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Abstract: The mechanism of a type II polyketide synthase was analyzed by combinatorially expressing components
of the tetracenomycin (fcm) and the actinorhodin (act) polyketide synthase genes in various mutants or heterologous
hosts. Structural analysis of metabolites produced by the recombinant organisms provided evidence to dissect the
function of individual components of a type II PKS. Complementation studies with the S. glaucescens TcmK~ and
TemL™ mutants and constructs harboring the tcmK and actI-ORF2 or actl-ORFI and tcmL genes demonstrated that
a heterologous pair of genes encoding a B-ketoacyl:acyl carrier protein synthase and chain length factor is often (but
not always) nonfunctional. Isolations of the octaketides 6 and 7 from strains bearing actI-ORFI, actl-ORF2, and
temM (pWHMT766) or tcmJ, actl-ORFI, actl-ORF2, and temM (pWHM768), and the decaketides 8 and 9 from
strains bearing tcmK, temL, and temM (pELE37) or temJ, temK, temL, and temM (pWHM731) established that the
B-ketoacyl:acyl carrier protein synthase and chain length factor proteins determine the chain length of the polyketide.
While the addition of the femJ gene to the polyketide synthase core proteins consisting of the S-ketoacyl:acyl carrier
protein synthase, chain length factor and acyl carrier protein had no effect on the structures of the resulting metabolites,
adding the tcmN gene to either pWHM766 and pWHM768 or pELE37 and pWHM731 resulted in the synthesis of
octaketide 5 or decaketide 2, respectively. TemN thus can alter the regiospecificity for the first aldol cyclization
from C-7/C-12 to C-9/C-14, suggesting that cyclases like TcmN determine the folding pattern of the linear polyketide
intermediate. These activities, along with the choice of the starter unit, the loading of the extender unit to the PKS
complex, and the function of Teml] are discussed in an attempt to provide a rationale for the engineered biosynthesis

of novel polyketides.

Polyketide metabolites are a large and diverse family of
secondary metabolites found in bacteria, fungi, and plants.!
Many of them are clinically valuable antibiotics or chemothera-
peutic agents or have other useful pharmacological activities
(immunosuppressive, antiparasitic, insecticidal, etc).> Ever since
Birch® outlined his “acetate hypothesis” in the early 1950s that
polyketides could be biosynthetically derived from short fatty
acids such as acetate, propionate, or butyrate, activated as
acylthioesters, chemists and biochemists have been searching
for a unified biosynthetic mechanism to account for the huge
structural diversity found in polyketides.

From the results of isotope labeling experiments, it has been
evident for some time that the mechanism of polyketide
biosynthesis is analogous to that of long-chain fatty acid
biosynthesis catalyzed by the fatty acid synthases and that both
polyketide and fatty acid biosynthesis utilize largely the same
precursors. However, direct evidence supporting the analogy
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between polyketide and fatty acid biosynthesis has come only
recently from the molecular genetic and biochemical studies of
antibiotic biosynthesis in Streptomyces species, principally.
Sequence analysis of several sets of bacterial genes (plus a few
from fungi) encoding polyketide synthases has revealed a highly
conserved gene organization and a high degree of amino acid
sequence similarity among the enzymes. Comparison of the
polyketide synthases and fatty acid synthases has led to the
conclusion that these systems must share a common mechanism
of carbon chain assembly from similar if not identical
precursors.*~? Yet, the details of how a polyketide synthase
assembles the polyketide carbon skeleton remain obscure. Most
of the mechanistic insights have been deduced from the effects
of introducing mutations into the chromosomal copy of the
polyketide synthase genes or by overexpressing the native or
mutant polyketide synthase genes in various backgrounds.®
Consequently, our understanding of the enzymology and
biochemistry of polyketide synthases is rudimentary, and the
purification or reconstitution of a complete polyketide synthase
complex from a bacterium has so far not been reported, although
significant progress has recently been made in this direction.'0-!3
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Polyketide synthases found in bacteria and fungi have been
classified into two groups. Type I polyketide synthases,
catalyzing the biosynthesis of highly reduced polyketides such
as macrolide and polyether antibiotics, are large multifunctional
proteins that harbor a distinct enzyme activity for every step
catalyzed and function largely nonreiteratively. Type II polyketide
synthases, catalyzing the biosynthesis of aromatic polyketides,
in contrast, are multienzyme complexes that carry a single set
of reiteratively used activities and consist of several, largely
monofunctional proteins.*~® It appears that the means to
determine the assembly and processing of the nascent polyketide
chain for a type I polyketide synthase was to evolve a series of
enzyme activities possibly arranged in the order of the steps in
polyketide biosynthesis, as typified by the 6-deoxyerythronolide
B synthase from Saccharopolyspora erythraea.'®='? In this
case, a set of domains (known as a module) containing the
requisite number of active sites for substrate loading and the
condensation between the starter unit or acyl-coenzyme A (CoA)
intermediates and the chain-extender units [R(COOH)COS-
CoA] plus the subsequent processing events (carbonyl or double
bond reduction and alcohol dehydration) associated with each
step of polyketide construction can be recognized in the protein
sequence. The mechanism of a type II polyketide synthase is
not as decipherable since the latter only has one active site for
each type of reaction, as exemplified by the tetracenomycin
(Tcm) polyketide synthase from Streptomyces glaucescens.'>%~22
Therefore, the principal challenges to understanding the catalytic
mechanism of the type II polyketide synthases are to determine
how the starter unit is specified, how the length of the growing
polyketide chain is controlled, how the nascent polyketide
chain is folded into the correct conformation for cyclization,
and how the carbonyl and methylene groups are directed to
react to form the six-membered rings of the final cyclic
compounds.

We have been studying the biosynthesis of Tem C, 1, a
polyketide antitumor antibiotic produced by S. glaucescens, as
a model of the type II polyketide synthase (Figure 1 ). On the
basis of sequence analysis?°~22 and in vitro studies,'%!":13 we
reported that the enzymes produced by the fcmK, temL, and
temM genes? are responsible for the synthesis of the nascent,
enzyme bound linear decaketide from one acetyl-CoA and nine
malonyl-CoA molecules, and that this decaketide intermediate
is subsequently folded and cyclized by the TemN? protein alone
or in combination with the TemJ protein to form Tem F2, 2,
the earliest isolable product released from the Tem polyketide
synthase complex (Figure 1).2'2* We also demonstrated that
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the Tem polyketide synthase has a high substrate specificityfor
acetyl-CoA as the starter unit,'> Moreover, we have sug-
gested'32526 a linkage between polyketide and fatty acid
biosynthesis in S. glaucescens and have proposed that the
loading of the malonyl-CoA extender unit to the TcmM acyl
carrier protein of the Tem polyketide synthase is catalyzed by
a malonyl CoA:acyl carrier protein acyltransferase believed to
be part of the fatty acid synthase cluster in the same organ-
ism.25:26

To extend our investigation of the mechanism of the Tem
polyketide synthase, we describe here an approach, comple-
mentary to the cell-free system we reported previously,'® which
involves combinatorially expressing components of the Tcm and
actinorhodin (Act) polyketide synthases in a suitable Strepto-
myces host. This approach was first used by Khosla, Hopwood,
and their collaborators,?” who showed that hybrid polyketide
synthases, made by combining genes for components of two
different polyketide synthases, are often functional. The use
of S. glaucescens TcmK~ and TemL ™ mutants?? blocked in the
early steps of Tem C biosynthesis provide an opportunity to
examine the interactions between polyketide synthase compo-
nents from chromosomal and plasmid borne gene products,
while the heterologous host Streptomyces lividans?® and the S.
glaucescens TemIe?3 mutant devoid of the normal Tcm
polyketide synthase proteins minimize the uncertainties associ-
ated with the background activities. Structural analysis of
metabolites produced by recombinant bacteria bearing novel
combinations of fcm and act polyketide synthase genes was
expected to provide clues from which to deduce the specific
function of the individual components of the Tem polyketide
synthase. We chose the combination between the Tem polyketide
synthase and the Act polyketide synthase from Streptomyces
coelicolor,?'~33 which forms the shunt products aloesaponarin
II, 3a, and its 2-carboxy derivative, 3b3 (derived from the
pathway leading to the main S. coelicolor metabolite actinor-
hodin 4), because the Tem polyketide synthase synthesizes 2, a
decaketide resulting from a linear polyketide folded at C-11,
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Figure 1. 1. Biosynthetic pathways (A) and the gene organizations (B) for the production of Tem C, 1, in S. glaucescens, actinorhodin, 4, in S.
coelicolor, and daunorubicin in S. peucetius. The abbreviations used are KS, f-ketoacyl:acyl carrier protein synthase; CLF, chain length factor;
ACP, acyl carrier protein; CYC, polyketide cyclase; KR, f-ketoacyl reductase; AT, acyltransferase, OX, oxygenase; MT, methyl transferase.

while the Act polyketide synthase produces 3a and 3b, octa-
ketides derived by folding the linear polyketide at C-9 prior to
the first cyclization (Figure 1A). On the basis of the presump-
tion that functional hybrid polyketide synthases would result
from expression of the fcm and act genes in the same
bacterium,”’ our studies were aimed at determining the factors
that control the chain length of the polyketide intermediate and
the regiospecificity of the subsequent cyclizations to form the
aromatic products. Five compounds, UWMI1, §, SEK4, 6,
SEK4b, 7, SEK15, 8, and SEK15b, 9, in addition to 2, were
identified from the recombinant organisms (Figure 3 ). From
the relationship between the composition of the hybrid polyketide
synthase and the compounds produced, we conclude that the
temKL genes (or genes whose products are quite similar to
TemK and TemL) determine the length of the nascent polyketide
chain made from acetate and malonate and that cyclases like
that encoded by the tcmN gene dictate the regiospecificity of
the first of a set of cyclization steps of the linear polyketide
intermediate. Thus, the remKLMN genes govern the size and
shape of the aromatic polyketides normally produced by S.
glaucescens. Our results not only corroborate the findings of
Khosla, Hopwood, and co-workers reported over the past year
(vide infra) but also reveal significant differences among the
behavior of type II polyketide synthases in different experimental
systems.

Results

The Chain Length Factor Alone Is Not Sufficient To
Control the Chain Length. A typical type II polyketide
synthase consists of three core proteins, the [-ketoacyl:acyl
carrier protein synthase and its homologous companion, recently
named the “chain length factor”,”” and the acyl carrier protein,
plus unique proteins called a polyketide cyclase, a 3-ketoacyl
reductase, and an acyltransferase, some of which may be absent
in an individual type II polyketide synthase (Figure 1B). Since
it had been demonstrated early that interchanges of the acyl
carrier protein component have little influence on the structures
of the polyketides produced,’’*>"** we used the TcmM acyl
carrier protein throughout this study. Hybrid Tcm/Act polyketide
synthases provided by heterologous pairs of genes (i.e., com-
binations of genes from different species of bacteria) encoding
the B-ketoacyl:acyl carrier protein synthase/chain length factor
proteins were constructed in a derivative of plasmid plJ486
where the transcription of the polyketide synthase genes is under
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the control of the strong, constitutive ermE* promoter (Table
1).2! Figure 2 shows details of the construction of pWHM769,%
a typical example of plasmids containing act and tem polyketide
synthase genes. The plasmids were introduced by transforma-
tion into the Tcm C non-producing strains 8. glaucescens
WMHI1061,*} -WMHI1068, and -WMH1077 to examine the
relationship between the gene combinations and the production
of known or new metabolites. S. glaucescens WMHI1061 has
a point mutation tn the 1cmK gene,”>* S, glaucescens WMH1068
has a deletion mutation in the reml gene,?>* and S. glaucescens
WMH1077 has a point mutation in the promoter region of the
1emGHIJKLMNO operon,*2*" which prevents significant
expression of these nine f¢m genes.

Table 2 summarizes the metabolites identified from the
reconibinant bacteria. Introduction of pWHM732 (temJKLMN)
into either the WMH1061 or WMHI1068 strains restored the
production of 1 and served as a positive control, demonstrating
that the plasmid borne gene products are able to interact
effectively with those from the chromosomal genes. As
anticipated. the hybrid polyketide synthases resulting from
introduction of pWHM750, pWHM?7351, and pWHM752, each
of which carry the normal 1cmK gene along with acti-ORF2,
restored the production of 1 to WMHI1061. However, despite
the high sequence similarity between TemK and Actl-Orfl,
complementation was not observed when either pWHM762,
pWHM763, or pWHM764, each carrying the actI-ORFI gene
along with 7em[, was introduced into WHMI1061; only a trace
amount of 1 was observed with pWHM765 that has the
productivity-enhancing tcmnJ gene discussed below. The com-
plementation results obtained with the WMHI1068 strain that
lacks Teml were different. Not only the plasmids harboring
the reml gene, such as pWHM762, pWHM763, pWHM764,
and pWHM?7635, but also those in which the reml gene was
replaced by act/-ORF2, such as in pWHM750, pWHM?751. and
pWHM752, restored production of 1 to WMHI1068. When these
cassettes of hybrid polyketide synthase genes were introduced
into WMH1077, no significant amount of any metabolite was
observed except in the case of pWHM752, which contains rcmJ,
temK, actl-ORF2, tcmM, and temN and caused the production
of a mixture of 2 and § in small quantity, in sharp contrast to

the positive control pWHM?732 bearing temJKLMN that pro-
duced 2 exclusively. Taken together, these results show that a
heterologous pair of S-ketoacyl:acyl carrier protein synthase/
chain length factor proteins can be nonfunctional, as evident in
the combinations of actI-ORFI/icmL that fatled either to
complement the mutation in WMH1061 (i.e., to restore Tcm C
synthesis) or to synthesize any metabolite in WMHI1077.
However, the chain length factor seems to have a relaxed fidelity
because the combination of temK/actl-ORF2 was able to
complement WMH1068, albeit less effectively than tcmK/iemL
on the basis of the relative yields of 1. Since the Act polyketide
synthase specifies an octaketide intermediate, the fact that temK/
actl-ORF?2 restored the production of 1 to WMHI068, via a
decaketide intermediate, strongly suggests that the chain length
factor alone is not sufficient to control the chain length. In
fact, populations of both Cis and Csy metabolites were identified
as 2 and § in the case of the WMH1077 transformant carrying
temJK/actl-ORF2/temMN.  These results differ from the be-
havior of the chain length factor encoding genes reported by
Sherman, Hopwood, and co-workers®® where only the grai-
ORF?2 gene (encoding a protein functionally identical to Act-
Orf1) among the three tested was capable of restoring actinor-
hodin production to an act/-ORF2 mutant but are consistent
with the report of McDonald et al.?’ that the z¢mL gene in
combination with actl-ORFI did not produce a functional
polyketide synthase.

The Joint Activities of the f-Ketoacyl:Acyl Carrier
Protein Synthase and Chain Length Factor Determine the
Chain Length. Since the above results show that a heterolo-
gous pair of S-ketoacyl:acyl carrier protein synthase/chain length
factor proteins can be nonfunctional in certain cases, we next
constructed cassettes of hybrid polyketide synthase genes with
the f3-ketoacyl:acyl carrier protein synthase/chain length factor-
encoding pair from the same bacterium. We initially introduced
these plJ486-based cassettes into both §. glaucescens WMH1077
and §. lividans to examine their abilities to synthesize polyketide
metabolites. Upon thin layer chromatography (TLC) and/or
high performance liquid chromatography (HPLC) analysis of

(39) Kom, E.-S.; Hopwood, D. A.: Shermwan. D. H. £ Boclenmf, 1994,
176, 131 —1804.
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Figure 3. Proposed biosynthetic mechanisms and structures of identified polyketides produced by the act/tcm hybrid polyketide synthase plasmids

in S. glaucescens or S. lividans.

the crude extracts from both hosts, we found that the product
distributions in both systems were almost identical. Since the
WMH1077 strain consistently gave better yields, it subsequently
became the host of choice.

Table 3 summarizes the major polyketide metabolites identi-
fied from the recombinant bacteria. Although the productivity
varied between batches even for the same construct, the
comparison of yields between different constructs are significant
because they represent the average results of many fermenta-
tions. Mass spectral (MS) analysis of these metabolites led us
to classify the recombinant bacteria into two groups: the

octaketide producers with pWHM766, pWHM767, pWHM768,
and pWHM?769 containing actl-ORF! and -ORF2 combined
with different fcm genes and the decaketide producers with
pELE37, pWHM722, pWHM731, and pWHM?732 containing
only tcm genes. The two groups correlated with the origin of
the -ketoacyl:acyl carrier protein synthase/chain length factor
pair in each construction (Table 1): the octaketide producers
utilize the Act S-ketoacyl:acyl carrier protein synthase/chain
length factor proteins and the decaketide producers contain the
Tcm B-ketoacyl:acyl carrier protein synthase/chain length factor
proteins.
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Table 1. Plasmids Used in This Study

plasmid genotype ref
pWHM762 actl-ORF1/temLM this work
pWHM763 actl-ORF1/temLMN this work
pWHM764 temJ/actl-ORF1/temLM this work
pWHM765 temJ/actl-ORF1/temLMN this work
pWHM750 temK/actl-ORF2/temM this work
pWHM751 temK/actI-ORF2/tcmMN this work
pWHM?752 temJK/actl-ORF2/tcmMN this work
pWHM766 actl-ORF1/actl-ORF2/temM this work
pWHM767 actl-ORF 1l/actl-ORF2/tcmMN this work
pWHM768 temJ/actl-ORF 1/act]-ORF2/tcmM this work
pWHM769 temJ/actl-ORF 1/actl-ORF2/tcmMN this work
pELE37 temKLM 21,22
pWHM722 temKLMN 21,22
pWHM?731 temJKLM 21,22
pWHM732 temJKLMN this work

The structures of the metabolites isolated were established
mainly by 'H and '*C NMR spectroscopic analyses and were
confirmed by isotope labeling experiments with [1-'3C]-,
[2-13C]-, and [1,2-!3C;]acetate. The metabolite, 2, synthesized
by strains with tcmKLMN or temJKLMN, was identified as Tecm
F2.2* The major metabolite, 8, isolated from strains bearing
temKLM or temJKLM, was clearly a decaketide on the basis of
the high resolution fast atom bombardment (FAB) MS analysis,
which yielded a (M + H]* ion at 385.0920 (CxH;60s, calc.
384.0845). 'H, 'H/'H COSY, and '3C NMR analyses of 8
revealed that it was identical to SEK15.40 The minor metabolite,
9, copurified along with 8, was produced in such a low quantity
that no significant NMR data were collected. However, it
behaved identically to authentic SEK15b upon either TLC or
HPLC analysis, leading us to assign 9 as SEK15b*® (Figure 3).

Similar methods were applied to establish the structures of
the octaketide metabolites. The molecular formulas of the two
major compounds, 6 and 7, isolated from strains bearing actl-
ORF1/actI-ORF2/tcmM or tcmJ/actl-ORF1/actl-ORF2/tcmM,
were established to be C,6H40; (calc. 318.0740) by high
resolution FAB MS analysis, which gave almost identical [M
+ H]™* peaks at 319.0822 and 319.0823, respectively, although
the fragmentation patterns of the two compounds were different.
Upon NMR analysis, 6 and 7 displayed identical 'H, 'H/'H
COSY, '3C, and 'H/'3C HETCOR data to those of SEK4*° and
SEK4b,*! respectively. The structure of 5 was more elusive.
Electron spray MS analysis of § revealed a molecular weight
of 300, indicative of Ci¢H206. Moreover, when treated with
CH;0H or CH;CH,0H in the presence of a trace of AcOH, §
formed two adducts, UWM?2, 10, and UWM3, 11. High
resolution electron ionization (EI) MS analyses of 10 and 11
yielded molecular weights of 314.0818 and 328.0970, suggesting
molecular formulas of C7H;405 (calc. 314.0790) and C,sH;604
(calc. 328.0947), respectively. Thus, it was clear that 5 is a
octaketide metabolite. Therefore, these results show that
plasmids harboring actI-ORF1/actI-ORF2 synthesized exclu-
sively octaketides and that plasmids harboring fcmK/remL
synthesized exclusively decaketides, suggesting that it is the
joint activities of the S-ketoacyl:acyl carrier protein synthase/
chain length factor proteins that determine the chain length of
a polyketide made by a type II polyketide synthase (Figure 3).
Consequently, there is a much stronger correlation between the
size of the polyketide produced when the S-ketoacyl:acyl carrier
protein synthase and chain length factor proteins of the
polyketide synthase are from the same bacterium than when

(40) Fu, H.; Ebert-Khosla, S.; Hopwood, D. A.; Khosla, C. J. Am. Chem.
Soc. 1994, 116, 4166—4170.

(41) Fu, H.; Hopwood, D. A.; Khosla, C. Chem Biol. 1994, I, 205—
210.
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they are encoded by heterologous pair of genes encoding these
proteins if the latter results in a functional enzyme complex.

Cyclases Like TcmN Appear To Determine the Folding
Pattern of the Linear Polyketide Intermediates. The isolation
of 8, along with small amounts of 9, from strains bearing the
temKLM genes encoding the polyketide synthase core proteins
is remarkable because 8 apparently results from folding the
linear decaketide intermediate at C-9 instead of C-11, the
position intrinsic to the formation of 2 prior to the subsequent
ring-forming cyclizations. This unexpected regiospecificity for
the first cyclization, although precedented,®*! was completely
diverted to the C-11 based folding pattern by the addition of
the femN or temJN genes to the same construct, as evident in
the isolation of 2 from strains carrying pWHM?722 (tcmKLMN)
or pWHM732 (temJKLMN) (Figure 3). Do these results imply
that the S-ketoacyl:acyl carrier protein synthase, chain length
factor, and acyl carrier protein proteins of a given type II
polyketide synthase only specify the synthesis of the linear
polyketide intermediate, whose subsequent cyclizations are
governed completely by the polyketide cyclases such as Teml)
and TemN to give a particular aromatic carbon skeleton? If
so, in the absence of such cyclases, the linear decaketide
intermediate formed by the TemK, -L, and -M proteins must
undergo spontaneous cyclizations driven by either its kinetic
reactivity or a thermodynamically-determined property of the
cyclized products to give a mixture of different carbon skeletons,
such as 8 and 9. This idea is consistent with the isolation of 6
and 7 from strains bearing pWHM?766 containing actl-ORF1/
actl-ORF2/tcmM because each of the latter compounds arises
from a different folding pattern of the nascent octaketide.

To answer this question, we added rcmN or temJ plus temN
to the pWHM766 construct to test if the folding pattern of the
linear octaketide could be diverted from C-9 as in 6 or C-13 as
in 7 to C-11. Indeed, both pWHM767 containing actl-ORF1/
actl-ORF2/tcmMN and pWHM769 containing tcmJ/actl-ORF1/
actl-ORF2/tcmMN synthesized a new metabolite, 5, which
reacted readily with CH30H or CH;CH,OH to form adducts
10 and 11, respectively. The mass spectra of 5, 10, and 11
have been discussed above and Table 4 summarizes the 'H and
13C NMR data of 10 and 11. The [1-3C]- and [2-!3C]Jacetate
labeling experiments specifically enriched 11 at eight alternate _
carbons with the two carbons at 55.05 and 18.51 ppm unlabeled,
confirming that 5 is derived from eight acetate equivalents with
the two unlabeled carbons in 11 derived from CH;CH,OH. The
one bond '3C—"3C coupling constants for 11 were determined
through a {1,2—'3C,]acetate feeding experiment that resulted
in the assignment of the eight pairs of acetate units (Figure 4A).
The 'H/'H and 'H/'3C HETCOR spectra of 11 enabled the
assignment of the H—C connectivities. These assignments were
unequivocally confirmed by heteronuclear multiple bond cor-
relation (HMBC) studies (Figure 4B), resulting in the structure
of 11 as shown. It is apparent that 5 will readily react with
alcohols at its pyrone moiety to form the corresponding ketals
such as 10 or 11, particularly in the presence of acids like AcOH,
which was used during the isolation. The structure of §,
therefore, supports the hypothesis that a type II polyketide
cyclase can determine the folding pattern of the linear polyketide
intermediate, as observed with the TemN cyclase that initiated
the C-11 folding pattern for both a decaketide and an octaketide
intermediate.

Discussion

Studies of the genetics and biochemistry of the biosynthesis
of Tem C (1) in S. glaucescens, along with parajlel studies of
actinorhodin biosynthesis in S. coelicolor, have provided a
paradigm for the biosynthesis of aromatic polyketide metabolites
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Table 2. Complementation of Tem PKS Mutants by Cassettes of Hybrid act/tcm PKS Genes

pWHM762 pWHM763 pWHM764 pWHM765 pWHM750 pWHM?751 pWHM?752 pWHM?732
WMHI1061 - - - 1 (trace) 1 1 1 1
WMHI1068 1 1 1 1 1 1 1 1
WMH1077 - - - - - - 2/5 (trace) 2

Table 3. Engineered Biosynthesis of Polyketides by S.
glaucescens and S. lividans Strains Bearing Hybrid act/tcm PKS
Genes

plasmid polyketide identified (mg/L)
pELE37 8 (1),7 9 (trace)
pWHM766 6, 7 (trace)
pWHM731 8(5),L9(<1) ]
pWHM768 6 (100—150),b 7 (15—-25)*
pWHM722 2(1-3)
pWHM767 5 (trace)
pWHM732 2 (30—50)¢
pWHM769 5(100—150)

9 Yield was estimated on the basis of the isolated yield by HPLC
analysis. * Isolated yield.

in general and for the enzymatic mechanism of a type II
polyketide synthase in particular.*~® Our isolation of a putative
fatty acid synthase cluster from S. glaucescens and the
subsequent characterization of the FabD malonyl CoA:acyl
carrier protein acyltransferase led us to propose a linkage
between polyketide and fatty acid biosynthesis.'>?26 The recent
discovery of a similar enzyme in S. coelicolor,*? along with
the implication that it is vital for growth as would be expected
of a fatty acid biosynthetic enzyme, supports this hypothesis.
Both of these malonyl-CoA acyltransferases, genes for which
apparently are lacking in all type II polyketide synthases
characterized to date,*~® are thought to be responsible for loading
the malonyl-CoA extender unit onto the acyl carrier protein of
the polyketide synthase complex.

Although acetate is the most often used starter unit for the
type II polyketide synthases, as in the case of 2 and 4, other
starter units have been identified.*® For example, the biosyn-
thesis of daunorubicin in Streptomyces peucetius®> or oxytet-
racycline in Streptomyces rimosus®’ utilizes propionate or a
presumed malonamide as the respective starter units. Our in
vitro studies of the Tcm polyketide synthase have previously
demonstrated that it has a high specificity for acetyl-CoA as
the starter unit.'> Nonetheless, a “defaulty” starter unit specific-
ity has been observed by Fu et al.* for the core proteins of the
oxytetracycline polyketide synthase because expression of their
genes in the S. coelicolor CH999 strain resulted in the synthesis
of decaketides beginning with an acetate (or possibly acetoac-
etate) unit, despite the fact that oxytetracycline biosynthesis
normally appears to require a malonamide starter unit. We have
observed similar results by replacing the TemK and TemL
proteins of the Tem polyketide synthase with the corresponding
DpsA B-ketoacyl:acyl carrier protein synthase and DspB chain
length factor components of the daunorubicin polyketide syn-
thase of S. peucetius.*> The resulting hybrid polyketide synthase
used an acetate starter unit to synthesize 2 exclusively in S.
glaucescens WMHI1077,% reinforcing the idea that the specific-
ity for the starter unit is not determined by the core proteins
(B-ketoacyl:acyl carrier protein synthase, chain length factor and

(42) Revill, P. W.; Bibb, M. J.; Hopwood, D. A. J. Bacteriol. In
press.

(43) Hutchinson, C. R. in ref 8, pp 331—-357.

(44) Fu, H.; Ebert-Khosla, S.; Hopwood, D. A.; Khosla, C. J. Am. Chem.
Soc. 1994, 116, 6443—6444,

(45) Grimm, A.; Madduri, K.; Ali, A.; Hutchinson, C. R. Gene 1994,
151, 1-10.

(46) Meurer, G.; Hutchinson, C. R., J. Am. Chem. Soc., 1995, 117, 000—
000.

acyl carrier protein) of a type II polyketide synthase. (Other
genes unique to the daunorubicin polyketide synthase gene
clusters in S. peucetius®® and Streptomyces sp. strain C54 are
thought to determine the choice of the starter unit.)

The function of the B-ketoacyl:acyl carrier protein synthase
component of the type II polyketide synthases has been
established by site-directed mutagenesis studies on both the
temK*® and the actl-ORFI*° genes. However, it still is not
certain that the chain length factor alone determines the chain
length, i.e., the number of times that the malonyl-CoA chain
extender unit reacts with the acyl-SEnz intermediate presumed
to be bound to the S-ketoacyl:acyl carrier protein subunit (TcmK
or Actl-Orfl). An actl-ORFI mutant was complemented in
trans by the B-ketoacyliacyl carrier protein synthases from
several other type II polyketide synthases,**0 but the granaticin
gral-ORF?2 biosynthesis gene was the only one among three
chain length factor-encoding genes tested that complemented
an actl-ORF2 mutant.” The latter result is not surprising
because the earliest steps of actinorhodin and granaticin
biosynthesis are identical, and thus a hybrid polyketide synthase
constituted from such heterologous subunits is likely to be
functional. In contrast, MacDonald and co-workers have
reported that hybrid polyketide synthases formed from temK
and actl-ORF2 or actl-ORF! and tcmL in S. coelicolor CH999
are nonfunctional?’ and that plasmid pRM8,%” which contains
the fren-ORFI gene encoding a possible octa- and nonaketide-
specific B-ketoacyl:acyl carrier protein synthase plus act/-ORF?2,
resulted in the production of 3a and 3b in S. coelicolor.
Consequently, the isolation here of decaketide 2 in addition to
octaketide § from a plasmid bearing the rcmK and actl-ORF2
genes (pWHM752, Table 2) is very intriguing because it
represents a relaxed chain length specificity of the heterologous
B-ketoacyl:acyl carrier protein synthase/chain length factor pair
different from the systems described by McDonald et al 27’
Complementation of the fcmL mutation (in which a major
portion of the coding region is deleted) with plasmids containing
the temK/actl-ORF?2 pair supports this observation because the
production of 1 must have resulted from a decaketide, not an
actinorhodin-like octaketide intermediate. We therefore con-
clude, in agreement with Khosla, Hopwood, and co-workers,?’
that the hybrid polyketide synthase constructs harboring the
B-ketoacyl:acyl carrier protein synthase/chain length factor-
encoding genes from the same gene cluster in a bacterium
consistently synthesize a polyketide of a defined length, even
though the final structure of the polyketide metabolite initially
formed can vary as the function of additional activities such as
a B-ketoacyl reductase or polyketide cyclase. However, we
emphasize that the collective results suggest that it is the joint
activities of B-ketoacyl:acyl carrier protein synthase and chain
length factor proteins that determine the size of the initial poly-
B-ketone intermediate, rather just the chain length factor alone,
although the behavior of the TemK/ActI-Orf2 pair shows that
the latter type of protein certainly has a major role in determining
the chain length, as originally noted.?’” We presume that its

(47) Ye, J.; Dickens, M. L.; Plater, R.; Li, Y.; Lawrence, J.; Strohl, W.
R. J. Bacteriol. 1994, 176, 6270—6280.

(48) Meurer, G.; Hutchinson, C. R. J. Bacteriol. 1995, 177, 477—481.

(49) Kim, E.-S.; Cramer, K. D.; Shreve, A. L.; Sherman, D. H. J.
Bacteriol. 1995, 177, 1202—1207.

(50) Sherman, D. H.; Kim, E.-S.; Bibb, M. J.; Hopwood, D. A. J.
Bacteriol. 1992, 174, 6184—6190.
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Table 4. 'H and 1*C NMR Data of 10 and 11 in DMSO-ds
10 11
13C (75.5 MHz) 'H (300.1 MHz) 13C (75.5 MHz) 'H (300.1 MHz)
carbon? o 6, m,J (Hz) o) Jee (Hz) 4, m,J (Hz)
1 165.42 166.39 80.25
2 88.63 5.30s, 1H 87.33 80.25 4885, 1H
3 172.64 176.65 51.99
4 105.98 6.05s, 1H 108.63 52.56 5.74s, lH
5 157.76 157.83 67.81
6 120.18 120.95 67.25
7 152.71 52.94 67.82
8 105.98 6.78 s, IH 05.83 67.82 6.69s, |H
9 138.92 138.72 58.21
10 99.79 6.39s, IH 99.56 57.65 6.30s, IH
11 156.56 156.49 63.86
12 99.94 6.36s, IH 99.83 64.42 6.30s, lH
13 160.32 158.83 66.68
14 113.20 113.17 66.68
15 136.44 136.08 4238
16 20.47 2.69, 3H 20.44 42.95 2.63s,3H
1 48.56 3.2s,3H 55.05 3.44 q,6.95,2H
2 18.51 1.05,t, 6.95, 3H
9.88 br s, OHs

HaC——s-CO,Na

Figure 4. Specific labeling pattern of UWMS3, 11, resulting from feeding [1,2-13C;Jacetate (A, boldfaced bond represents intact incorporation of

an acetate unit) and the HMBC diagram of 11 (B).

effect is mediated through an interaction with the B-ketoacyl:
acyl carrier protein synthase component in a way we do not
yet understand, since no recognizable active site motif has been
identified in the known chain length factor proteins. Disruption
of such interaction by mismatching the S-ketoacyl:acyl carrier
protein synthase/chain length factor proteins, as in the non-
functional cases noted above and elsewhere,?’*7 can completely
abolish the polyketide synthase activity.

Fu et al.*0>! and McDaniel et al.® have postulated that the
B-ketoacyl reductase enzymes that are often part of polyketide
 metabolism do not influence the regiospecificity of the first
cyclization of the linear polyketide intermediate (contraindica-
tions of this idea are reported in the accompanying paper®? ),
although a B-ketoacyl reductase protein was not always present
in the type II polyketide synthases studied. They further
speculated®®4%5! that the “minimal polyketide synthase”, con-
sisting of the core proteins defined above, can dictate the
regiospecificity of this cyclization, even though it was shown?®
that the presence of the actVII polyketide cyclase (also called
AROM?*? ) gene in pSEK15, which contains the tcmKLM and
actVII genes, causes the synthesis of 8 and 9 in the CH999

(51) Fu, H.; McDaniel, R.; Hopwood, D. A.; Khosla, C. Biochemistry
1994, 33, 9321—9326.

(52) McDaniel, R.; Hutchinson, C. R.; Khosla, C. J. Am. Chem. Soc.
1995, 117, 6805—6810.

(53) McDaniel, R.; Ebert-Khosla, S.; Hopwood, D. A.; Khosla, C. J.
Am. Chem. Soc. 1994, 116, 10855—10859.

strain to change from an approximately equal amount by the
temKL and actl-ORF3 genes in pSEK33 to the production of
predominantly 8. Hence, the polyketide cyclase must have had
a profound effect on the cyclization pattern of the poly-3-ketone
intermediate.’®*! Our data favor the idea that the polyketide
cyclase, not the core proteins, dictates the regiospecificity of
the first cyclization of the linear polyketide. In fact, the
respective minimal polyketide synthases expressed from the
temKLM or actl-ORFI, -ORF2, and tcmM genes in pELE37 or
pWHM766 produced a complex mixture of substances from
which only 8 and 9 or 6 and 7 were isolated, respectively. The
possibility that the still unidentified compounds could represent
other types of foldings cannot be excluded. Therefore, we
propose that the S-ketoacyl:acyl carrier protein synthase, chain
length factor, and acyl carrier protein of a type II polyketide
synthase are responsible only for the synthesis of the linear
polyketide that, in the absence of a polyketide cyclase, cyclizes
spontaneously to give a mixture of compounds whose distribu-
tion may be determined by the kinetic reactivity of the poly-
B-ketone intemediate or the thermodynamic property of the
products. This idea is consistent with model studies of
polyketide chemistry where free polyketides, generated in situ
upon deprotection, readily underwent spontaneous cyclizations.>*

Khosla, Hopwood, and co-workers have favored the idea that
the minimal polyketide synthase plays a major role in catalyzing

(54) Harris, T. M.; Harris, C. M. Pure Appl. Chem. 1986, 58, 283—294.
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the cyclization of the first ring, because in many cases the
majority of the polyketides isolated from S. coelicolor CH999
bearing the actl-ORFI, -ORF2, and -ORF3 (or functionally
similar) genes, sometimes along with B-ketoacyl reductase or
polyketide cyclase genes, appear to have resulted from an initial
cyclization with a regiospecificity identical to that found in the
biosynthesis of 3a, 3b, and 4 by S. coelicolor; for instance, as
in pSEK 2438 that produced 6. However, formation of 6 and 7
by the Actl-ORF1, -ORF2, and -ORF3*%*! proteins, and 8 and
9 by the TcmKLM?3%40 proteins, the only examples to date of
polyketides resulting from two different cyclizations in the
absence of a polyketide cyclase, indicate that the initial aldol
condensation can have a relaxed regiospecificity. It is difficult

to tell whether this results from a mixture of enzyme-catalyzed -

and spontaneous events (Fu et al.*! speculated that 7 is formed
spontaneously). Therefore, even though the polyketide cyclases
examined clearly have a major influence on the regiospecificity
of the first cyclization, further insight is needed before we can
understand how much of the biochemistry is enzyme-mediated
and precisely when the first intramolecular aldol condensation
takes place. The outcome of the first cyclization is likely to
influence significantly the direction of subsequent cyclizations
because it will constrain the number of possible choices.

We have previously speculated that TemN and Tem] act
additively and that TemN catalyzes later steps than Tem] in
the biosynthesis of 2 based on experiments carried out in vivo.?2
Our current data support the additivity of TemJ and TemN
catalysis, even when the remK and tcmL genes are replaced by
actl-ORFI and actI-ORF?2, as evidenced by the effect of adding
temJ to pWHM?722 or pWHM?767. The resulting constructs
pWHM732 or pWHM769 (Table 2) synthesized at least 10-
fold more 2 or § than pWHM722 or pWHM767, respectively.
However, the addition of rcmJ to either the temKLM or actl-
ORF 1l/act]-ORF2/tcmM genes did not alter the nature of the
metabolites produced, although the yields of 8 and 9 or 6 and
7 were significantly increased. A similar effect was observed
by adding fcmJ to either pWHM722 or pWHM767. The
resulting constructs produced 2 or 5§ but in a significantly
increased quantity. In contrast, addition of zemN to either the
temKLM and temJKLM or to actl-ORF1/actl-ORF2/tcmM and
temJ/actl-ORF 1/actlI-ORF2/tcmM completely altered the struc-
tures produced. The resulting plasmids synthesized 2 exclu-
sively (pWHM?722 and pWHM?732) or § predominantly
(pWHM767 and pWHM769). These data clearly indicate that
TemN directly affects the regiospecificity of the first cyclization,
presumably by folding either a decaketide or octaketide
intermediate at C-11 followed by an aldol condensation between
C-7 and C-14. This supports our hypothesis that the polyketide
cyclase component of a type II polyketide synthase determines
the regiospecificity of the initial cyclization.

In the accompanying paper, McDaniel et al.>> show by using
a hybrid type II polyketide synthase produced from the acil-
ORF1, -ORF2, -ORF3, and tcmN genes that the TcmN protein
governs the regiospecificity of the first aldol condensation during
the formation of RM77, an oxidized form of 5. They also
establish that TemN can catalyze the aromatization of the second
ring in forming the fused-ring compounds RM80 and RM80b.
Taken together with the results we described earlier?!?? and in
this paper, TemN appears to be able to catalyze stepwise each
of the cyclizations needed to produce bi- and tricyclic fused-
ring aromatic compounds like RM77, RMS0, §, and 2. It is
unlikely that TcmN governs only the second ring cyclization
(a conceivable reason for the formation of RM80 and RM80b32),
but it is not clear whether TemN can play a selective role in
such cyclizations in the absence of Tcml.
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The function of TemlJ remains a mystery. Our present results
are consistent with the observation’? made in a study of a S.
glaucescens tcmJ mutant that the fcmJ gene can influence the
amount of 1 produced but is not required for its biosynthesis.
Since TemJ seems not to be essential for the synthesis of any
metabolite in all constructs tested although it affects the amount
produced significantly, we speculate that TemJ provides optimal
activity either for the polyketide synthase core proteins by
facilitating their complexation or for the polyketide cyclase by
bridging TemN to the core protein complex.

The prospect of making novel compounds by metabolic
pathway engineering is very appealing,®735 and the type II
polyketide synthase is the system in which significant progress
has been made recently.?’:37,38,4041,444651=53 By choosing a
combination of a B-ketoacyl:acyl carrier protein synthase and
chain length factor pair, an acyl carrier protein, one or more
polyketide cyclases to define the length of the polyketide and
the subsequent cyclization, and a S-ketoacyl reductase or genes
specific for the starter unit, it is beginning to be possible to
engineer the formation of novel compounds rationally. Fur-
thermore, the results described here show that such work can
be effectively pursued with different types of vectors and host
strains, which should expand its scope and versatility.

Experimental Section

General Methods. All NMR spectra were taken on a Bruker
AC300 spectrometer, except for the HMBC experiments that
were performed on a Bruker AM600 spectrometer, and were
referenced internally to the solvent. EI MS was carried out on
a Kratos MS-80RFA spectrometer, electron spray MS on a Sciex
API3 spectrometer, and FAB MS on a VG AutoSpec M
mass spectrometer. Analytic TLC was done with precoated
Keiselgel 60 F;s4 glass plate (0.25 mm) and visualized by
long- and/or short-wave UV light. HPLC was done on a
Waters 501 instrument (Marlborough, MA) with a Waters
484 tunable absorbance detector and a Waters Radi-Pak C,g
(Novapak, 4 uM, 8 x 100 mm) column for analysis and a Prep
Nova-Pak HR Cig (6 uM, 25 x 100 mm) and a guard cartridge
(25 x 10 mm) of the same material for preparative scale
isolation.

Bacteria Strains, Plasmids, and Other Materials. The S.
glaucescens type strains WMH1061,222 WMH1068,2%% and
WMH1077,222:30 §, lividans 1326, and plasmids pIJ70256 and
plJ486°7 are described elsewhere. The pGEM plasmids were
purchased from Promega Corporation (Madison, WI). Thio-
strepton was obtained from Sal Lucania at the Squibb Institute
for Medical Research (Princeton, NJ). Unless specified, com-
mon chemicals, restriction enzymes, DNA ligase, and other
materials for recombinant DNA procedures were purchased from
standard commercial sources and used as provided.

Constructions of Act/Tcm Hybrid Polyketide Synthase
Cassettes. Agarose gel electrophoresis, plasmid DNA isolation
from Escherichia coli, restriction enzyme digestion, DNA
ligation, and preparation of competent E. coli DHSa cells and
their transformation were performed by established methods.®
Plasmid DNA isolation and protoplast preparation and trans-

(55) Hutchinson, C. R. Bio/Technology 1994, 12, 375—380.

(56) Katz, E.; Thompson, C. J.; Hopwood, D. A. J. Gen. Microbiol. 1983,
129, 2703-2714.

(57) Ward, J. M.; Janssen, G. R.; Kieser, T.; Bibb, M. J.; Buttner, M. J.;
Bibb, M. J. Mol. Gen. Genet. 1986, 468—478.

(58) Sambrook, J.; Fritsch, E. F.; Maniatis, T. Molecular Cloning: A
Laboratory Manual, 2nd ed.; Cold Spring Harbor Laboratory: Cold Spring
Harbor, NY, 1985.
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formation in Streptomyces spp. were performed according to
the methods of Hopwood et al.*®

Table 1 lists plasmids used in this study. The constructions
of pELE37,'0 pWHM?722,2' and pWHM732% were reported
earlier. pWHM?732 was a derivative of pWHM?722 by replacing
the ermE* and the fcmK gene fragment with its homolog from
pWHM72622 that carried the ermE* promoter and the temJK
genes. A similar strategy was used to construct the act/tcm
hybrid polyketide synthase plasmids of pWHM750 to pWHM769
(Figure 2) from pELE37, pWHM?722, pWHM?731, or pWHM732.
If necessary, the junctions between the act and tcm genes were
modified by the polymerase chain reaction following standard
procedures.’0 These junction sequences are shown in Figure
2.

Complementation Analysis. Protoplasts of strains WMH1061
and WMH1068 were transformed with plasmids pWHM?762 to
pWHM?765, pWHM750 to pWHM752, and pWHM732. Re-
combinant strains were then grown and screened for the Tem
C* phenotype by bioassay against a thiostrepton resistant
derivative of S. coelicolor M111 as described previously.2!-2229
Colonies from each transformation were also grown in 5 mL
of R2YENG medium?'?2% containing thiostrepton (10 ug/ml)
at 30 °C and 300 rpm for 3—5 days and assayed for the presence
of 1 and its fluorescent biosynthetic intermediates by TLC or
HPLC analysis of the EtOAc extract of the culture, according
to Summers et al 2222

Production, Isolation, and Structural Elucidation of
Polyketide Metabolites. Protoplasts of S. glaucescens WMH-
1077 and S. lividans 1326 were transformed with plasmids listed
in Table 1, and colonies from each transformation were grown
in R2ZYENG medium containing thiostrepton (10 ug/mL) as
described above. EtOAc extracts of individual cultures were
analyzed by TLC or HPLC. The TLC plate was developed in
CH;Cl/CH30H/AcOH (87.5/10/2.5), and the C,g analytic HPLC
column was developed with & linear gradient of CH3CN in 0.1%
AcOH aqueous solvent (see below for details).

Tcem F2 (2). The isolation and identification of 2 from
WMH1077(pWHM?722) and WMH1077(pWHM732) were done
as reported previously.*

UWM1 (5), UWM2 (10), and UWMB3 (11). Frozen cell
suspensions of S. glaucescens WMHI1068(pWHM769) were
used to inoculate 50 mL of R2YENG medium containing
thiostrepton (10 ug/mL) in a 250-mL baffled Erlenmeyer flask
and incubated for 2 days at 30 °C and 300 rpm in a rotary shaker
to produce a vegetative inoculum. The R2ZYENG fermentation
medium (500 mL) with thiostrepton (10 #g/mL) in a 2-L baffled
Erlenmeyer flask was inoculated with the above seed inoculum
(20 mL of inoculum/500 mL of medium) and incubated under
the same conditions for 3 days. The fermentation culture
(usually 1—3 L) was centrifuged {4 °C, 20 min, 17 700 x g in
a Sorvall RC-5B refrigerated centrifuge (Newtown, CT)] to
separate the mycelia from the broth. The mycelia were extracted
with acetone, and the acetone extract was vacuum concentrated
(<40 °C) to give an aqueous residue. This residue was
combined with the broth and extracted with EtOAc (1% AcOH)
three times. The combined EtOAc extract was vacuum
concentrated (<40 °C) to near dryness and loaded onto a Florisil
(Aldrich, Milwaukee, WI) column (2 x 30 cm) developed in
EtOAc/CH30H/AcOH (95:5:1). Fractions containing 5 were
combined and vacuum concentrated (< 40 °C) to yield a brown
oil. This material was loaded on a Sephadex LH-20 (Pharmacia

(59) Hopwood, D. A,; Bibb, M. J.; Chater, K. F.; Kieser, T.; Bruton, C.
J.; Kieser, H. M,; Lydiate, D. J.; Smith, C. P.; Ward, J. M.; Schrempf, H.
Genetic Manipulation of Streptomyces: A Laboratory Manual; The John
Innes Foundation: Norwich, UK; 1985.

Shen et al.

Biotech Inc.) column (1.5 x 75 cm), developed with CH30H.
Fractions containing § were vacuum concentrated to give a light
yellow powder (100—150 mg/L) as 10: high resolution EI MS,
M+ 314.0818 (C,7H,40¢, calc. 314.0790); 'H and '*C NMR data
are listed in Table 4. If CH;OH was omitted in the Florisil
chromotography, the final product was purified as 5: MS
(electron spray), M+ H]* 301. If anhydrous CH;CH,OH was
used during the purification to remove AcOH and H;O, the final
product was purified as 11: high resolution EI MS, M*
328.0970 (CisH,60s, calc. 328.0947); 'H and '*C NMR data
are listed in Table 4.

{1-13C]-, [2—13C)-, and [1,2—-13C;]Acetate Labeling of 11
in S. glaucescens WMH1068(pWHM?769). ['>C]-Sodium
acetate (Aldrich, Milwaukee, WI) was dissolved in 4 mL of
H,0 and sterilized by filtration. Two batches (500 mL) of the
R2YENG fermentation medium with thiostrepton (10 ug/ml)
in 2-L baffled Erlenmeyer flask were inoculated with the seed
inoculum and incubated for 3 days as described above. The
[13C]-acetate solution was added to the fermentation in equal
portions at 0 and 12 h after inoculation, and the '*C-enriched
11 was purified as described above. Percentage enrichments
were estimated from carbon signals by comparison with that of
the natural abundance. [1—'3C]Acetate feeding (1.5 g/L)
resulted in the isolation of 11 (108 mg/L) with 2.5—3%
enrichment specifically at carbons 1, 3, 5, 7, 9, 11,13, and 15.
[2-13C]Acetate feeding (2 g/L) yielded 11 (66.8 mg/L) with
9—11% enrichment specifically at carbons 2, 4, 6, 8, 10, 12,
14, 16. [1,2—'3C;]Acetate feeding (2 g/L) led to the isolation
of 11 (86 mg/L) with 4—5% enrichment labeled at carbons 1—16
with the coupling constants shown in Table 4.

SEK4 (6) and SEK4b (7). Frozen cell suspensions of S.
lividans 1326(pWHM?768) were used to inoculate 50 mL of
R2YE medium® containing thiostrepton (10 ug/mL) in a 250-
mL baffled Erlenmeyer flask and incubated for 3 days at 30 °C
and 300 rpm in a rotary shaker to produce a vegetative inoculum.
The R2YE fermentation medium (500 mL) in a 2-L baffled
Erlenmeyer flask with thiostrepton (10 ug/mL) was inoculated
with the above seed inoculum (20 mL of inoculum/500 mL of
medium) and incubated under the same conditions for 3 days.
The culture was extracted with EtOAc (1% AcOH), and the
resulting extracts were fractionated by chromatography on the
Florisil and the LH-20 columns sequentially as described above
to give a mixture of 6 and 7. This mixture was finally resolved
on a preparative C;g column, developed with a linear gradient
of CH3CN from 15% to 35% in 43 min in 0.1% AcOH—H,0
at a flow rate of 5 mL/min to yield as colorless fluffy powders
6 (100 mg/L) and 7 (15 mg/L), respectively. On the analytic
Cig column developed with a linear gradient of CH3CN from
14% to 35% in 15 min in 0.1% AcOH—H,O at a flow rate of
1.5 mL/min, 6 and 7 have retention times of 6.43 and 7.37 min,
respectively. 6: high resolution FAB MS, {M + H]* 319.0822
(C16H 1407, calc. 318.0740); '"H NMR (300.1 MHz, DMSO-dy)
0 11.0 (br s, 2H), 6.91 (br s, 1H), 6.33 (s, 1H), 6.27 (s, 1H),

'5.63 (s, 1H), 5.17 (s, 1H), 4.17 (d, J = 15.9 Hz, 1H), 4.07 (d,

J=15.8 Hz, 1H), 2.93 (d, J = 15.9 Hz, 1H), 2.55 (d, J = 16.2
Hz, 1H), 1.57 (s, 3H); 13C NMR (75.5 MHz, DMSO-ds) 6 191.1,
171.0, 165.3, 164.0, 163.0, 161.9, 138.7, 113.0, 111.4, 102.9,
100.7, 100.0, 88.1, 49.3, 37.6, 27.5. 7: high resolution FAB
MS, (M + H]* 319.0823 (C1cH,407, calc. 318.0740); 'H J =
(300.1 MHz, DMSO-ds) 6 11.0 (br s, 2H), 7.19 (br s, 1H), 6.31
(s, 1H). 6.21 (s, 1H), 6.05 (s, 1H), 5.15 (s, 1H), 3.10 (d, J =
14.0 Hz, 1H), 3.04 (d, J = 16.4 Hz, 1H), 3.00 (d, J = 14.0 Hz,
1H), 2.59 (d, J = 16.4 Hz, 1H), 2.50 (s, 3H); '3C NMR (75.5
MHz, DMSO-ds) 6 190.3, 172.2, 164.2, 162.7, 161.0, 160.0,
142.3, 112.6, 111.8, 104.6, 101.6, 100.2, 88.5, 47.5, 44.2, 22.5.
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SEK15 (8) and SEK15b (9). Frozen cell suspensions of S.
glaucescens WMH1077(pWHM731) were used to inoculate 50
mL of R2ZYENG medium containing thiostrepton (10 ug/mL)
in a 250-mL baffled Erlenmeyer flask and incubated for 2 days
at 30 °C and 300 rpm in a rotary shaker to produce a vegetative
inoculum. The R2YENG fermentation medium (500 mL) with
thiostrepton (10 ug/mL) in a 2-L baffled Erlenmeyer flask was
inoculated with the above seed inoculum (20 mL of inoculunm/
500 mL of medium) and incubated under the same conditions
for 3 days. The purification procedures for 8 and 9 were
identical to that of 6 and 7 and preparative C,g HPLC finally
yielded colorless fluffy powders 8 (5§ mg/L) and a yellowish
residue 9 (< 1 mg/L), respectively. Under the same HPLC
conditions as for 6 and 7, 8 and 9 have retention times of 9.43
and 10.43 min, respectively. 8: high resolution FAB MS, (M
+ H]* 385.0920 (Cy0H,60s, calc. 384.0845); '"H NMR (300.1
MHz, DMSO-ds) 6 12.13 (br s, 1H), 10.24 (br s, 1H), 6.24 (br
s, 1H), 6.20 (s, 1H), 6.12 (br s, 1H), 6.09 (s, 1H), 5.66 (s, 1H),
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5.07 (s, 1H), 3.50 (s, 2H), 1.83 (s, 3H); '3C NMR (75.5 MHz,
DMSO0-dg) 6 200.2, 171.1, 163.8, 163.6, 163.0, 162.1, 159.7,
157.3, 141.8, 135.3, 121.0, 117.1, 111.6, 110.9, 109.0, 101.6,
101.5, 88.05, 36.7, 21.0.
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