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Polyketides are a huge family of natural products well-known 
for their antibiotic, antifungal, antiparasitic, immunosuppressive, 
and antitumor activities.1 Polyketides are synthesized in a 
manner analogous to fatty acid biosynthesis,2 in which carbon 
chains are built by successive decarboxylase condensations 
between coenzyme A (CoA) thioesters of organic acids. 
Structural diversity in this family of natural products arises 
during biosynthesis from varying choices of organic acid 
monomers, extents of/3-carbon processing after each condensa
tion reaction (to carbonyl, hydroxyl, enoyl, or methylene 
groups), stereochemistries of chiral carbon centers, and regio-
chemistries of cyclizations that occur after chain synthesis.1-3 

Modular polyketide synthases (PKSs) are large multifunc
tional proteins (MW > 150 00O)4"6 that participate in the 
biosynthesis of macrolide antibiotics such as erythromycin and 
methymycin7 (Figure 1). Genetic analysis of the 6-deoxyeryth-
ronolide B synthase (DEBS)45 from Saccharopolyspora eryth-
raea, which gives rise to the erythromycin aglycon, 6-deoxy-
erythronolide B (6dEB) (1), has suggested that all the active 
sites required for one cycle of condensation and /3-ketoreduction 
are distinct and clustered as "modules"4 (Figure 2). Early 
support for this model came from directed mutagenesis experi
ments on DEBS reductive sites48,9 as well as the incorporation 
of chemically synthesized intermediates into 6dEB by S. 
erythraea.]0 

In an attempt to understand the relationship between structure 
and function in modular PKSs and to progress toward the 
rational and combinatorial design of novel polyketides, we 
developed a host—vector expression system, based on Strepto-
myces coelicolor CH999/pCK7, to study DEBS" (Figure 2). 
We recently demonstrated the production of (2/f,35,45,5/f)-2,4-
dimethyl-3,5-dihydroxy-n-heptanoic acid (5-lactone (2) (1-3 mg/ 
L), the expected triketide product of the first two modules, by 
CH999/pCK9, which expresses DEBSl alone12 (Figure 2). This 
result provided further biochemical evidence for the modular 

i Stanford University. 
* Brown University. 
s Abbott Laboratories. 
(1) O'Hagan, D. The Polyketide Metabolites; E. Horwood: New York, 

1991. 
(2) Wakil, S. J. Biochemistry 1989, 28, 4523-4530. 
(3) Katz, L.; Donadio, S. Annu. Rev. Microbiol. 1993, 47, 875-912. 
(4) Donadio, S.; Staver, M. J.; McAlpine, J. B.; Swanson, S. J.; Katz, L. 

Science 1991, 252, 675-679. 
(5) Cortes, J.; Haydock, S. F.; Roberts, G. A.; Bevitt, D. J.; Leadlay, P. 

F. Nature 1990, 348, 176-178. 
(6) MacNeil, D. J.; Occi, J. L.; Gewain, K. M.; MacNeil, T.; Gibbons, 

P. H.; Ruby, C. L.; Danis, S. J. Gene 1992, 115, 119-125. 
(7) Omura, S. In Macrolide Antibiotics: Chemistry, Biology, and 

Practice; Omura, S., Ed.; Academic Press: New York, 1984; p 635. 
(8) Donadio, S.; Staver, M. J.; McAlpine, J. B.; Swanson, S. J.; Katz, L. 

Gene 1992, / /5 ,97-103 . 
(9) Donadio, S.; McAlpine, J. B.; Sheldon, P. J.; Jackson, M.; Katz, L. 

Proc. Natl. Acad. ScL U.S.A. 1993, 90, 7119-7123. 
(10) Cane, D. E.; Yang, C-C. J. Am. Chem. Soc. 1987, 109, 1255-

1257. 
(11) Kao, C. M.; Katz, L.; Khosla, C. Science 1994, 265, 509-512. 
(12) Kao, C. M.; Luo, G.; Katz, L.; Cane, D. E.; Khosla, C. J. Am. Chem. 

Soc. 1994, 116, 11612-11613. 
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Figure 1. Macrolide antibiotics erythromycin A and methymycin. 

PKS model of Katz and co-workers4 and the unessential role of 
the thioesterase for enzyme product release.13 

Here, we analyze the role of the thioesterase (TE) domain 
from DEBS3 with two additional deletion mutants of DEBS. 
The first PKS, expressed by CH999/pCK12, contains DEBSl 
fused to the TE. The fusion in this bimodular PKS occurs 
between the carboxy-terminal end of the acyl carrier domain 
of module 2 (ACP-2) and the carboxy-terminal end of the acyl 
carrier domain of module 6 (ACP-6)14 (Figure 2). The second 
PKS, expressed by CH999/pCK15, includes the first four DEBS 
modules, a recombinant fifth module that is a hybrid between 
the wild-type modules 5 and 6, and the TE. The fusion in this 
pentamodular PKS exists 76 amino acids downstream of the 
/?-ketoreductase of module 5 (KR-5) and five amino acids 
upstream of ACP-615 (Figure 2). Plasmids pCK12 and pCK15 
were introduced into S. coelicolor CH99916 and polyketide 
products purified from the transformed strains according to 
methods previously described." 

CH999/pCK12 produced 2 (20 mg/L) as determined by 1H 
and 13C NMR spectroscopy (Figure 2). This triketide product 
is identical to that produced by CH999/pCK912 but is produced 
in significantly greater quantities by CH999/pCK12 (~1 mg/L 
vs >20 mg/L). CH999/pCK12 also produced significant 
quantities of a novel analog of 2, (2/?,3S,4S,5/?)-2,4-dimethyl-
3,5-dihydroxy-n-hexanoic acid 6-lactone (3) (10 mg/L), that 
arises from the incorporation of an acetate start unit instead of 
propionate. This is reminiscent of the ability of CH999/pCK7, 
which expresses the wild-type DEBSl, DEBS2, and DEBS3 
proteins, to produce 8,8a-deoxyoleandolide in addition to 
6dEB." The increased production of 2 as well as the facile 
isolation of 3 from CH999/pCK12 demonstrates the increased 
turnover rate of DEBSl due to the TE. Thus the TE can 
effectively recognize an intermediate bound to a "foreign" 
module that is four acyl units shorter than its natural substrate, 
6dEB. Recently, this increased triketide turnover rate was also 
independently observed with a similar DEBSl mutant con
structed in S. erythraea.17 However, since the triketide products 
can probably cyclize spontaneously into 2 and 3 under typical 
fermentation conditions (pH 7), it is not possible to discriminate 
between enzyme-catalyzed cyclization and enzyme-catalyzed 
hydrolysis followed by spontaneous lactonization. Thus the 
ability of the TE to recognize the C-5 hydroxyl of a triketide 
as an incoming nucleophile is unclear. 
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Figure 2. Polyketides produced by engineered S. coelicolor CH999 strains. (See text for details.) CH999/pCK7'' expresses the polypeptides DEBS 1, 
DEBS2, and DEBS3 (each MW > 300 000) that constitute DEBS.4 KS: /3-ketoacyl-acyl carrier protein synthase. AT: acyltransferase. DH: 
dehydratase. ER: enoyl reductase. KR: /?-ketoreductase. ACP: acyl carrier domain. TE: thioesterase. 4 was characterized using 1H and 13C NMR 
spectroscopy, propionate-/-13C and propionate-7,2,J-13C3 (sodium salts, Cambridge Isotopes) isotope labeling according to methods described 
previously," homonuclear correlation spectroscopy (COSY), and heteronuclear correlation spectroscopy (HETCOR). 3: Rf = 0.32 (50% EtOAc/ 
hexanes); 13C NMR (100 MHz, CDCl3) 6 4.45, 14.18, 18.08, 38.32, 39.39, 73.76, 75.93, and 174. 4: ^ = 0.52 (50% EtOAc/hexanes); 1H NMR 
(400 MHz, CDCl1) d 0.84 (t, 3H, / = 7.5 Hz, Ci3-H3), 1.00 (d, 3H, / = 6.6 Hz, C15-H3), 1.01 (d, 3H, J = 7.4 Hz, Ci8-H3), 1.12 (d, 3H, J = 6.9 
Hz, Ci7-H3), 1.19 (d ,3H, /= 7.2 Hz, C6-H3), 1.26 (d, 3H, J = 6.7 Hz, Ci4-H3), 1.1-1.2 (IH, C4-H), 1.40 (ddd, IH, 7=3 .5 , 13.4, and 13.4Hz, 
C5-He), 1.48 (m, IH, J = 7.0, 7.2, and 14.1 Hz, C2-H), 1.63 (m, IH, J = 7.0, 7.3, and 14.0 Hz, C2-H), 1.79 (ddd, IH, J = 2.1, 13.3, and 13.3 
Hz, C5-Ha), 1.91 (ddq, IH, J = 2.7, 2.7, and 7.3 Hz, C0-H), 2.55 (m, IH, J = 3.6, 7.0, and 13.9 Hz, C6-H), 2.64 (dq, IH, / = 6.7 and 10.4 Hz, 
C2-H), 3.12 (q, IH, J = 6.8 Hz, C8-H), 3.53 (d, IH, J = 10.3 Hz, C3-H), 3.53 (s, IH, C9-H), 4.97 (dt, IH, J = 2.7 and 7.2 Hz, C-H); 13C NMR 
of propionate-7,2,J-l3C3-labeled 4 (100 MHz, CDCl3) d 8.92 (d, J = 35.4 Hz, C18), 10.00 (d, J = 34.4 Hz, C3), 12.28 (d, J = 33.2 Hz, Cn), 15.75 
(d, J = 34.4 Hz, C4), 17.38 (d, J = 35.4 Hz, C5), 19.04 (d, J = 32.0 Hz, C6), 24.40 (dd, J = 34.4 and 38.4 Hz, C2), 33.15 (d, J = 32.8 Hz, C5), 
34.28 (dd, J = 34.8 and 38.3 Hz, C4), 39.89 (dd, J = 33.2 and 37.3 Hz, C8), 40.41 (dd, J = 36.0 and 40.5 Hz, C0), 43.70 (dd, J = 34.3 and 56.4 
Hz, C2), 46.78 (dd, J = 32.6 and 32.8 Hz, C6), 73.10 (d, J = 40.9 Hz, C9), 78.46 (d, J = 38.1 Hz, C3), 79.13 (d, J = 38.7 Hz, Cn), 175.31 (d, J 
= 54.5 Hz, C1), 221.49 (d, J = 31.1 Hz, C7); HR FAB MS, [M + Na]+ 351.2147 calcd m/e, 351.2140 obsd m/e. Dihedral angles of aglycon protons 
of 4 modeled using Discover (CVFF force field, Biosym Technologies): C2-WC3-H, 178°; C3-H/C4-H, -73°; C4-H/C5-Ha, -81°; C4-H/C5-He, 
168°; C5-HaZC6-H, 179°; Q-He/C6-H, -69°; Cg-WC9-H, 78°; C9-H/C,0-H, 74°; Co-H/d-H, -58°. 

The second recombinant strain, CH999/pCK15, produced 
abundant quantities of (8i?,95)-8,9-dihydro-8-methyl-9-hydroxy-
10-deoxymethynolide (4) (20 mg/L) (Figure 2). 4 is an analog 
of 10-deoxymethynolide,18 the aglycon of the macrolide anti
biotic methymycin (Figure 1). The production of 4 demonstrates 
that active site domains in modules 5 and 6 in DEBS can be 
joined without loss of activity. Moreover, the deletion of a 
single module from a wild-type bimodular polypeptide (DEBS3) 
provides further evidence for the structural and functional 
independence of individual modules as well as active sites in 
modular PKSs. Most remarkably, the formation of a 12-
membered lactone ring via esterification of the terminal carboxyl 
with the C-Il hydroxyl suggests that the TE can catalyze 
lactonization of a polyketide chain one acyl unit shorter than 
6dEB. Indeed, the formation of 4 may mimic the biosynthesis 
of the closely related 12-membered hexaketide macrolide, 
methymycin, which frequently co-occurs with the homologous 
14-membered heptaketide macrolides, picromycin and/or nar-
bomycin.19 A modular PKS such as DEBS could thus possibly 
be used to generate a wide range of macrolactones with shorter 
as well as longer chain lengths, although the range of chain 
lengths that could undergo catalyzed lactonization remains 
unclear. Further experiments should shed more light onto the 
limits of TE specificity. 

The construction of the pentamodular PKS has led to the 
biosynthesis of a previously uncharacterized 12-membered 
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macrolactone that closely resembles, but is distinct from, the 
aglycon of a biologically active macrolide. The apparent 
structural and functional independence of active site domains 
and modules as well as relaxed lactonization specificity suggests 
the existence of many degrees of freedom for generating new 
modular PKSs. Libraries of new macrolides could be produced 
by altering the association of active site domains and modules, 
the subset of reductive sites within each module, the activity of 
the TE, and possibly even downstream modifications such as 
hydroxylation and glycosylation. Given the rich history of 
pharmacological activities among naturally occurring mac
rolides, such libraries could prove to be rich sources of new 
leads for drug discovery. 
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