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Polyketides are a huge family of natural products well-known
for their antibiotic, antifungal, antiparasitic, immunosuppressive,
and antitumor activities.! Polyketides are synthesized in a
manner analogous to fatty acid biosynthesis,? in which carbon
chains are built by successive decarboxylative 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 #-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,'?

Modular polyketide synthases (PKSs) are large multifunc-
tional proteins (MW > 150 000)*~¢ that participate in the
biosynthesis of macrolide antibiotics such as erythromycin and
methymycin’ (Figure 1). Genetic analysis of the 6-deoxyeryth-
ronolide B synthase (DEBS)*? 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 §-ketoreduction
are distinct and clustered as “modules” * (Figure 2). Early
support for this model came from directed mutagenesis experi-
ments on DEBS reductive sites*® as well as the incorporation
of chemically synthesized intermediates into 6dEB by S.
erythraea.'”

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/pCK?7, to study DEBS!' (Figure 2).
We recently demonstrated the production of (2R,35,45,5R)-2.4-
dimethyi-3,5-dihydroxy-n-heptanoic acid 6-lactone (2) (1—3 mg/
L), the expected triketide product of the first two modules, by
CH999/pCK9, which expresses DEBS1 alone!? (Figure 2). This
result provided further biochemical evidence for the modular
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Figure 1. Macrolide antibiotics erythromycin A and methymycin.

PKS model of Katz and co-workers* and the unessential role of
the thioesterase for enzyme product release.'’

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 DEBS1
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)'* (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
f-ketoreductase of module 5 (KR-5) and five amino acids
upstream of ACP-6'3 (Figure 2). Plasmids pCK12 and pCK15
were introduced into S. coelicolor CH999'® and polyketide
products purified from the transformed strains according to
methods previously described.!!

CH999/pCK12 produced 2 (20 mg/L) as determined by 'H
and *C NMR spectroscopy (Figure 2). This triketide product
is identical to that produced by CH999/pCK9'? 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, (2R,35.45.5R)-2.4-dimethyl-
3,5-dihydroxy-n-hexanoic acid d-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/pCK?7,
which expresses the wild-type DEBS1, 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 DEBS! 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 DEBS1 mutant con-
structed in S. erythraea.'” 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.

(13) Bindseil, K. U.; Zeeck, A. Helv. Chim. Acta 1993, 76, 150—157.

(14) Plasmid pCK12 contains eryA DNA originating from pS1 (Tuan,
J.S.; et al. Gene 1990, 90, 21). pCK12 is identical to pCK7'! except for a
deletion between the carboxy-terminal ends of ACP-2 and ACP-6. The
fusion occurs between residues L3455 of DEBSI and Q2891 of DEBS3,
An Spel site engineered between these two residues results in the DNA
sequence CTCACTAGTCAG at the fusion.

(15) Plasmid pCK15 contains eryA DNA originating from pS1 (Tuan,
J. S.; et al. Gene 1990, 90, 21). pCK1S5 is a derivative of pCK7 and was
constructed using an in vivo recombination strategy described earlier.'!
pCKI15 is identical to pCK7 with the exceptions of a KR-5 to ACP-6
deletion, which occurs between residues G1372 and A2802 of DEBS3, and
the insertion of a blunted Sall fragment containing a kanamycin resistance
gene (Oka, A.; et al. J. Mol. Biol. 1981, 147, 217) into the blunted HindIII
site of pCK7. An arginine residue is present between G1372 and A2802 so
that the DNA sequence at the fusion is GGCCGCGCC.

(16) McDaniel, R.; Ebert-Khosla, S.; Hopwood, D.; Khosla, C. Science
1993, 262, 1546—1557.

(17) Cortes, J.; Wiesmann, K. E. H.; Roberts, G. A.; Brown, M. J. B,;
Staunton, J.; Leadlay, P. F. Science 1995, 268, 1487—1489.

© 1995 American Chemical Society



9106 J. Am. Chem. Soc., Vol. 117, No. 35, 1995 Communications to the Editor

module 1 module 3 module §
module 2 module 4 | EmEmm——| ,,4,)e 6
CH999/ —
pCK7: ln ACPXSATKRACPKS AT xuc>l KSATACPKS AT DH ER KR ACH KS AT KR ACPKS ATKR Acr@
T 1 T T T T
L]
O{ o s o} S"I o} s o} [} .
HO HO» [+] . HO®
HO HO® o "
HO HO#® [o] "
HO HOK
HO
{40 mg/L)
CH999/

pCKS: —

CHgg9/

pCKi2: |ATACPKSATKRACPKSATXIACN1> -

CHggg/

pPCK15: TATACPKSATKRACPKSATKR@[KSATACPKSATDIIERKRAC)' xsuxlucr@ e

{20 mglL)

Figure 2. Polyketides produced by engineered S. coelicolor CH999 strains. (See text for details.) CH999/pCK7'! expresses the polypeptides DEBS1,
DEBS2, and DEBS3 (each MW > 300 000) that constitute DEBS.* KS: [-ketoacyl-acyl carrier protein synthase. AT: acyltransferase. DH:
dehydratase. ER: enoyl reductase. KR: S-ketoreductase. ACP: acyl carrier domain. TE: thioesterase. 4 was characterized using 'H and '3C NMR
spectroscopy, propionate-/-"*C and propionate-1,2,3-3C; (sodium salts, Cambridge Isotopes) isotope labeling according to methods described
previously,'" homonuclear correlation spectroscopy (COSY), and heteronuclear correlation spectroscopy (HETCOR). 3: Ry = 0.32 (50% EtOAc/
hexanes); '*C NMR (100 MHz, CDCl;) 6 4.45, 14.18, 18.08, 38.32, 39.39, 73.76, 75.93, and 174. 4: Ry = 0.52 (50% EtOAc/hexanes); 'H NMR
(400 MHz, CDCl;) ¢ 0.84 (t, 3H, J = 7.5 Hz, Ci5-H3), 1.00 (d, 3H, J = 6.6 Hz, Cis-H3), 1.01 (d, 3H, J = 7.4 Hz, Cis-H;), 1.12 (d, 3H, J = 6.9
Hz, Ci»-H3), 1.19 (d, 3H, J = 7.2 Hz, C¢-H3), 1.26 (d, 3H, J = 6.7 Hz, Cis-H3), 1.1-1.2 (1H, Cs-H), 1.40 (ddd, lH, J = 3.5, 13.4, and 13.4 Hz,
Cs-He), 1.48 (m, 1H, J = 7.0, 7.2, and 14.1 Hz, Ci>-H), 1.63 (m, 1H, J = 7.0, 7.3, and 14.0 Hz, C;z-H), 1.79 (ddd, 1H, J = 2.1, 13.3, and 13.3
Hz, Cs-Ha), 191 (ddg, 1H, J = 2.7, 2.7, and 7.3 Hz, Cip-H), 2.55 (m, 1H, J = 3.6, 7.0, and 13.9 Hz, C¢-H), 2.64 (dq, 1H, J = 6.7 and 104 Hz,
C>-H), 3.12 (q, 1H, J = 6.8 Hz, Cs-H), 3.53 (d, 1H, J = 10.3 Hz, C3-H), 3.53 (s, 1H, Cs-H), 4.97 (dt, 1H, J = 2.7 and 7.2 Hz, C;-H); *C NMR
of propionate-1,2, 3-1*Cs-labeled 4 (100 MHz, CDCls) 6 8.92 (d, J = 35.4 Hz, Cis), 10.00 (d, J = 34.4 Hz, C)3), 12.28 (d, J = 33.2 Hz, Cy), 15.75
(d, J =344 Hz, Ciy), 17.38 (d, J = 35.4 Hz, Cis), 19.04 (d, J = 32.0 Hz, C¢), 24.40 (dd, J = 34.4 and 38.4 Hz, C)2), 33.15 (d, / = 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, Cs), 40.41 (dd, J = 36.0 and 40.5 Hz, Cyg), 43.70 (dd, J = 34.3 and 56.4
Hz, C»), 46.78 (dd, J = 32.6 and 32.8 Hz, C¢), 73.10 (d, J = 40.9 Hz, Cy), 78.46 (d, J = 38.1 Hz, C3), 79.13 (d, J = 38.7 Hz, Cyy), 175.31 (4, J
= 54.5 Hz, C)), 221.49 (d, J = 37.7 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): C»-H/Ci-H, 178°; C3-H/Cy-H, —73°; C4-H/Cs-Ha, —81°; C4-H/Cs-He,

168°; Cs-Ha/Ce-H, 179°; Cs-He/Ce-H, —69°; Cs-H/Co-H, 78°; Co-H/Cio-H, 74°; C1o-H/Cyi-H, —58°.

The second recombinant strain, CH999/pCK15, produced
abundant quantities of (8R,95)-8.9-dihydro-8-methyl-9-hydroxy-
10-deoxymethynolide (4) (20 mg/L) (Figure 2). 4 is an analog
of 10-deoxymethynolide,'® 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-11 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.'” 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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