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Modular polyketide synthases (PKSs; M¥300 000) catalyze
the biosynthesis of polyketide natural productsThese enzymes
program the complex series of reaction steps in polyketide
biosynthesis in part by their modular active site organization,
which has stimulated much interest in generating new molecules
through the rational and combinatorial engineering of PKS génes.
While gain-of-function, replacement, and inactivation experiments
have revealed the remarkably broad substrate specificity of PKS
active sites;1° the structural basis for stereochemical control by
these multifunctional enzymes remains poorly understood.

In the monofunctional alcohol dehydrogenases, stereochemica
control of carbonyl reduction has been extensively stud#iéd.
These enzymes (MA35 000 per subunit) catalyze the reduction
of aldehydes and ketones to the corresponding alcohols (as wel

as the reverse reaction), using NADH or NADPH as cofactors. |

During ketoreduction, a specific hydride iopr¢-R or pro-S) is

transferred from the cofactor to one face of the carbonyl substrate,

generating @ or L alcohol. Crystal structures have shown that
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this stereochemical control is achieved through oriented binding
of both the cofactor and substrate, so that the hydride ion is always
removed from and added to the same face of each molecule.

Similarities in stereochemical control mechanisms between the
alcohol dehydrogenases and modular PKSs are not obvious a
priori, due to the multidomain organization of the latter enzymes.
In modular PKSs, stereochemistry might be controlled by the
pB-ketoreductase (KR) domains in a manner analogous to the
monofunctional dehydrogenases, in that the KR binds NADPH
and a polyketide intermediate in an oriented fashion and thus
dictates3-hydroxyl stereochemistry. However, a typical reduced
polyketide contains hydroxyl groups of bathandL stereochem-
istry, thereby requiring alternative modes of binding for the
individual 3-(ketoacyl)-ACP intermediates by the relevant KR
domain. For example, the triketide lactode(Figure 1), the
product of a bimodular derivative of the 6-deoxyerythronolide B
synthase (DEBSY;'8contains hydroxyl groups in both the(39
and p-(5R) configurations® To study the control of hydroxyl
stereochemistry in reduced polyketides, we have carried out
several KR domain replacements in a three-module derivative of
the DEBS® Our results demonstrate thashydroxyl stereochem-
ical control is an intrinsic property of individual KR domains
and is independent of the substitution patternjefketoacyl)-
ACP substrates.

To examine the stereochemistry/ketoacyl thioester reduc-
tion, we constructed three derivativesSifeptomyces coelicolor
CH999/pCK13 (Figure 1). Plasmid pKOS011-56 contains the

|KR domain of DEBS module 5 in place of the native KR2n

plasmids pKAO392 and pKAO404, KR2 is replaced by the KR
domains of the rapamycin synthase (RAP®)odules 2 and 4,

[respectively' The RAPS KR2 segment also contains a putatively

inactive dehydratase (“null DH®: Each plasmid was introduced
into S. coelicolorCH9992%:2 and the resulting strains analyzed
for polyketide productior®

Fermentation ofS. coelicolorCH999/pK0OS011-56 produced
the tetraketide® and3, as determined b¥H NMR spectroscopy
(Figure 1). These products are identical to those synthesized by
the wild-type three-module strain CH999/pCKithus establish-
ing that KR5 is fully functional in module 2. Similar results have
also been reported for the bimodular DEBS derivativén
contrast, fermentation of bo®. coelicolotCH999/pKA0392 and
CH999/pKA0404 yielded the triketide lactond) (as the major
product ¢~20 mg/L; Figure 1). The structure df which is the
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Scheme 1. Synthesis o#?
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Figure 1. Polyketides produced by engineered derivatives of the

6-deoxyerythronolide B synthase (DEBS}8(See text for details.) The a Rﬁj\/{ism DEBSKRS__ /w/'?iismp
S. coelicolorCH999/pK0OS011-56, which contains the DEBS KR5 in NADPH
place of the native KR2 domain, produces a mixtur€@&nd3. In S. 1 o 6 o oH oH o
coelicolorCH999/pKAO392 and KAO404, the native DEBS KR2 domain DEBS KR5 H
is replaced by the rapamycin polyketide synthase (RAP@Huctive b) WSACP NADPH MSACP
domains from modules 2 and 4, respectively. Both strains produce the i )
aborted R triketide product4), the C3-hydroxy diastereomer of the wild- o o o o
type Striketide (1).12 KR: f-ketoreductase; DH: dehydratase. a) RAPS KR2
Q/\:E)\)LSACP o Q/\i/U\SACP
(3R)-hydroxy diastereomer of the wild-type triketidg'? was HO' HO' i
determined byH and®*C NMR spectroscopie®,including COSY 2 M oH
and NOE, HRMS® and isotopic labeling with [£2C]propionate b oo o sz U0
and [1,2,3'3C;]propionate?’” As a final confirmation of the WSACP oo ws;\cp
structure of4, the'H and*3C NMR spectra of biosynthetically - -
derived4 were identical to those of an authentic reference sample o o0 o o OH O
synthesized by the method of Evans (Schemé 1$tannous 2 RWSAC MRWSACP
triflate-mediated aldol reaction ¢f-ketoimideé®® 5 with propi- NADPH
onaldehyde afforded the desired add@ietith high diastereose- 3 OH O o OH OH ©
lectivity. Quantitative reduction of aldol adduétwith DIBAL h)‘\)ksm RAPS KR4 (H/k)‘\s;\cp
gave the desired syn didl28® Treatment of7 with LIOOH i NADPH

resulted in oxazolidinone cleavage addactonization to give
(2R,3R,4S5R)-2,4-dimethyl-3,5-dihydroxyheptanoic acidlac-
tone @).

The polyketides reported in this study demonstrate that KR

Figure 2. Comparison of structure and stereochemistry of native and
engineered substrat@roduct pairs for DEBS KR5, RAPS KR2, and
RAPS KR4. (1a,2a,3a) Native reduction of DEBS KR5, RAPS KR2, and

; ? RAPS KR4, respectively. (1b,2b,3b) DEBS KR4, RAPS KR2, and RAPS
domains control the absolute stereochemistry-(etoacyl)-ACP KR4 reduction, respectively, of the DEBS triketide. For the RAPS KR4

reduction. Furthermore, as illustrated in Figure 2.’ the KR dom.a"?s native reduction (3a), thg-hydroxyl stereochemistry has been inferred
operate regardless of the degree or stereochemistry of substitution,, ., e experiments described here, while the adjacemethy
of the -ketoacyl thioester substrate. Thus CH999/pKOSO011- ¢onfiguration remains unknown. ’

56, which contains DEBS KR5 in place of KR2, generates the
RAPS KR2 in place of DEBS KR2, produces & ¥iketide

wild-type triketide (Figure 2(1b)), since both KR2 and KR5 ! " : : J
naturally generate a §-hydroxyl intermediate (cf. Figure 2(1a) intermediate (Figure 2(2b)), consistent with the RAPS KR2
stereochemistry in its native environm&(Figure 2(2a)). Note

and Figure 1). However, CH999/pKAO392, which contains
that the C-2 and C-4 substituents of the natural and engineered

(26) For4: R = 0.47 (50% EtOAc/hexanes)¥ NMR (400 MHz, CDCI3) i i ;
6 (ppm) 4.68 (ddd, 1HJ = 2.9, 6.2, 8.1 Hz, H-5), 3.93 (dd, 1H~= 3.7, 3.7 E.AP”S KEZ ?;]Jbosltratels are corr]npletely dflffﬁrenglgsFlgurde lz(i)'
Hz, H-3), 2.64 (dq, 1H]) = 3.7. 7.2 Hz, H-2), 2.07 (ddq, 1H,= 3.4, 3.8, Finally, the S-hydroxyl stereochemistry of the > module
7.?;3!;’2,7?4%51373 “ﬂ%&”ﬁ;@ ;:]1 1§.g Ez, Eﬁ%)ﬁl)'izé‘éd(q'glﬂ" intermediate, which (along with the-methyl substituent) is
=6.3, 7.4, 13.8 Hz, H-6b), 1. , 3d,= 7.2 Hz, , 1.00 (t, 3H, i i in bi -
J=7.3 Hz, CZ-CHy), 0.97 (d, 3H,J = 7.2 Hz, C4-CHy): ¢ NMR (100 Ohbs‘?ggeg. by sm;b;equ_ent deh?/%rau%%%urga Jggf‘”&i‘é’lgfsyn
MHz, CDCE) o (ppm) 173.8 (C-1), 79.61 (C5), 72.96 (C3), 36.52 (C2), 36.46 thesis® (Figure 2(3a)), is revealed to y ¢ p :
(C4), 24.99 (C6), 12.17 (C2CH;), 9.98 (C4-CH), 9.90 (C7CHs); HRMS which contains RAPS KR4 in module 2 (Figure 2(3b)). Further
(Clﬁzli)c)/tilcjiﬁir]n?gtm—tli—oﬂ;’fgglc?ignnj[elgg]%rﬁ;gﬁa(igsﬁgogr?{é/g?é coslicolor | Studies should reveal whether the isolation 4fan aborted
CH999/pKA0404 gavet labeled at C-1, C-3, and C-5. Administration of  triketide product from CH999/pKAO392 and pKAO404, reflects
a stringent specificity of the ketosynthase domain of module 3
(KS3) for (39-hydroxy intermediates, a difference in lactonization
rates ofl and4, or other features of modular PKS structure and

sodium [1,2,3%C;]propionate (100 mg/L) gavé labeled at all nine carbons
with 3C NMR coupling patterns consistent with the derivatiod dfom four
intact propionate units.
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