicolor strain that overex-
pressed monCI converted the unsaturated terpene
(!)-linalool into linalool oxide at levels 10–20-fold higher
than a control strain.[7] Subsequently, it proved possible to
interrupt polyketide-chain synthesis by genetically relocating
a chain-terminating thioesterase (TE)/cyclase domain,
obtained from the modular PKS that governs the biosynthesis
of the macrolide erythromycin A in Saccharopolyspora
erythraea,[9] to downstream of extension module four of the
monensin PKS. In the pentaketide released by this recombi-

Scheme 1. The polyether ionophores monensin A (1a) and monensin B
(1b). Oxygen atoms arising from molecular oxygen are denoted by *.
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nant strain, the configuration of the disubstituted double
bond was unequivocally shown to be E,[10] which weighed in
favor of 2 as an intermediate[6b] or a variant of 2 in which the
other bonds are Z,[6g] but ruled out the mechanistic proposal
of Townsend and Basak.[6d] Based on these results, we
reasoned that if monCI were indeed the sole initiator of

oxidative cyclization in monensin biosynthesis then the
deletion of this single gene in S. cinnamonensis ought to
allow the accumulation of a linear molecule, such as 2 (or
perhaps of a shunt product derived from such a compound)
whose structural characterization might reveal the likely
pathway for cyclization, thus allowing discrimination between
the mechanistic proposals of Scheme 2.

Deletion of monCI, which encodes the putative flavin-
dependent epoxidase from the monensin cluster, was accom-
plished by homologous recombination into wild-type S. cin-
namonensis through two successive single crossover events,
thus leading to replacement by a hygromycin resistance
gene.[11a] Correct integration into the chromosome was proved
for the mutant strain ABDCI by Southern hybridization.
Further confirmation of its identity was provided by com-
plemention with the cloned gene borne on an expression
plasmid (see the Supporting Information) which restored
monensin production (data not shown). By further engineer-
ing of themonCI-deleted strain so that it also contained an in-
frame deletion in monBI, the additional blocked mutant
ABDCIDBI was obtained. Further mutants with insertional
inactivation of both of the adjacent genes[6f, 7] monCI and
monBII (BHDCIBII) and of all three genes monCI, monBII,
and monBI (BHDCIBIBII) were created in the same way as
for the strain ABDCI.

Neither monensin A (1a) nor monensin B (1b) was
produced by any of these mutants, as judged by HPLC–
mass-spectrometric analysis of the crude extracts.[11a] The
analyte from the ABDCI strain showed a major peak that
corresponds to the predicted mass of 4a, (Scheme 3) a triene
lactone that differs only from 2 by the presence of a d-lactone
structure.[11a] A second smaller peak had the predicted mass of
a similar triene lactone 4b that lacks a methylene moiety, thus
corresponding to the mass difference between 1a and 1b. To
confirm the structure and the configuration of 4a and 4b, a
culture of mutant ABDCI (7 L) was grown under standard
conditions,[6f, 11a] and the crude extract of the supernatant was
purified by column chromatography on silica gel, which
yielded 1.4 mg of 4 and 1.2 mg of 5. Detailed NMR
spectroscopic analysis of these lactones[5,11] proved unequiv-
ocally that all the double bonds were E configured, that is, the
structures of 4a and 4b as shown. The 1D NMR spectra
collected were similar to that reported by Robinson and co-
workers for the synthetic N-acylcysteamine thioester of a
E,E,E triene.[5] The disubstituted double bond between H20
and H21 was assigned from the coupling constant of J=
15.3 Hz for the double-bond protons, which is indicative of
a trans double bond as confirmed by NOE interaction studies
between H22 and H20 and between H21 and H19
(Scheme 4).[11a] The NOESY NMR spectrum[11a] shows an
interaction between H17 of a trisubstituted double bond and
H15, whereas no interactions are seen between H17 and H16’
or H16’’, thus showing the double bond to be E configured.
Similarly the NOE interaction observed for H13 with H11 but
not with H12’, also confirms an E configuration. No evidence
was obtained in these analyses for the presence of an oxidized
derivative of either 4a or 4b, which suggests (although it does
not prove) that the epoxidase encoded bymonCI is necessary
and sufficient for the epoxidation of all three double bonds in

Scheme 2. Alternative mechanisms for oxidative cyclization to produce
monensins A and B. a) A polyepoxide cyclization cascade that starts
from an E,E,E triene[6b] ; b) a polyepoxide cyclization cascade starting
from an E,Z,Z triene[6f ] 3. X=OH, SCoA, or S-protein.

Communications

7076 www.angewandte.org ! 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2005, 44, 7075 –7078

http://www.angewandte.org


the linear intermediate to form 1. This remarkable trans-
formation is apparently catalyzed at all three target double
bonds with complete stereoselectivity and stereospecificity.
There is no effect of additional mutations in one or other or
both of the monB genes.[11a] The MonB gene products were
considered initially, given their significant sequence similarity
to the d-5(3)-ketosteroid isomerase of C. testosteroni,[6f, 7] to
be involved in the alteration of the geometry of two of the

double bonds in the triene intermediate at the point during
polyketide-chain growth at which they are activated by
conjugation with the thioester that links the growing polyke-
tide chain to the PKS multienzyme. As 4a and 4b are likely to
be shunt metabolites rather than true intermediates in the
biosynthetic pathway, such a role is not completely excluded,
but the fact that no isomer of 4a or 4b with an altered
geometry about the double bonds was found undermines such
a hypothesis (see also below).

These results taken together confirm that monCI is
essential for monensin biosynthesis, indicate directly that
the all-E configuration of 4a and 4b is derived from
intermediates in monensin biosynthesis, and that these
E configured double bonds are the targets for the epoxidase
MonCI that initiates oxidative cyclization.[6f,7] These results
are more consistent with the original proposal of Cane et al.[6b]

(Scheme 2a) than with the modification of this proposal in
which trisubstituted double bonds are isomerized before
epoxidation (Scheme 2b).[6f] Consequently, fresh questions
are posed as to the true role of the MonB proteins and their

Scheme 3. The monensin PKS, which consists of a loading module and 12 extension modules distributed across eight multienzymes (MonAI–
MonAVIII), produces E,E,E-trienes 4a and 4b when gene monCI is deleted, irrespective of whether additional genes monBI and monBII are also
deleted. WT=wild type.

Scheme 4. The critical NOE interactions for the assignment of the
double-bond geometry in lactone 4a as the E,E,E isomer.
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counterparts in nanchangmycin biosynthesis, which are found
fused head to tail as the product of the single gene nanI.[8]

Evidence that they play a role in epoxide ring opening will be
presented separately.[13] The stage is set for dissection of the
respective contributions of these and the other “post-PKS”
enzymes to the stereocontrol of polyether biosynthesis. In
addition, the successful isolation of novel polyketides 4a and
4b underscores the potential of the targeted engineering of
polyketide biosynthetic pathways to produce novel stereo-
chemically rich molecules that profoundly differ in structure
from the parent molecule. In the present case, 4a and 4b are
not expected to have ionophoric properties; intriguingly, their
structures more closely resemble d lactones isolated from a
number of marine organisms, such as the potent antitumor
compounds discodermolide[13] and callystatin.[14] It may be
that the elusive PKSs for such marine polyketides are actually
closely related to those for ionophoric polyethers.

Received: May 21, 2005
Revised: July 6, 2005
Published online: October 11, 2005

.Keywords: biosynthesis · epoxidases · natural products ·
polyethers · protein engineering

[1] A. Agatrap, J. W. Chamberlin, M. Pinkerton, L. Steinrauf, J. Am.
Chem. Soc. 1967, 89, 5737 – 5748; J. W. Westley in Antibiotics IV.
Biosynthesis (Ed.: J. W. Corcoran), Springer, New York, 1981,
pp. 41 – 73.

[2] C. Gumila, M. L. Ancelin, A. M. Delort, G. Jeminet, H. J. Vial,
Antimicrob. Agents Chemother. 1997, 41, 523 – 529; K. Otoguro,
A. Kohana, C. Manabe, A Ishiyama, H. Ui, K. Shiomi, H.
Yamada, S. Omura, J. Antibiot. 2001, 54, 658 – 663; K. Otoguro,
A. Ishiyama, H. Ui, M. Kobayashi, C. Manabe, G. Yan, Y.
Takahashi, H. Tanaka, H. Yamada, S. Omura, J. Antibiot. 2002,
55, 832 – 834.

[3] L. E. Day, J. W. Chamberlin, E. Z. Gordee, S. Chen, M. Gorman,
R. L. Hamill, T. Ness, R. E. Weeks, R. Stroshane, Antimicrob.
Agents Chemother. 1973, 4, 410 – 414.

[4] a) D. E. Cane, T. C. Liang, H. Hasler, J. Am. Chem. Soc. 1981,
103, 5962 – 5965; b) D. E. Cane, T. C. Liang, H. Hasler, J. Am.
Chem. Soc. 1982, 104, 7274 – 7281; c) A. A. Ajaz, J. A. Robinson,
J. Chem. Soc. Chem. Commun. 1983, 12, 679 – 680.

[5] D. S. Holmes, J. A. Sherringham, U. C. Dyer, S. T. Russell, J. A.
Robinson, Helv. Chim. Acta 1990, 73, 239 – 259.

[6] a) J. W.Westley, J. F. Blunt, J. R. H. Evans, A. Stepmel, J. Berger,
J. Antibiot. 1974, 27, 597 – 604; b) D. E. Cane, W. D. Celmer,
J. W. Westley, J. Am. Chem. Soc. 1983, 105, 3594 – 3600; c) A. A.
Ajaz, J. A. Robinson, D. L. Turner, J. Chem. Soc. Perkin Trans. 1
1987, 27 – 36; d) C. A. Townsend, A. Basak, Tetrahedron 1991,
47, 2591 – 2602; e) F. E. McDonald, T. B. Towne, J. Am. Chem.
Soc. 1994, 116, 7921 – 7922; f) P. F. Leadlay, J. Staunton, M.
Oliynyk, C. Bisang, J. Cort!s, E. Frost, Z. A. Hughes-Thomas,
M. A. Jones, S. G. Kendrew, J. B. Lester, P. F. Long, H. A. I.
McArthur, E. L. McCormick, Z. Oliynyk, C. B. W. Stark, C. J.
Wilkinson, J. Ind.Microbiol. Biotechnol. 2001, 27, 360 – 367; for a
review, see: g) U. K"rt, Angew. Chem. 1995, 107, 326 – 328;
Angew. Chem. Int. Ed. Engl. 1995, 34, 298 – 300.

[7] M. Oliynyk, C. B. Stark, A. Bhatt, M. A. Jones, Z. A. Hughes-
Thomas, C. Wilkinson, Z. Oliynyk, Y. Demydchuk, J. Staunton,
P. F. Leadlay, Mol. Microbiol. 2003, 49, 1179 – 1190.

[8] Y. Sun, X. Zhou, H. Dong, G. Tu, M. Wang, B. Wang, Z. Deng,
Chem. Biol. 2003, 10, 431 – 441.

[9] J. Cort!s, K. E. H. Wiesmann, G. A. Roberts, M. J. B. Brown, J.
Staunton, P. F. Leadlay, Science 1995, 268, 1487 – 1489; C. M.
Kao, G. L. Luo, L. Katz, D. E. Cane, C. Khosla, J. Am. Chem.
Soc. 1995, 117, 9105 – 9106; C. M. Kao, G. L. Luo, L. Katz, D. E.
Cane, C. Khosla, J. Am. Chem. Soc. 1996, 118, 9184 – 9185.

[10] Z. A. Hughes-Thomas, C. B. W. Stark, I. U. B"hm, J. Staunton,
P. F. Leadlay, Angew. Chem. 2003, 115, 4613 – 4616; Angew.
Chem. Int. Ed. 2003, 42, 4475 – 4478.

[11] a) The construction, characterization, and fermentation of all
the mutant strains of S. cinnamonensis described herein are
given in detail in the Supporting Information, together with the
details of complementation by cloned genes in trans to restore
monensin production, the HPLC–mass-spectrometric analyses
of the mutants described, and the NMR spectra; b) spectral data
for the E,E,E-triene lactone 4a : 1H NMR (500 MHz, CDCl3):
d= 0.89 (d, J= 6.6 Hz, 3H), 0.93 (t, J= 8.6 Hz, 3H), 0.94 (d, J=
7.9 Hz, 2H), 0.96 (d, J= 6.5 Hz, 2H), 1.02 (d, J= 6.9 Hz, 3H),
1.09 (d, J= 6.7 Hz, 3H), 1.20 (ddd, J= 13.6, 8.4, 5.1 Hz, 1H), 1.39
(d, J= 7.1 Hz, 3H), 1.58 (ddd, J= 13.6, 9.6, 5.6 Hz, 1H), 1.59 (s,
3H), 1.73, (m, 1H), 1.90 (m, 2H), 1.95 (m, 2H), 1.98 (m, 2H),
2.01 (m, 2H), 2.08 (m, 1H), 2.09 (s, 3H), 2.25 (t, J= 7.6 Hz, 2H),
2.37 (m, 1H), 2.42–2.53 (m, 5H), 2.54, (m, 1H), 2.68 (dd, J= 18.0,
9.9 Hz, 1H), 3.83 (dd, J= 10.3, 4.3 Hz, 1H), 4.19 (dt, J= 10.0,
2.2 Hz, 1H), 4.21 (dd, J= 9.3, 1.9 Hz, 1H), 4.83 (d, J= 9.59 Hz,
1H), 5.10 (t, J= 6.0 Hz, 1H), 5.12 (dd, J= 15.3, 8.45 Hz, 1H),
5.36 ppm (dt, J= 15.2, 7.6 Hz, 1H); 13C NMR (500 MHz, CDCl3,
25 8C): d= 4.8, 9.8, 13.5, 14.5, 15.9, 16.1, 21.2, 21.7, 23.3, 26.8,
28.0, 32.4, 33.3, 35.1, 35.2, 36.2, 38.6, 39.9, 39.9, 40.7, 42.2, 45.2,
46.5, 66.1, 74.0, 81.4, 125.4, 128.3, 130.6, 132.9, 136.2, 139.0, 173.8,
212.3, 213.2 ppm.

[12] A. R. Gallimore, J. B. Spencer, B. M. Harvey, P. F. Leadlay,
unpublished results.

[13] S. P. Gunasekera, M. Gunasekera, R. E. Longley, G. K. Schulte,
J. Org. Chem. 1990, 55, 4912 – 4915.

[14] M. Kobayashi, K. Higuchi, N. Murakami, H. Tajima, S. Aoki,
Tetrahedron Lett. 1997, 38, 2859 – 2862.

Communications

7078 www.angewandte.org ! 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2005, 44, 7075 –7078

http://www.angewandte.org

