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The marine bacterium “Streptomyces maritimus” produces a
structurally diverse series of bacteriostatic polyketides known as
the enterocins and wailupemycins (Scheme 1).1,2 The predominant
metabolite is the branched octaketide enterocin (1), which has
additionally been isolated from edaphic streptomycetes3 and a
marine invertebrate.4 5-Deoxyenterocin (2) and 3-epi-5-deoxy-
enterocin (3) differ from enterocin only in hydroxyl group
functionalization at C5 and the stereochemistry at C3. Three
additionalR-pyrone containing metabolites, wailupemycins A-C
(4-6), are hypothetically derived through decarboxylation of a
common branched intermediate. This family of metabolites is
possibly produced from a single biosynthetic pathway that has
numerous metabolic options in creating molecular diversity. Does
“S. maritimus” generate this unusual set of polyketides from a
distinct pathway, and if so, what is the genetic organization of
the encoding biosynthetic gene cluster? Examination of how
metabolic diversity is generated in natural systems should provide
insight into engineering a wide range of novel molecules through
combinatorial biosynthesis.

Enterocin (1) is derived from an uncommon benzoate starter
unit and seven malonate molecules and undergoes a rare Favor-
skii-like carbon rearrangement.3c The R-pyrone moiety is remi-
niscent of a large number of mutant and recombinant aromatic
polyketides generated from iterative type II polyketide synthase
(PKS) systems and served to indicate that this family of
metabolites is probably synthesized via an aberrant type II rather
than a modular type I polyketide pathway.5 Southern blot
hybridization analysis with a type II PKS gene probe (actI-ORF1)
revealed three distinct gene sets in the genome. End-sequencing
of BamHI restriction fragments from corresponding cosmids
identified a minimal PKS gene set (enc) clustered with relevant
genes putatively involved in the formation of the benzoic acid
starter unit.

The cosmid clone pJP15F11 containing theenc cluster was
heterologously expressed in the genetically engineered host strain
S. liVidans K4-114.6 LC-MS analysis of organic extracts from
K4-114/pJP15F11-1 unequivocally demonstrated that the transcon-
jugant yielded1 as the major polyketide metabolite (Figure 1).7

Although 4-6 were not detected in either the transconjugant or
the wild type “S. maritimus” under these growth conditions,2
and several previously uncharacterized analogues were clearly
evident by LC-MS analysis. To readily ascertain the breadth of
expressed polyketides, [ring-d5]benzoic acid was administered to
K4-114/pJP15F11-1, and components from the resulting extract
were analyzed for deuterium enrichment by LC-MS. Ten me-
tabolites were indeed enriched with labeled benzoate and arranged
into three isomeric groups of mass 414, 346, and 364. Conse-
quently, all of the genetic information required forS. liVidans
K4-114 to synthesize enterocin and a large series of structural
analogues was encoded on the cosmid pJP15F11.

* Address correspondence to this author at the University of Arizona.
E-mail: moore@pharmacy.arizona.edu.

† University of Washington.
‡ Present Address: Max Planck Institute of Chemical Ecology, Carl-Zeiss-

Promenade 10, 07745 Jena, Germany.
§ University of Arizona.
(1) Sitachitta, N.; Gadepalli, M.; Davidson, B. S.Tetrahedron1996, 52,

8073.
(2) The bacterium has recently been described as a new species within the

genusStreptomyceson the basis of cultural characteristics, physiological
characteristics, and 16S rDNA analysis (AF233338).

(3) Miyairi, N.; Sakai, H. I.; Konomi, T.; Imanaka, H.J. Antibiot.1976,
29, 227. (b) Tokuma, Y.; Miyairi, N.; Morimoto, Y.J. Antibiot. 1976, 29,
1114. (c) Seto, H.; Sato, T.; Urano, S.; Uzawa, J.; Yonehara, H.Tetrahedron
Lett. 1976, 4367.

(4) Kang, H.; Jensen, P. R.; Fenical, W.J. Org. Chem.1996, 61, 1543.
(5) For recent reviews on type II iterative PKSs, see: Hopwood, D. A.

Chem. ReV. 1997, 97, 2465. Rawlings, B. J.Nat. Prod. Rep.1999, 16, 425.

(6) S. liVidans K4-114 was generously provided by Dr. M. C. Betlach,
Kosan Biosciences, Inc., Hayward, CA. This host lacks the entire actinorhodin
biosynthesis gene cluster and displays a negligible level of background
polyketide synthesis. (Ziermann, R.; Betlach, M. C.BioTechniques1999, 26,
106).

(7) S. liVidans K4-114/pJP15F11-1 was grown on R2YE agar plates
containing 100µg/mL apramycin for 1 week. Half of the plates were overlaid
with d5-benzoic acid (0.82 mM). As a control, the untransformed host was
grown on an R2YE plate, and the wild-type enterocin producer“S. maritimus”
was grown on ad5-benzoate-containing A1 plate. The crude EtOAc extracts
were subjected to silica gel flash chromatography and eluted with EtOAc and
MeOH. The fractions containing enterocin-like compounds were combined,
dried, dissolved in MeOH (0.5 mL), and analyzed (3µL). A Hewlett-Packard
HP1100 LC pump with a diode-array detector was linked to a Bruker HP
Esquire LC mass spectrometer operating in the negative ion mode. A Beckman
Ultrasphere C18 column (4.6 mm× 15 cm) was used at a flow rate of 1
mL/min with a linear solvent gradient of 5% MeOH in 0.15% trifluoroacetic
acid-water to 100% MeOH over a period of 45 min.

Scheme 1.Structure and Proposed Biosynthesis of Enterocin
(1), 5-Deoxyenterocin (2), 3-epi-5-Deoxyenterocin (3), and
Wailupemycins A-D (4-7) in “S. maritimus” a

a The carbons in7 are labeled according to their number in the
polyketide backbone. Proposed functions of theenc gene products are
shown for each catalytic reaction.13 The structure of EM18 (8) is provided
for comparison with7. The stereochemistry of7 is relative and is unknown
in 8.
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Fermentation of “S. maritimus” in the saltwater-based medium
A1 followed by extraction and chromatography provided a new
polyketide in 2.5 mg/L that was also present in the transconju-
gant.8 Wailupemycin D (7) is optically active ([R]25

D -5.9°, c
0.05, MeOH) and has the molecular composition C21H16O6 as
established by high-resolution FAB MS (m/z [M + H]+ 365.1023
obs, 0.2 mmu error). Analysis of the proton and carbon NMR
spectra, with the aid of gradient-enhanced HMBC data, clearly
indicated that7 containedR-pyrone and monosubstituted benzene
residues common to enterocin.9 Comparison with the structurally
relatedact/whiE recombinant octaketide EM1810 (8) indicated that
they only differed in the substitution at C15, where7 carries a
phenyl unit and8 contains a methyl group. Key HMBCs
unambiguously verified the structure of theR-tetralone unit and
the attachment of the two six-membered rings. Furthermore, the
NMR analysis suggests that C8, C9, C10, and C12 in the
structurally analogous8 are misassigned. The relative stereo-
chemistry of7 was established by 2D NOESY providing an anti
relationship between the pyrone and phenyl rings. MS analysis
of K4-114/pJP15F11-1 indicated that six additional isomers of7
and one dehydrated analogue were also produced.

Wailupemycin D (7) is probably derived from a linear

polyketide intermediate, as in the case of EM18 (8),10 and provides
further evidence that the enterocin family of polyketides is derived
from a carbon rearrangement of a type II PKS-generated linear
poly-â-ketide. We propose that the unprecedentedR-oxidation
and Favorskii-like rearrangement take place on the linear octa-
ketide (Scheme 1). This rare metabolic process has been proposed
on the basis of labeling experiments in only a few other natural
product pathways11 and conceivably involves the action of an
oxygenase (“favorskiiase”). The favorskiiase probably complexes
with the minimalencPKS since poly-â-ketides are notoriously
reactive12 and would likely spontaneously cyclize if passed onto
a nonassociated protein. The rearrangement, however, probably
takes place after the C9 ketoreduction to account for the formation
of 7. In addition to catalyzing the Favorskii-like rearrangement,
the favorskiiase may induce the cyclization of the branched
intermediate by limiting its conformational mobility and directing
the intramolecular aldol condensations. Spontaneous decarboxy-
lation and cyclization of this highly labile intermediate would
account for the branch in the pathway providing the minor
byproducts3-6.

The nucleotide sequence of theenccluster has recently been
completed and consists of 20 open reading frames spanning
approximately 21.3 kb.13 Noticeably absent from the octaketide-
homologous type II PKS gene cluster are cyclase or aromatase
genes. This significant architectural difference between theenc
cluster and all known bacterial type II PKS gene clusters provides
insight to the observed spontaneity of theencpathway. Cyclases
are integral components of type II PKS systems and catalyze
regiospecific aldol condensations from a myriad of chemically
feasible reactions on highly reactive poly-â-keto intermediates.
When cyclases are unnaturally removed from their coupled
minimal PKS, spontaneous chemistry can result as the minimal
PKS relies on the stabilizing effects of the cyclase and other
subunits to ensure proper assembly.12 Furthermore, all of the
genetic information for the synthesis and attachment of the rare
bacterial benzoyl-CoA starter unit is arranged on theenccluster.

In summary, theencgene set encodes one of the most versatile
polyketide biosynthetic pathways investigated to date in naturally
generating metabolic diversity. Its small size and novel features
provide the foundation for engineering hybrid expression systems
with more typical type II PKS gene sets in the production of
diverse ranges of novel compounds for use in drug discovery.14

This work also represents the first expression of a marine bacterial
polyketide in a terrestrial heterologous host15 and validates that
marine bacterial metabolites can be produced in nonmarine
expression systems.
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(8) “S. maritimus” was grown in 500 mL Erlenmeyer flasks containing
100 mL of A1 media on a rotary shaker at 200 rpm for 3 d at 26°C. The
liquid culture (2 L) was extracted with EtOAc (3× 500 mL), and the resulting
crude extract was subjected to silica flash chromatography using hexane/
EtOAc/MeOH mixtures. Further purification of mixed fractions was achieved
by reversed-phase HPLC (Alltech Ultrasphere C18, 5µ, 4.6 mm× 25 cm)
with a 63-100% MeOH in 0.1% acetic acid solvent gradient run at 4.5 mL/
min to yield wailupemycin D (5 mg).

(9) 1H NMR (DMSO-d6) δ (multiplicity, assignment, coupling constants
in Hertz, HMBCs, NOESYs): 3.04 (d, H14S, J ) 18.1 Hz,C6, C12, C13,
C15, C16, H14R), 3.65 (d, H14R, J ) 18.1 Hz,C6, C13, C15, H6, H14S,
H17/17′), 4.72 (s, H6,C4, C5, C7, C8, C12, C14, C15, C16, H4, H8, H9,
H17/17′), 5.01 (br s, H2,C1, C3, C4), 6.00 (s, C15 hydroxyl), 6.09 (br s, H4,
C2, C5, C6, H6, H8, H9), 6.60 (d, H8,J ) 8.2 Hz,C6, C10, C12, H4, H6,
H9), 6.89 (d, H10,J ) 8.2 Hz,C8, C11, C12, H9), 7.22 (m, H19,C17/17′,
H18/18′), 7.31 (m, H18/18′, C16, C18, H17/17′, H19), 7.48 (m, H17/17′,
C15, C17, C19, H6, H14R, H18/18′), 7.50 (m, H9,C7, C11, H8, H10), 12.4
(s, C11 hydroxyl,C10, C11, C12); 13C NMR (DMSO-d6) δ 51.5 (C14), 55.4
(C6), 76.2 (C15), 89.9 (C2), 105.3 (C4), 117.2 (C12), 117.3 (C10), 120.4
(C8), 126.3 (C17/17′), 128.2 (C19), 128.9 (C18/18′), 137.4 (C9), 143.3 (C7),
145.9 (C16), 162.3 (C11), 164.1 (C5), 164.7 (C1), 171.6 (C3), 204.5 (C13).
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Figure 1. LC-MS analysis of the polyketide fraction of (a)S. liVidans
K4-114/pJP15F11-1 and (b) “S. maritimus”. HPLC was monitored at 254
nm. Enc-derived polyketides were labeled with [ring-d5]benzoic acid to
aid in MS identification. Peaks labeled with letters “a” [(M- 1)+ )
413/418], “b” [(M - 1)+ ) 363/368], and “c” [(M- 1)+ ) 345/350]
are uncharacterized. The two peaks in chromatogram (a) marked “X”
are not shifted by 5 mass units and thus are notenc-derived products.
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