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Engineering of a minimal modular polyketide synthase, and 
targeted alteration of the stereospecificity of polyketide 
chain extension 
lnes B6hm1, In&s E Holzbaur*, Ulf Hanefeld**, Jesirs Cortksl, Jim Staunton* 
and Peter F Leadlay’ 

Background: Polyketides are a large and structurally diverse group of natural 
products that include antibiotics, antifungal agents and immunosuppressant 
compounds. Polyketides are biosynthesised in filamentous bacteria on modular 
polyketide synthases (PKSs) in which each cycle of chain extension requires a 
different ‘module’ of enzymatic activities. The recently proposed dimeric model 
for modular PKSs predicts that even a single-module PKS should be 
catalytically active in the absence of other PKS components. Researchers are 
also interested in manipulating the stereochemical outcome of polyketide chain 
extension using genetic engineering of domains within each module. 

Results: We have constructed a minimal modular PKS from the erythromycin- 
producing PKS (DEBS) of Saccharopolyspora erythraea. The diketide synthase 
(DKSl-2) consists of a single chimaeric extension module, derived from the 
DEBS module 1 ketoacyl-ACP synthase (KS), sandwiched between a loading 
module and a chain-terminating thioesterase. When DKSI -2 was expressed in 
S. eryfhraea, the strain preferentially accumulated the diketide (2R,3S)-2- 
methyl-3-hydroxy pentanoic acid. 

Conclusions: These results demonstrate that, as predicted, even a single- 
module PKS is catalytically active in the absence of other DEBS proteins. In its 
normal context, the ketosynthase domain KS1 is thought to generate a (2s) 
2-methyl-3-hydroxy intermediate by epimerising the initial product of 
carbon-carbon chain formation, the (2R)-2-methyl-3-ketoester. The observed 
formation of the alternative (2R)-2-methyl-3-hydroxy product catalysed by 
DKSl-2 provides strong support for this proposal, and indicates how targeted 
alteration of stereospecificity can be achieved on a modular PKS. 
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Introduction 
Macrocyclic polyketides form a large and structurally 
diverse class of natural products, synthesized principally 
by soil microorganisms like Streptumyces and related fila- 
mentous bacteria, and including numerous clinically 
important antibiotics, antifungal, antiparasitic and antitu- 
mor compounds, as well as immunosuppressants. They 
are synthesized on modular polyketide synthases (PKSs) 
that consist of giant multienzymes [l-9] housing sets or 
‘modules’ of enzymic activities, each module containing 
the enzymes required to catalyze a particular round of 
polyketide chain extension and (where appropriate) 
reduction, using as substrates simple carboxylic acids acti- 
vated as their coenzyme A (CoA) esters. The ery- 
thromycin-producing PKS (Gdeoxyerythronolide B 
synthase, DEBS), for example, contains six extension 
modules distributed between three dimeric multien- 
zymes DEBSl, DEB%? and DEBS3 [lo]. Initiation of 
polyketide synthesis occurs on a loading module at the 

amino terminus of DEBSl, and chain termination/cyclisa- 
tion is catalyzed by a thioesterase (TE)/cyclase at the car- 
boxy1 terminus of DEBS3 [l-3]. 

The unusual size and complexity of modular PKSs (the 
rapamycin-producing PKS, for example, has more than 65 
different active sites that are used in succession [5,6]) has 
hindered studies of their structure and function, but a con- 
venient model system has been engineered by relocating 
the DEBS chain-terminating TE to the carboxyl terminus 
of the DEBSl multienzyme [11,12]. The resulting bimod- 
ular PKS (DEBSI-TE, M, 780,000 efficiently catalyzes 
the production of triketide lactones, both Zn vz2~ [11,12] 
and in vitro [13,14], demonstrating that the DEBSl multi- 
enzyme is catalytically competent in the absence of the 
other DEBS proteins (Figure 1). Relocation of the TE 
domain to the carboxyl terminus of module 3 in DEB% 
[1.5] and of module 5 in DEBS3 [12] also produces the 
anticipated truncated products. The DEBSl-TE model 



408 Chemistry & Biology 1998, Vol 5 No 8 

Figure 1 
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Domain organisation of DEBSl -TE and of diketide synthases DKSl-2. 
Green spheres represent domains originating from the loading domain, 
blue spheres represent domains from DEBS module 1 and red 
spheres from DEBS module 2. AT, acyltransferase; ACP, acyl carrier 
protein; KS, ketosynthase; KR, ketoreductase; TE, thioesterase. 

system has been used to demonstrate that interspecific 
hybrid modular PKSs are functional: transplantation of a 
malonyl-CoA-specific acyltransferase (AT) domain from 
extension module 2 of the rapamycin PKS to replace the 
methylmalonyl-CoA-specific AT domain of extension 
module 1 of DEBS gave rise to the expected altered trike- 
tide lactones [16]. Numerous further examples of such 
domain swaps have since been reported [8,17-191 in 
which a polyketide template has been specifically modi- 
fied, raising the hope that significant numbers of novel 
bioactive compounds might in future be produced using 
such methods [ZO]. However, the efficiency of this engi- 
neering would be greatly enhanced by a better under- 
standing of the structure and function of the PKS. In 
particular, we are far from being able rationally to alter the 
stereochemical outcome of polyketide chain extension of 
the PKS to produce all the possible stereoisomers. 

The initial purification of individual DEBS proteins to 
homogeneity [lo] showed that, as judged by gel-filtration 
chromatography, each of the multienzymes DEBSl, 
DEB% and DEBSS appeared to be a homodimer. This 
finding was supported by data from analytical ultracen- 
trifugation, limited proteolysis and chemical cross-linking 
experiments [Zl]. Consideration of the known, head-to- 
tail, arrangement of the homodimeric mammalian fatty 

acid synthase [Z?] led to the proposal [Zl] of a dimeric 
structure common to all modular PKSs. For example, the 
DEBSl proteins are intertwined and in the dimer 
module 1 makes functional contacts with module 1 in the 
other protein chain and module 2 likewise makes func- 
tional contacts with module 2 in the other protein chain. 
The dimeric arrangement has been confirmed by recent 
complementation studies [23,24] using elegant methodol- 
ogy developed by Smith and coworkers [ZS]. 

The dimeric helical model predicts that even a single 
module PKS should be catalytically competent. Although 
several natural PKSs are known to contain proteins 
housing a single extension module [8,9], and others have 
been engineered [12,15,18], none of these have been 
shown to function in the absence of other PKS proteins. 
We report here the design and construction of a PKS 
derived from DEBS that contains a single extension 
module between the DEBS loading module and the 
DEBS TE. Here we have shown that a recombinant strain 
housing this enzyme and no other DEBS proteins, does 
indeed synthesise diketide. Our finding that the diketide 
produced is substantially the (ZR,SS) isomer strongly sup- 
ports recent conclusions about the molecular basis of the 
stereochemical control of polyketide chain extension, as 
embodied in Celmer’s rules [26], and 21~0 illustrates how 
targeted alteration in the configuration of a polyketide 
product can be achieved. 

Results and discussion 
Construction of the diketide synthase DKSl-2 
A loading module is required for efficient chain initiation 
on modular PKSs, so the DEBS loading module that con- 
sists of a propionyl-CoA-selective AT-ACP didomain was 
selected. Similarly, efficient chain termination requires 
catalysis [ll], and the DEBS TE, which has been shown 
to possess the required broad specificity [13,14], was 
chosen. For the single extension module, the ketosyn- 
thase (KS) domain of extension module 1 of DEBS was 
combined with the AT, ketoreductase (KR) and acyl 
carrier protein (ACP) of the DEBS extension module 2. 
The resulting chimaeric diketide synthase (DKSl-2) is 
illustrated in Figure 1. 

For the construction of the diketide synthase DKSl-2 an 
additional restriction site was engineered into the struc- 
tural gene for DEBSl-TE using the polymerase chain 
reaction (PCR) with mutagenic primers, to produce a 
plasmid in which the DNA regions encoding the KS 
domains from module 1 (KSl) and module 2 (KSZ), were 
flanked on the 3’ end by 2 Hind111 site. This was carried 
out with a pT7-7 based plasmid containing the entire 
open reading frame of DEBSl-TE (in which the original 
Hind111 site had previously been removed). Digestion 
with Hind111 and religation resulted in a plasmid carrying 
the DKSl-2 gene. The gene for DKSl-2 was then cloned 



into the expression plasmid pCJRZ4 [27], using the N&I 
site at the start codon and an X&I site six bases down- 
stream from the stop codon, resulting in plasmid pIBO15. 
A strain of Saccharopolyspora erythraea from which the resi- 
dent DEBS genes had been deleted [‘27] was transformed 
with pIB015 giving strain JCZ/pIB015. 

Production of diketide acids by the engineered diketide 
synthase 
S. erythaea strain JCZ/pIBOl5 was grown for five days. 
Organic acids were extracted and esterified with dia- 
zomethane and the methyl esters were separated and 
analysed by chiral gas chromatography coupled to a mass 

spectrometer (GC-MS). The GC column was calibrated 
using methyl esters of synthetic samples of each of the four 
possible stereoisomers of Z-methyl-3-hydroxypentanoic 
acid methyl ester (Figure 2). The extract of the fermenta- 
tion broth from strain JCZ/pIB015 contains substantially 
(>90%) the specific isomer (2R,3S)-Z-methyl-3-hydroxy- 
pentanoic acid, and in reasonable yield (30 mgll). The 
exact mass of this product, determined as the monosodium 
adduct, was in good agreement with the proposed structure 
(M 169.08606 calculated; M 169.08439 found). No diketide 
products were detected in extracts of the fermentation 
broth of the untransformed control strain JCZ. 

Feeding of diketide acids to polyketide-producing actino- 
mycetes has been reported to result in the degradation of 
the diketide precursor by P-oxidation inside the cell [28]. 
Such an effect might have biased our results if the 
enzymes of P-oxidation in S. eqthaea were active and 
highly selective for isomers of Z-methyl-3-hydroxypen- 
tanoic acid other than the (ZR,3S)-isomer. Addition of 
4-(tetradecylthio) propionic acid (0.1 mg/ml) and 4-pen- 
tynoic acid (0.1 mg/ml), known inhibitors of P-oxidation, 
to the fermentation of the recombinant strain (on day 2) 
did not significantly increase the amount of diketide acid 
found and the only isomer of the diketide acid detected 
under these conditions was again substantially the 
(2R,3S)-Z-methyl-3-hydroxypentanoic acid. 

When cells of the recombinant strain were disrupted and 
subjected to sodium dodecyl sulfate- polyacrylamide gel 
electrophoresis (SDS-PAGE), a polypeptide band was 
visible after Coomassie blue. staining that was absent from 
extracts of the control strain and that had a molecular mass 
of 240 kDa, in good agreement with the subunit molecular 
mass expected for the diketide synthase (data not shown). 
Gel filtration of the cell extracts on a calibrated gel-filtra- 
tion column confirmed that this protein behaved as a 
dimeric species, with an apparent M, of 567 000. 

The production of (2R,3S)-Z-methyl-3-hydroxypentanoic 
acid by the recombinant strain provides direct evidence that 
the engineered chimaeric diketide synthase is competent in 
polyketide chain extension in the absence of other DEBS 
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Fioure 2 
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GC-MS traces of (a) the four stereoisomers of the methyl esters and 
(b) the methyl ester found in the broth from strain ICP/pIBO15, 
including the MS spectrum of the (2R, 3.S)3-hydroxy-2-methyl- 
pentanoic acid methyl ester (ammonia as ionisation gas). Peaks 
corresponding to the (2R, 3S)-3-hydroxy-2-methyl-pentanoic acid 
methyl ester are shaded in red. 

proteins. The single module is therefore the minimal func- 
tional unit of a modular PKS, as predicted by the dimeric 
model. The ability to create a single module catalytically 
competent PKS strengthens still further the functional and 
structural relationship between the bacterial modular PKSs 
and the dimeric mammalian fatty acid synthase. Interest- 
ingly, a fatty acid synthase deficient in dehydratase activity 
has been shown to produce the diketide (R)3-hydroxybu- 
tyrate as its CoA ester [29]. The diketide synthase is also an 
attractive target for future structural study because of its 
favourable size and its catalytic competence. 

These results also reinforce the broad utility of the TE 
domain in catalyzing chain release - diketides normally 
remain tightly covalently bound to a modular PKS during 
polyketide synthesis. Previous model studies with puri- 
fied DEBS ACP-TE and the N-acetylcysteamine esters 
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Figure 3 
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of the four possible stereoisomers of (2R,3S)-Z-methyl-3- 
hydroxypentanoic acid have shown that hydrolysis of all 
four isomers occurs with approximately the same effi- 
ciency [30]. The observed production (>90%) of the 
(‘2R,3S)-isomer by DKSl-2 cannot therefore be ascribed 
to a difficulty in off-loading another isomer of the dike- 
tide, a situation that would have additionally led to a 
rapid inhibition of the enzyme. 

DKSl-2 was designed to contain a chimaeric module, in 
which the ketosynthase domain of DEBS module 1 is 
combined with the AT, KR and ACP domains of DEBS 
module 2 (Figure 1). As shown in Figure 1, the stereo- 
chemical outcome of catalysis by DEBS module 1 is 
exactly the opposite of the outcome catalyzed by 
module 2. Such variations are consistently seen in natural 
macrocyclic polyketides, and have been codified into a 
set of empirical configurational rules known as Celmer’s 
rules [31]. The activity of DKSl-2 therefore also pro- 
vided an opportunity to examine the consequences of 

pairing domains from modules that normally produce dif- 
ferent stereochemical outcomes. 

Previous work has shown that the AT domains of DEBS, 
contrary to early speculation, do not contribute to the 
stereochemical outcome - all six AT domains in DEBS 
extension modules bind (ZS)-methylmalonyl-CoA and 
not the (ZR)-isomer in vitro, and only the (28) isomer is 
used as substrate by purified DEBSl-TE 1321. This 
observation conclusively eliminated the hypothesis that 
both (‘LX)- and (ZS)-isomers serve as substrates in the 
DEBSl-TE system and hold the key to the stereochemi- 
cal outcome. More recent work on DEBSl-TE has also 
revealed that module 1, but not module 2, possesses an 
epimerase activity that converts the initially formed (ZR)- 
Z-methyl-3-oxopentanoic thioester (Figure 3) into the 
(‘2S)-isomer, which is then reduced by KRl [26]. For KSZ, 
condensation of (ZS)-methylmalonyl-CoA also leads to 
the (2X)-ketoacyl thioester, but epimerisation is not nec- 
essary to provide the KR’2 with its preferred substrate. 



Research Paper Minimal polyketide synthase Btihm et a/. 411 

The nredicted outcomes of diketide svnthesis on DKSl-2 Manipulation of DNA 
Routine cloning and transformation procedures were as previously 
described for Escherichia co/i [33]. PCR was performed using Pwo 
polymerase (Boehringer) according to the manufacturer’s instructions. 
Transformation of S. erythraea was carried out using the method of 

(hous’ing the chimaeric module containing KS1 and KRZ) 
are also shown in Figure 3. Initial condensation catalyzed 
by KS1 leads to the (ZR)-ketoacyl thioester, which equili- 
brates with the (ZS)-isomer on the enzyme. But the (ZR)- Yamamoto et a/. [34]; plasmid-containing S, eryfhraea were selected 

isomer is the preferred substrate for KRZ, and so the on solid medium containing thiostrepton (25 mg/l). 

predicted diketide product is (ZR,3S)-Z-methyl-3-hydrox- 
ypentanoic acid, rather than the (‘2S,3R)-isomer that is pro- 

Construction of the expression plasmid p/B015 

duced by module 1 of DEBS. This outcome is exactly 
The HindIll site from plasmid pNTEP2, a pT7-7 based plasmid contain- 
ing the entire open reading frame for DEBSl -TE [16], was removed to 

what was seen for DKSl-2 (Figure 2). Our observation that give pNTEPH. Using PCR with pNTEPH as a template two new HindIll 
.u 

(2R,3S)-Z-methyl-3-hydroxypentanoic acid is the predomi- restriction sites were created at positions 2895 and 7316 (numbered 

nant product (>90%) of the chimaeric diketide synthase is, 
starting with the ATG of the open reading frame), at the end of the con- 

therefore, strong evidence that in module 1 of DEBS KS1 
served KS1 and KS2 domains, respectively. The resulting plasmid was 
called plBOO7. Plasmid pIBOO was digested with HindIll and religated 

is indeed caoable of svnthesis of the (ZR)-ketoester 1261, to give plBO1 1. The resulting diketide synthase DKSl-2 contains the 
I _  _, 

that epimerisation to the (Z&J-ketoester occurs after C-C loading module comprising AT and ACP domains, KSI, AT2, KR2 

bond formation and not before and that KRl is responsible domains, a chimaeric ACP from DEBS modules 2 and 6, and the TE 

for selection of the correct enantiomer for reduction. The 
domain. The diketide synthase was subsequently cloned into pCJR24, 
an expression plasmid for S. eryfhraea, as an NdellXbal fragment to 

potential synthetic utility of these observations is clear - give plasmid plBOl5. 

the judicious choice of components in a chimaeric exten- 
sion module can bring about a targeted alteration of the Analysis of the (2R,3R)-3-hydroxy-2-methyl-pentanoic acid 

stereochemistry at both of the methyl- and hydroxy- 
product 

bearing centres in appropriate polyketide products. 
Fermentation broths containing diketide acid were acidified to pH 2.5, 
solid NaCl was added to near saturation, and the aqueous broth was 
extracted three times with an equal volume of ethyl acetate. The com- 

Significance bined extracts were esterified ‘with diazomethane and analysed by 

Modular polyketide synthases (PKSs) are promising GC-MS on a GCQ instrument (Finnigan MAT). A Hydrodexj3PM 

tools for the combinatorial biosynthesis of complex 
column (25 m x 0.25 mm ID) (Machery-Nagel, Germany) was used, 
with helium as the carrier gas. The constant oas velocitv was 50 cm/s 

polyketides, including both analogues of known polyke- and the injector temperature was 250%. The temperature program 

tide drugs and compounds with wholly novel bioactivity. used to separate the four possible diketide methyl esters was as 

The demonstration that a minimal PKS, consisting of a follows: 40°C for 2 min, then a gradient of 3”Clmin to 70°C and then 

single chimaeric extension module sandwiched between 
70°C for 25 min. 

a loading module and a chain-terminating thioesterase, 
is catalytically competent in the absence of other PKS 
components both supports a recently proposed dimeric 
model for these enzymes and also provides a more 
accessible target for structural studies, in which all the 
key protein-protein interactions of a modular PKS are 
retained. The recombinant strain containing the 
minimal PKS, derived from the erythromycin-producing 
PKS (DEBS), produces predominantly one stereoiso- 
mer (>90%) of the diketide product, whose configura- 
tion differs from that produced by module 1 of DEBS. 
This outcome reinforces the idea that the epimerisation 
found in certain modules such as DEBS module 1 

The four diketide esters [35] had the following retention times on the 
chiral GC column: (2R, 3S)-3-hydroxy-2-methyl-pentanoic acid 
methyl ester: 30:50 min; (2R,3R)-3-hydroxy-2-methyl-pentanoic acid 
methyl ester: 31:51 min; (2S, 3R)-3-hydroxy-2-methyl-pentanoic acid 
methyl ester: 32:27 min ; (2S, 3S)-3-hydroxy-2-methyl pentanoic acid 
methyl ester: 33:30 min. The fragmentation pattern for an authentic 
standard was as follows (GC-MS, Cl mode with methane as reagent 
gas): (M)H+ m/z = 147; (M-H,O)H+ m/z = 129; (M-CH,OH)H+ 
m/z = 115; (M-CHaOH-H*O)H+ m/z = 97. With NH, as reagent gas: 
(M)NH,+ m/z = 164. The product from strain JC2/plBOl5 showed a 
retention time and fragmentation patterns identical to those of the 
authentic sample of (2R, 3S)-3-hydroxy-2-methyl-pentanoic acid 
methyl ester (Figure 2). When identical quantities were injected the 
peak width at half height for this isomer was the same, irrespective of 
the origin of the sample. 
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Materials and methods 
Strains and plasmids 
All DNA manipulations were performed in Escherichia co/i DHlOB 
(Gibco) using standard culture conditions [331. S. erythraea strains 
containing plasmids with SCPP* were grown at 30°C in TSB (Gibco) 
containing thiostrepton (5 mg/l; Sigma). 
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