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Polyketides are structurally diverse natural products possess-
ing a broad range of biological activities. Polyketide synthases
(PKSs)?? and fatty acid synthases (FASs)* are structurally and
mechanistically related, catalyzing the formation of carbon chain
products through repeated decarboxylative condensations be-
tween acyl thioesters. However, unlike typical FASs, PKSs
introduce structural variability into polyketides by catalyzing
all, part, or none of a reductive cycle of ketoreduction,
dehydration, and enoyl reduction on the 8-keto group formed
after each condensation reaction.?? Modular PKSs~7 usually
consist of several extremely large polypeptide subunits (300 000
kDa) that each include one or more repetitive patterns of active
sites. These active sites are grouped into modules and appear
to correspond to cycles of chain extension in polyketide
biosynthesis.> Understanding the structural basis for the
remarkable catalytic specificity of these enzymes is an important
scientific challenge.

Recently, we described a potentially generally applicable
strategy for the heterologous expression of recombinant modular
PKSs using a specially constructed expression system.? Expres-
sion of the 6-deoxyerythronolide B synthase (DEBS)>S from
Saccharopolyspora erythraea (Figure 1) in Streptomyces co-
elicolor resulted in the biosynthesis of 6-deoxyerythronolide B
(6dEB) (1) and 8,8a-deoxyoleandolide (2) (Figure 2).2 The
production of these molecules demonstrated the sufficient role
of DEBS for polyketide biosynthesis in vivo, the presence in
the heterologous host of all necessary precursors and auxiliary
activities for PKS activity, and a relaxed specificity for the starter
unit moiety in DEBS, confirming earlier reports of downstream
active site tolerance toward abnormal polyketide intermedi-
ates. 5910

The modular PKS systems characterized thus far contain two
(eryA, avr),>”7 three (avr),” of four (pksX)!! modules per
polypeptide. However, the minimal functional unit of these
enzymes, defined as the smallest component that can catalyze
polyketide biosynthesis, remains unknown and must be identi-
fied before extensive rational manipulation of modular PKSs
is possible. Here, we report the heterologous expression of
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Figure 1. Genetic model for the 6-deoxyerythronolide B synthase
(DEBS) from §. erythraea. The modules catalyze successive cycles
of chain extension and S-keto reduction for the biosynthesis of 1. Each
module includes an acyltransferase (AT), a S-ketoacyl—acyl carrier
protein synthase (KS), and an acyl carrier protein (ACP) as well as a
subset of reductive active sites [S-ketoreductase (KR), dehydratase
(DH), and enoyl reductase (ER)]. The thioesterase (TE) catalyzes
lactone formation of the final polyketide chain.

6-deoxyerythronolide B (1) 8,8a-deoxyoleandolide (2)
Figure 2. Polyketides synthesized by DEBS in S. coelicolor CH999.°
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Figure 3. Biosynthesis of (2R,3S,45,5R)-2,4-dimethyl-3,5-dihydroxy-
n-heptanoic acid d-lactone (3) by DEBS1 in S. coelicolor CH999.

DEBS]1 (3544 amino acids), the polypeptide containing the first
two modules of DEBS, in S. coelicolor and the biosynthesis of
the predicted triketide product (3) (Figure 3). These results
demonstrate that a subset of two modules from a modular PKS
can operate independently of the remaining modules and further
support the “module hypothesis” for polyketide biosynthesis.>!2

To obtain a reference for the predicted product of DEBS1,
(2R 35,45,5R)-2 4-dimethyl-3,5-dihydroxy-n-heptanoic acid J-lac-
tone (3) was readily synthesized by the method of Evans
(Scheme 1).1314 Thus the protected aldehyde 4 (op 59.01° (¢
1.92, CHCl;)!%), prepared in five steps as previously described, !¢
was converted to the (2R,35,45,5R)-imide 6 in 87% yield by
reaction with the chiral boron enolate of (4R)-N-propionyl-4-
benzyloxazlidinone!*!4 (CH,Cl;, —78 °C, 2 h, then 0 °C, 1.5
h) followed by treatment of the resulting alcohol § with fert-
butyldimethylsilyl triflate and diisopropylethylamine.!” Hy-
drolysis of 6 (2 equiv of LiOH, 8 equiv of 30% H,0,, 3:1 THF/
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H,0, 0—25 °C, 12 h)!2 gave the free acid 7 (90%, ap —11.68°
(c 2.44, CHCL)). Conversion of 7 to the corresponding NAC
thioester 8 was accomplished by successive treatment with
diphenylphosphoryl azide and N-acetylcysteamine.!¢ Finally,
treatment of 8 with 49% aqueous HF in 1:1 CH3CN/H20 (room
temperature, 12 h)!9 resulted in smooth removal of the TBDMS
protecting groups and concomitant lactonization to give the
desired lactone 3 in 90% purified yield from 7.2

To heterologously express DEBS1, plasmid pCK9, which
contains the eryAl gene, was constructed?! and introduced into
S. coelicolor CH999.22 SDS—PAGE analysis of CH999/pCK9
revealed a single major protein with the same mobility as
DEBSI1 in a mixture of the three DEBS proteins.??> Under
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growth conditions described earlier,? CH999/pCK9 produced
the expected triketide lactone 3 at yields of 1—3 mg/L. 'H and
13C NMR spectra of 3 were identical with those of the synthetic
sample. Propionic-1-23C acid feeding experiments resulted in
the enrichment of C1, C3, and CS5, confirming the incorporation
of three propionates into 3.

The triketide product 3, previously isolated from a mutant S.
erythraea strain,® confirms the deduced biosynthetic function
of DEBS1. These results show that a thioesterase domain is
not essential for thiolysis and, more importantly, that DEBS1
can catalyze polyketide biosynthesis in the absence of the
remaining four DEBS modules. Therefore the minimal func-
tional unit of modular PKSs is at most a bimodular polypeptide
and may eventually prove to be a single module.

Thus far, the production of two erythromycin analogs by S.
erythraea chromosomal mutants>1% and the biosynthesis of 8,-
8a-deoxyoleandolide by DEBS®*25 have demonstrated the
successful transfer of slightly altered intermediates as well as
subsequent S-keto processing in the downstream modules of
DEBS. However, the noncompetitive nature of polyketide
biosynthesis with unnatural substrates in these experiments is
probably important, since partially synthesized intermediates fed
to macrolide producers were precisely incorporated into polyketide
product,626=28 hinting at relatively stringent substrate specifici-
ties in these enzymes. If a single module proves to be the
functional unit of modular PKSs, polyketide molecules of
desired chain lengths might be obtained through the controlled
association of an arbitrary number of modules. Further genetic
manipulation and chemical analysis of modular PKSs should
reveal the criteria important for transferring and processing
polyketide intermediates, eventually leading to the engineered
biosynthesis of a wide range of novel polyketides.
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