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Abstract: Polyketides are a diverse class of medically important natural products whose 
biosynthesis is catalysed by polyketide synthases (PKSs), in a fashion highly analogous to 
fatty acid biosynthesis. In modular PKSs, the polyketide chain is assembled by the 
successive condensation of activated carboxylic acid-derived units, where chain extension 
occurs with the intermediates remaining covalently bound to the enzyme, with the growing 
polyketide tethered to an acyl carrier domain (ACP). Carboxylated acyl-CoA precursors 
serve as activated donors that are selected by the acyltransferase domain (AT) providing 
extender units that are added to the growing chain by condensation catalysed by the 
ketosynthase domain (KS). The action of ketoreductase (KR), dehydratase (DH), and 
enoylreductase (ER) activities can result in unreduced, partially reduced, or fully reduced 
centres within the polyketide chain depending on which of these enzymes are present and 
active. The PKS-catalysed assembly process generates stereochemical diversity, because 
carbon–carbon double bonds may have either cis- or trans- geometry, and because of the 
chirality of centres bearing hydroxyl groups (where they are retained) and branching 
methyl groups (the latter arising from use of propionate extender units). This review shall 
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cover the studies that have determined the stereochemistry in many of the reactions 
involved in polyketide biosynthesis by modular PKSs. 

 
Keywords: polyketides; polyketide synthase; stereochemistry; ketosynthase; acyltransferase; 
ketoreductase; dehydratase; enoylreductase 

 

1. Complex Polyketides 

Polyketides are among the most important microbial natural products used in medicine. Members of 
this diverse family of compounds are used as a wide variety of therapeutics, including antibiotics such 
as erythromycin, anticancer epothilones, immunosuppressant rapamycin, and cholesterol-lowering 
lovastatin, to name only a few [1-4]. This colourful spectrum of biological activities arises from their 
considerable structural diversity (Figure 1). 

Figure 1. Bioactive complex polyketides with diverse structure and function. 

 

Polyketides are biosynthesized by plants, fungi, and bacteria from the step-wise condensation of 
short chain carboxylic acid-derived units. Assembly of complex structures from these simple building 
blocks is carried out by enzyme complexes known as polyketide synthases (PKSs). Different families 
of PKSs generate very distinct classes of polyketides. Aromatic polyketides, arising largely from 
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unreduced polyketone chains, comprise one such class. These are distinct from the reduced or complex 
polyketides, in which many of the carbonyl functionalities have undergone partial or full reduction 
during biosynthesis by the action of component enzyme activities within the PKS. In contrast to 
aromatic polyketides, complex polyketides are biosynthesized by the catalytic action of unusually 
large (some ranging in megadaltons) multidomain enzymes forming a sort of molecular assembly-line 
wherein each catalytic step is carried out by a specific domain. The “assembly-line” PKS enzymes that 
biosynthesize complex polyketides are known as modular PKSs and contain catalytic domains that are 
usually covalently linked with the domains organized into “modules” in which the enzyme activities 
are specific to a given step in chain elongation. In what is described as the “co-linearity rule,” the 
organization of modules in modular PKSs and the catalytic activities present in each module ultimately 
determines the structure of the polyketide chain (with potential post-PKS tailoring or decoration of the 
chain occurring after polyketide biosynthesis). It is the modularity of these biosynthetic enzymes and 
the countless ways in which the “assembly-line” can be configured in modular PKSs of different 
organisms that gives rise to the vast structural and functional diversity of complex polyketides [5,6]. 

2. Modular Type I PKSs and the Closely Related Metazoan Type I FASs 

The biosynthesis of polyketides shares a great deal of similarity to that of fatty acids, and much of 
our current understanding of PKS enzymes has benefited from extensive studies on the fatty acid 
synthase (FAS) systems [1,3]. By the 1980s, it was clearly evident from genetic analyses of the two 
systems that they shared a common evolutionary history [7-9]. PKSs, like FASs, can be broadly 
classified as type I or type II, with multiple catalytic activities contained either within large, covalently 
bound multienzyme complexes, or on discrete, dissociated enzymes respectively (PKSs can also be 
categorized into a type III classification, which are among the simplest PKSs known [10] and which 
shall not be further discussed in this review). Modular PKSs fall under the type I PKS classification, 
and are closely related to the type I metazoan (animal) FASs. 

In the sequence of reactions involved in the biosynthesis of both polyketides and fatty acids, 
beginning with a starter acyl group, extender units from activated acyl-CoA precursors are assembled 
head-to-tail into the growing chain in a highly co-ordinated fashion involving several enzymatic 
activities (Figure 2) [1,3]. The extender units are derived from acyl-CoA precursors activated by 
carboxylation at the α-position, allowing for chain elongation by decarboxylative condensation. In 
fatty acid biosynthesis the starter unit is an acetyl group derived from acetyl-CoA and the extender 
units are activated acetyl groups derived from malonyl-CoA, whereas polyketide biosynthesis can 
utilize a variety of starter units derived from acyl-CoA precursors and activated extender units derived 
from carboxylated acyl-CoA precursors. In both cases, the growing chain remains bound by thioester-
linkage to the enzymes involved in extension. Typically, the process begins with the transfer of an acyl 
group to the ketosynthase (KS), an enzyme that catalyses condensation during elongation, where it is 
attached to a specific cysteine thiol. In animal FAS and modular PKS systems, the starter acyl unit is 
first transferred from the acyl-CoA by an acyltransferase (AT) to an acyl carrier protein (ACP), to 
which it is tethered via a phosphopantetheine cofactor attached in phosphodiester linkage to a unique 
serine residue, before being passed to the KS [11]. In the first elongation cycle, the AT loads the ACP 
with an extender unit. The KS then catalyses condensation of the ACP-tethered extender unit to the 
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bound acyl group with concomitant decarboxylation of the carboxylated acyl moiety, resulting in an 
ACP-bound β-ketoacyl intermediate. The β-ketoacyl thioester intermediate can then be further 
modified at the β-carbon by a ketoreductase (KR – catalysing reduction of the keto group to a 
hydroxyl), a dehydratase (DH – catalysing dehydration of the hydroxyl to form a double bond), and an 
enoylreductase (ER – reducing the double bond to a saturated methylene). In FAS enzymes, the KR, 
DH, and ER domains are always present and active, reducing the C-3 position of the nascent chain to a 
saturated methylene, and the extended acyl chain is then passed again to the KS, for the next of a 
number of identical cycles in which the same enzymes catalyse iterative condensation with malonyl 
extender units, accompanied by β-carbon reduction of the intermediates until the chain is released by a 
thioesterase (TE). On the other hand, in modular PKSs, some of the KR, DH, and ER domains may or 
may not be present or active in a given ‘module’ where each successive chain extension is carried out 
by a different module containing its own set of catalytic domains necessary for chain extension (and 
optional β-carbon processing). While the end result of FAS-catalysed fatty acid biosynthesis is 
typically a fully reduced carbon chain of a defined length, polyketides resulting from assembly by 
modular PKSs usually have varying degrees of reduction at different carbon centres within the chain 
where the degree of reduction on the β-carbon-derived centres, and indeed the overall structure, of the 
polyketide depends on the presence or absence of these optional domains within the modules [1]. 

Figure 2. Biosynthesis of fatty acids (solid arrows) and polyketides (solid/dashed arrows). 

 

The modular PKSs (at least those of actinomycete bacteria) typically exhibit what is called  
co-linearity with their products, that is to say that by examination of the sequence of modules of the 
PKS, one can make a reasonably accurate prediction about the structure of the resulting product [1]. 
One example showing how modular PKS organization is reflected in polyketide structure, can be seen 
in the multienzyme complex known as 6-deoxyerythronolide B synthase (DEBS), which synthesizes 
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the aglycone core of erythromycin (Figure 3). DEBS is a modular PKS in which six extension modules 
in addition to a loading module, divided among three large proteins (DEBS1, DEBS2, and DEBS3), 
work in an assembly-line fashion to produce 6-deoxyerythronolide B. The DEBS system, which was 
the first modular PKS to be sequenced [12], remains the best studied to date. 

Figure 3. Biosynthesis of the aglycone of erythromycin by 6-deoxyerythronolide B 
synthase (DEBS) and subsequent conversion into erythromycin A. 
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The modular PKSs are versatile enzymes responsible for the biosynthesis of a very large number of 
diverse complex or reduced polyketides with varied structure. Erythromycin represents a sub-family of 
such polyketide compounds known as macrolides, which consist of large (12-, 14-, or 16-membered) 
macrocyclic lactone rings bearing unusual deoxy(amino)sugar moieties. The polyethers, which include 
the ionophoric antibiotic monensin, are formed by the oxidative cyclization of an initially synthesized 
linear polyketide polyene [13]. Other complex polyketides are hybrids of different structural classes; 
rapamycin is formed by the action of rapamycin synthase (RAPS), which includes type I PKS  
modules and also a non-ribosomal peptide synthetase (NRPS) module (another example of a modular 
assembly-line system), forming a mixed polyketide-peptide structure. Amongst this structural 
diversity, modular PKSs generate an impressive diversity of asymmetric centres in their polyketide 
products. This occurs as the reduction of β-ketones to alcohols gives rise to stereogenic centres bearing 
hydroxyl groups (where they are retained), branching methyl groups may be incorporated in different 
configurations, and the double bonds that are formed may have either cis or trans geometry. As with 
other aspects of polyketide biosynthesis, many of the early insights on the stereochemistry of reactions 
catalysed by PKSs were gained by analogy to the highly related FASs. 

3. Stereochemical Aspects of Fatty Acid Biosynthesis 

Although the products of the fatty acid biosynthetic pathway are typically achiral, pioneering 
studies have elucidated the entire stereochemical course of their assembly. Understanding of the 
detailed stereochemistry underlying the reaction mechanisms involved in fatty acid biosynthesis has 
led to important insights into how stereocentres are generated in polyketides. 
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Stereospecific isotopic labelling of FAS substrates has enabled the otherwise cryptic stereospecificity 
of the enzymes to be revealed. By labelling prochiral centres of the substrates with deuterium or 
tritium and tracing the fate of the isotopic labels, the stereochemical course of each reaction has been 
determined (Figure 4). Using this approach, it was deduced that the KS-catalysed condensation 
reaction in the type I FASs of both animals and yeast occurs with inversion of configuration at the C-2 
position (Figure 4A) [14,15]. The KR-catalysed reduction of the β-ketoacyl intermediate occurs by the 
attack on the si face of the C-3 carbonyl carbon by the 4′-pro-S hydride of NADPH to give exclusively 
the (3R)-hydroxyl intermediate (Figure 4B) [16]. This is followed by a DH-catalysed syn elimination 
of water from the 2-pro-S hydrogen and the (3R)-hydroxyl group generating a trans double bond 
(Figure 4C) [17]. The ER is the only enzyme of FAS known to differ in its stereochemical course 
among different organisms (Figure 4D). The ER of animal FAS, catalyses attack by the 4′-pro-R 
hydride of NADPH at the 3-Re face, with protonation at the 2-Si face, giving an overall syn  
addition [14]. The ER of yeast FAS catalyses attack by the 4′-pro-S hydride of NADPH [18] at the  
3-Si face, with protonation occuring at the 2-Si face, an overall anti addition [19]. In the type II FAS of 
E. coli, the ER catalyses attack by the 4′-pro-S hydride of NADH at the 3-Si face of the enoyl 
intermediate with protonation at the 2-Re face [20] to give overall syn addition. It has also been 
discovered that in dyer’s thistle (Carthamus tinctorius) and flour beetle (Tribolium confusumon), both 
of which produce unusual hydrocarbons from fatty acids, an ER activity catalyses the anti-2-Re,3-Re 
addition in the biosynthesis of these compounds [21]. Thus, remarkably all four possible 
stereochemical courses for enoylreduction have been observed in nature among FAS enzymes from 
different organisms. 

Figure 4. Stereochemical course of reactions during fatty acid biosynthesis [14-21]. (A) 
Stereochemical inversion at C-2 upon KS-catalysed condensation. (B) Ketoreduction of the 
3-ketone to produce a 3R-configured β-hydroxyl intermediate. (C) Dehydration of the  
β-hydroxyl intermediate generating a trans-configured double-bond (D) Enoylreduction of 
the unsaturated intermediate in varying organisms by alternative stereochemical courses. 
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4. Stereochemical Control of Assembly-Line Biosynthesis in Modular Type I PKSs 

The modular PKSs typically generate, within their complex polyketide products, a multitude of 
stereogenic centres. How the modular PKSs exert control over the configuration of each of these 
centres has been the subject of intensive study. Stereospecificity is observed in each step in the 
sequence of reactions in a given cycle of chain extension, controlling not only the configuration of the 
functionality at the β-carbon-derived centre, from the processing of the nascent β-keto group, but also 
the configuration at the α-carbon-derived centre in cases where a branched extender unit, such as a 
methylmalonyl unit, is introduced.  

As with fatty acid biosynthesis, isotopic labeling studies proved useful in determining the 
stereochemical course of reactions in polyketide biosynthesis. Expression of isolated PKS domains 
made it possible to study many of the catalytic activities individually in vitro. Also, the use of 
engineered recombinant hybrid PKSs greatly facilitated studies on many aspects of polyketide 
biosynthesis including stereochemistry. One such hybrid PKS is the bimodular PKS known as DEBS1-TE, 
which was engineered by relocating the chain-terminating thioesterase (TE) domain from DEBS3 and 
fusing it to the C-terminus of the DEBS1 protein, housing the loading module and first two extension 
modules [22]. The resulting DEBS1-TE, which produces a triketide lactone product (Figure 5), 
provides a relatively simple model PKS system, and has served as the work-horse for many studies on 
polyketide biosynthesis including experiments involving domain-swapping, site-directed mutagenesis, 
and in vitro feeding studies which have been invaluable in understanding the stereochemistry of  
PKS-catalysed reactions. 

Figure 5. Synthesis of a triketide lactone by DEBS1-TE, a recombinant PKS engineered 
by fusing the TE domain of DEBS3 to the C-terminus of the DEBS1 protein [22].  

 

4.1. Stereoselectivity of the AT-Catalysed Acyl Transfer 

The AT domain of modular PKSs is responsible for the recruitment of the extender units used in the 
chain elongation of polyketide biosynthesis. The AT catalyses the attachment of the selected extender 
unit to the ACP of a given module. The specificity for different extender units differs among AT 
domains, and divergent sequence motifs which correlate to extender unit specificity (e.g., malonyl or 
methylmalonyl) have been identified [23-25]. For the erythromycin biosynthetic pathway, which 
utilizes methylmalonyl units for each extension step, many studies using isotopically labeled 
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precursors have been carried out and have determined that the AT domains of DEBS modules utilize 
solely the (2S)- isomer of methylmalonyl-CoA. 

In pioneering studies on the stereochemistry of erythromycin biosynthesis, cultures of 
erythromycin-producing S. erythraea were fed isotopically labeled [2-2H2,2-13C]propionate. From the 
labelled propionate, two stereoisomers of isotopically labelled methylmalonyl-CoA were generated 
intracellularly ((2S)-[2-2H,2-13C]methylmalonyl-CoA and (2R)-[2-13C]methylmalonyl-CoA), with the 
(2S)- isomer bearing a deuterium label (Figure 6) [26]. Although exchange of the deuterium occurring 
on the (2S)- precursor hampered its incorporation into the polyketide, analysis of the macrolide 
product resulting from assembly of the deuterated (2S)- extender units showed evidence of deuterium 
labeling at the C-2, C-4, and C-10 centres, where D-configured methyl substituents were present, 
indicating that the extender units incorporated at these positions had arisen from (2S)-methylmalonyl-CoA 
with inversion of α-configuration upon decarboxylative condensation as found for fatty acid 
biosynthesis [15]. Meanwhile no deuterium label was detected at C-6, C-8, and C-12 positions,  
which bear the L-configured methyl substituents. Unfortunately, attempts to generate deuterated  
(2R)-methylmalonyl-CoA in situ by feeding cultures its direct precursor [2-2H2,2-13C]succinate (as a 
diethyl ester), were thwarted due to loss of the deuterium label by exchange processes. Thus the origin 
of the C-6, C-8, and C-12 positions with L-methyl substituents could not be clearly determined, as it 
could not be shown whether the extender units incorporated into these positions had arisen from  
(2R)-methylmalonyl-CoA with inversion of α-configuration, or from (2S)-methylmalonyl-CoA with 
subsequent α-epimerization (resulting in the loss of a deuterium) following an inverting condensation, 
or even if they had originated from (2S)-methylmalonyl-CoA (which may have lost its isotopic label 
through an exchange process) incorporated into the chain by a mechanism that retains α-configuration. 

Figure 6. Feeding of labeled precursor, [2-2H2,2-13C]propionate, to S. erythraea and 
subsequent in situ intracellular conversion to (2R)-[2-13C]methylmalonyl-CoA and  
(2S)-[2-2H,2-13C]methylmalonyl-CoA [26]. 
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In later studies, the isolation and characterization of the DEBS proteins [27] made it possible to 
elucidate the enantiomeric selectivity of the AT domains in vitro. Using radioactively labeled  
(2R)- and (2S)-[1-14C]methylmalonyl-CoA, it was demonstrated that DEBS1, DEBS2, and DEBS3 
were radioactively labeled via acylation by (2S)-[1-14C]methylmalonyl-CoA, whereas no acylation of 
the proteins by (2R)-[1-14C]methylmalonyl-CoA was observed [28]. Limited proteolysis and 
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subsequent labeling of the proteins showed that only fragments containing an AT domain carried the 
radioactive label, strongly suggesting that each of the AT domains of DEBS utilize solely the  
(2S)-methylmalonyl-CoA-derived extender unit. Unambiguous confirmation that this preference is 
exercised during chain extension came from in vitro studies of the engineered DEBS1-TE, which 
catalysed the formation of a triketide lactone product when supplied with (2S)-methylmalonyl-CoA 
along with NADPH and a suitable starter unit, but formed no product when (2R)-methylmalonyl-CoA 
was used instead (Figure 7). These results showed that the AT domains of both modules 1 and 2 of 
DEBS are selective for (2S)-methylmalonyl-CoA, even though the positions in the macrolide product 
corresponding to extension by those modules have opposite methyl configuration. Together these 
studies demonstrated that all six modules of DEBS employ (2S)-methylmalonyl-CoA for chain extension. 

Figure 7. DEBS1-TE catalyses the formation of a triketide lactone product when  
using (2S)-methylmalonyl-CoA as a substrate, but does not form the product when  
(2R)-methylmalonyl-CoA is used [28]. 
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4.2. Stereochemistry of the KS-Catalysed Condensation 

Following AT-catalysed attachment of an extender unit to the ACP, the KS domain condenses the 
growing polyketide chain to the ACP-bound extender unit. Considering that the KS-catalysed 
condensation in type I animal FAS occurs with inversion of configuration at the C-2 position of the 
extender unit, a logical assumption would follow that the KS domains of modular PKSs catalyse a 
condensation that likely also results in stereochemical inversion. A problem that arises from this 
assumption is that, although the AT domains of DEBS were all shown to select the (2S)- isomer of 
methylmalonyl-CoA, some of the methyl groups of the erythromycin product have L-configuration 
instead of the D-configuration that results from stereochemical inversion upon condensation of  
the (2S)-methylmalonyl extender unit [26,29]. To account for this, a number of possibilities were 
considered: either condensation can occur with inversion of stereochemistry at some centres, but 
retention at others; or epimerization can occur in some modules following condensation that results 
strictly in one of either inversion or retention; or some combination of scenarios in which condensation 
at various modules can occur with inversion or retention with or without epimerization. 

Although isotopic labeling studies, in which deuterated precursors were fed to S. erythraea, showed 
that the D-configured methyl groups in erythromycin arose from a (2S)-methylmalonyl-CoA-derived 
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extender unit that undergoes stereoinversion upon condensation, the origin of the L-configured methyl 
groups remained unclear from those studies. Knowing the strict stereospecificity of the AT domains  
of DEBS for (2S)-methylmalonyl-CoA, it was possible to investigate the stereochemistry of the 
subsequent condensation step catalysed by the KS domain, again by feeding isotopically labeled 
precursors in vitro to DEBS1-TE. In such a study [29], (2RS)-[2-2H]methylmalonyl-CoA was prepared 
and fed to DEBS1-TE, knowing that solely the (2S)- isomer is incorporated. Careful analysis showed 
only a single deuterium label in the product at the C-2 position (corresponding to module 2) bearing 
the D-configured methyl group, and no labeling at C-4 (corresponding to module 1) bearing the  
L-configured methyl group (Figure 8). The results together showed that in DEBS1-TE, decarboxylative 
condensation of (2S)-methylmalonyl-CoA in module 2 proceeds with inversion without cleavage of the 
C–H bond adjacent to the methyl group, while in contrast, the chain extension process in module 1 
involves loss of the hydrogen attached to the α-position of the methylmalonyl-CoA precursor. 
Generation of the D-configured methyl group in module 2 without loss of hydrogen from the 
asymmetric centre of (2S)-methylmalonyl-CoA firmly established that the condensation occurs with 
inversion of configuration as observed in fatty acid biosynthesis, while in module 1, the loss of this 
key hydrogen from (2S)-methylmalonyl-CoA to produce the L-configured methyl centre implied that an 
additional obligatory epimerization step takes place in this module. These interpretations are supported 
by the earlier study in which isotopically labelled precursors were fed to erythromycin-producing 
cultures of S. erythraea, while the results of the in vitro experiments account for some of the 
ambiguous observations of that previous study [26]; validating the proposal that epimerization results 
in the L-configuration of the methyl groups. The nature of the epimerization reaction remains a matter 
of discussion. While some authors attribute the epimerase activity to the KS domain [29,30], others 
assign it to the downstream KR domain [31-34]. 

Figure 8. Isotopic labeling studies with DEBS1-TE showing that the D-configured  
methyl group arises from KS-catalysed incorporation of an extender unit from  
(2S)-methylmalonyl-CoA, while the L-configured methyl group arises from condensation 
with (2S)-methylmalonyl-CoA and subsequent epimerization [29]. 
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4.3. Stereospecificity of the KR-Catalysed Reduction of the β-Carbonyl Group 

The KR domain, when present and active, catalyses stereospecific reduction of the 3-oxoacyl 
intermediate by transfer of the 4′-pro-S hydride from NADPH to the β-carbonyl, to give a hydroxyl of 
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specific configuration [35]. In modules that utilize an extender unit with a substituent at the α-position, 
such as a 2-methyl group, if epimerization occurs on the α-position, the KR selects one epimer and 
catalyses stereospecific reduction of the α-branched β-ketoacyl intermediate, generating defined 
stereocentres at both α- and β-positions. In contrast to fatty acid biosynthesis, in which the KR always 
produces a hydroxyl in the D-configuration, the KR domains of modular PKSs are known to produce 
either D- or L-configured hydroxyl groups, depending on the module. The stereochemistry of 
ketoreduction was shown to be an intrinsic property of the KR domains when domain-swap 
experiments showed that when KR domains are placed into a hybrid PKS their native stereospecificity 
is carried through into their new context [36,37]. The stereospecificity of ketoreduction is thought to 
be determined by the binding orientation of the substrate, which is influenced by the identity of the 
amino acid residues on the unstructured loops flanking the active site [35,38]. KR stereospecificity can 
be assigned as either A-type, catalysing the formation of the an L-configured alcohol via a 3S-hydroxyl 
intermediate as seen in fatty acid β-oxidation, or B-type, catalysing formation the of a D-configured 
alcohol via a 3R hydroxyl intermediate as seen in fatty acid biosynthesis. The A-type and B-type KRs 
differ consistently in two regions of amino acid sequence. In the region designated ‘Motif I’ which 
includes residues 93 to 95 (numbering according to Caffrey [38]), the B-type KRs are typified by well 
conserved Leu93, Asp94, and Asp95 residues, which are absent in A-type KRs [38,39]. On the other 
hand, in ‘Motif II’ spanning residues 141 to 148, A-type KRs have a conserved Trp141, while  
B-type KRs typically have Pro144 and Asn148. X-ray crystal structures of both A-type [40] and  
B-type [31,32] recombinant KRs confirmed prior modeling and place these motifs in the active site. 
The solution of the crystal structure of TylKR1 (from the tylosin PKS) has led the authors of that study 
to propose further residues among A-type and B-type KRs which are posited to control selectivity of 
α-methyl configuration [32]. In the A-type KRs, the presence of His146 (keeping with the numbering 
of Caffrey for consistency) is proposed to distinguish KRs that are selective for the (2S)-epimer (the 
A2-type), resulting from α-methyl epimerization, from those which normally reduce the unepimerized 
(2R)- isomer (the A1-type). In B-type KRs, it has been proposed that a Pro151 distinguishes the  
(2S)- selective KRs (the B2-type) from those that reduce the (2R)- isomer (the B1-type). Even in  
non-functional KRs, it has been proposed that the replacement of a conserved Asn153 with smaller 
residues is indicative of selection of a (2S)-methyl-3-oxoacyl intermediate. Identification of these 
residues (Table 1) has allowed accurate prediction of the stereospecificity of KR domains and of the 
hydroxyl configuration of the products generated by their parent PKSs prior to empirical assignment of 
configuration [41-43].  

Table 1. KR signature sequences. 

KR type Resulting intermediate Conserved residues 
A1-type (2R,3S) 3-hydroxy-2-methylacyl Trp141 
A2-type (2S,3S) 3-hydroxy-2-methylacyl Trp141, His146 
B1-type (2R,3R) 3-hydroxy-2-methylacyl Leu93, Asp94, Asp95, Pro144, Asn148 
B2-type (2S,3R) 3-hydroxy-2-methylacyl Leu93, Asp94, Asp95, Pro144, Asn148, Pro151 
 
This allows even prediction of the cryptic stereospecificity of KRs whose 3-hydroxyacyl products 

are subsequently dehydrated. In the overwhelming majority of cases of modules where ketoreduction 
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is followed by either dehydration (typically resulting in a trans unsaturated intermediate) or both 
dehydration and enoylreduction, the KR has been predicted on the basis of sequence motifs to be  
B-type in stereospecificity, with few exceptions, the same stereospecificity observed in fatty acid 
biosynthesis [38]. The discovery of signature sequences within the KR domains of type I PKSs has 
also aided similar studies in understanding the stereospecificity of KRs in type II PKSs, of which little 
is known [44]. 

Cloning and expression of several recombinant type I KR domains as discrete enzymes allowed 
their intrinsic stereospecificity to be tested in vitro using a diketide N-acetylcysteamine (NAC) 
thioester as a surrogate substrate [35,45,46], and allowed the influence of conserved amino acids in 
Motifs I and II to be probed by mutagenesis. When (2RS)-methyl-3-oxopentanoyl-NAC was incubated 
with the purified KR domains derived from different PKS modules (Figure 9), the KR domains that 
normally encounter α-methyl diketide substrates resembling the surrogate substrate demonstrated 
exquisite stereospecificity at the β-hydroxyl and selectivity for epimers at the α-methyl, corresponding 
to the native stereochemistry of the enzymes with their natural substrates in the context of their parent 
PKSs.  

Figure 9. Reduction of surrogate substrates by recombinant KR domains isolated from 
their parent PKSs [35,45,46]. 

 
 
In contrast, when KRs that, in their native context, normally act upon substrates of greater chain-

length were challenged with diketide substrates, the stereochemistry of the product is often scrambled 
with respect to the 3-hydroxy-2-methyl- intermediate produced in the natural PKS context, as was 
observed for EryKR2, EryKR5 and EryKR6 (from the erythromycin PKS) [35,47]. An exception to this 
is the A-type AmpKR2, the KR of the second extension module of the amphotericin cluster that 
normally acts upon a triketide, which was found to selectively reduce the (2R)- isomer of 2-methyl- 
3-oxopentanoyl-NAC to produce (2R,3S)-3-hydroxyl-2-methylpentanoyl-NAC, the expected 
configuration, in 92% diastereomeric excess [40]. Other in vitro studies using hybrid PKS modules, 
either as chimaeric constructs or reconstituted by mixing and matching of recombinant isolated PKS 
domains, showed that when EryKR2, EryKR5 or EryKR6, which normally act on tri- hexa- or 
heptaketide substrates, respectively, were presented with ACP-tethered triketide substrates generated 
in situ, these enzymes displayed strict A(1)-type stereospecificity as in their native context, while the 
same methodology was used to demonstrate that TylKR1 and TylKR2 exhibit their expected B(1)-type 
stereospecificity on ACP-bound triketide substrates [48,49]. 
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In further in vitro studies carried out with the isolated EryKR1 and EryKR2 recombinant enzymes, 
site-directed mutagenesis was used to exchange the amino acid residues conserved in A-type KRs 
(such as EryKR2) for those typical of B-type (such as EryKR1) and vice versa. The stereospecificity of 
these mutants was determined using (2RS)-methyl-3-oxopentanoyl-NAC or -pantetheine thioesters as 
surrogate substrates. The parent EryKR1 reduced the surrogate substrates to produce almost 
exclusively the (2S,3R) 3-hydroxy-2-methylpentanoyl product. In Motif I of EryKR1, the mutations 
L93P, D94Q, and D95S resulted in a shift in the product stereochemistry to a 1:1 mixture of the 
(2S,3S) and (2S,3R) products. Mutations F141W and P144G in Motif II of EryKR1, resulted in a 
change in stereochemistry in which the (2SR)-methyl-3-oxopentanoyl substrate was reduced almost 
exclusively the (2S,3S) isomer. When all five mutations from Motif I and II flanking the EryKR1 
active site were introduced, a complete switch in stereospecificity was observed with the (2S,3S) 
isomer being the sole product detected. Meanwhile, the parent EryKR2 displayed scrambled 
stereospecificity towards the unnatural (2RS)-methyl-3-oxopentanoyl, and when either the P93L, 
Q94D, Q95D mutations in Motif I, or the W141L, A144P, A148N mutations in Motif II, were 
introduced, the already scrambled stereospecificity shifted towards reduction of the surrogate substrate 
to a 1:1 mixture of (2S,3S) and (2S,3R) isomers. This was also observed when all six mutations 
flanking the EryKR2 active site were introduced. These results demonstrated that, by exchanging the 
key amino acids in A-type or B-type KRs using site-directed mutagenesis the stereochemistry at the 
resulting hydroxyl position could be shifted and in some cases completely switched. In other studies 
with isolated AmpKR2, analogous results have been obtained in switching the methyl configuration 
selected by KR domains by mutagenesis of key residues implicated in that process [40]. Later attempts 
to reintegrate mutant EryKR1 and EryKR2 domains with switched or altered stereospecificity into 
DEBS1-TE failed to produce any of the desired triketide compounds with altered stereochemistry 
when these mutant DEBS1-TE genes were introduced into an appropriate host organism, indicating 
that within the intact in vivo PKS system, there are factors that override the effect of mutations 
targeting the KR sequence motifs [50]. This may be attributed to poor processing by downstream 
enzymes with respect to the altered product [51-53], or the presence of discrete thioesterase enzymes 
in the in vivo system that may act to hydrolyse such (more slowly-processed) intermediates. 

4.4. Stereochemistry of the DH-Catalysed Double-Bond Formation 

Many complex polyketides originating from modular PKS-catalysed biosynthesis have carbon–carbon 
double bonds within their structures, and while a handful of these exist in the cis configuration, the 
large majority of unsaturated positions in polyketides are trans. In modules containing an active DH 
domain in addition to KR, the DH acts upon the β-hydroxyacyl intermediate, catalysing elimination of 
water to form an α,β-double bond. In the analogous reaction in the related FAS, the DH acts upon  
a (3R)-configured hydroxyacyl substrate to produce solely the trans (E) isomer of the unsaturated  
∆2-acyl intermediate via the syn elimination of water [17]. 

In some examples of PKS modules that result in an unsaturated product with trans configuration, it 
has been demonstrated empirically that the DH domain acts specifically on a (3R)-hydroxyacyl 
intermediate, as in fatty acid biosynthesis. In vitro studies of a recombinant DH-containing PKS 
module from picromycin that yields a trans-configured double bond in the incorporated extender unit, 
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proved that the KR that acts before the DH domain produced a (3R)-hydroxyacyl intermediate when 
the DH activity was absent [54]. Later studies were successful in isolating active recombinant DH 
domains from module 4 of the erythromycin PKS (DEBS), and module 2 of the nanchangmycin PKS, 
and showed that when assayed with ACP-tethered di- or triketides, EryDH4 and NanDH2 selected only 
the (3R)-hydroxyacyl substrates to produce a trans ∆2-acyl product by syn elimination of water [55,56]. 
Indeed, sequence analysis of PKSs having DHs in modules known to generate trans double-bonds 
predicts in most cases, that the KR in those modules is of the B-type, based on the identification of 
signature sequence motifs [38,39], generating an intermediate (3R) alcohol, suggesting that in general, 
trans double-bonds of polyketides arise from ketoreduction and subsequent DH-catalysed dehydration 
with the same stereochemistry as that of fatty acid biosynthesis. In the case of cis double bonds, 
though it has been shown that some of these arise from the action of exogenous enzymes not 
associated with the PKS [57-59], in other modular PKSs it has been proposed that the cis configuration 
arises from syn dehydration of a (3S)-hydroxyacyl intermediate by the DH domain (Figure 10) [39]. 
The implication of this hypothesis is that the double-bond geometry is determined by the 
stereochemistry of KR-catalysed ketoreduction rather than by the DH itself, with (3R)-hydroxyacyl 
intermediates generated by B-type ketoreduction undergoing syn dehydration to form a trans ∆2-acyl 
intermediate while (3S)-hydroxyacyl intermediates generated by A-type ketoreduction undergo syn 
dehydration to form a cis ∆2-acyl intermediate. Based on the predicted stereospecificity of KR domains 
by sequence analysis, this correlation often holds true, although known exceptions include the 
polyketides borrelidin [60], chivazol [61], difficidin [62], and mupirocin [63], where the KRs of the 
apparently cis double-bond-generating modules are predicted to be B-type. 

Figure 10. (A) DH-catalysed syn dehydration of a (3S)-hydroxyacyl intermediate, forming 
a trans ∆2-acyl intermediate. (B) DH-catalysed syn dehydration of a (3R)-hydroxyacyl 
intermediate, forming a cis ∆2-acyl intermediate. 

 

X-ray crystal structures have recently been solved for the DH from the erythromycin PKS  
(DEBS) [64] and the DH domains from the curacin PKS, one of which appears to generate a cis 
double-bond [65]. These structures have shown that the DHs from modular PKSs show a very close 
similarity in overall fold and active site architecture to each other and to the related DH domains of 
animal FAS [66]. Catalysis has been posited to proceed via a His-Asp catalytic dyad mechanism in 
which the catalytic histidine abstracts the α-proton and the catalytic aspartatic acid donates a proton to 
the β-hydroxyl [64,65] with water then leaving, upon double-bond formation, from the same side of 
the acyl chain as proton abstraction, in a similar fashion to the reaction in fatty acid biosynthesis [67-69]. 
Although the solved structures of DH domains from modular PKSs contain no bound ligand, modeling 
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suggests that the DH active site could in principle accommodate either (3R)- or (3S)-hydroxylacyl 
substrates to form either trans or cis unsaturated acyl products, respectively, by elimination of water [65]. 

Direct observation of the formation of cis double-bonds by DH domains within PKS modules has 
yet to be reported, but one study on the biosynthesis of phoslactomycins, a class of polyketides that 
contain multiple carbon–carbon double-bonds in the cis configuration, shows convincing evidence that 
the DH-containing first extension module of the phoslactomycin PKS produces a cis ∆2-acyl 
intermediate. In isotopic feeding studies, a mutant of phoslactomycin-producing Streptomyces sp 
HK803, in which the loading and first extension module of the phoslactomycin PKS were knocked 
out, was fed with [2-13C]-labeled cis and trans analogues of the ∆2-acyl intermediate [70]. Only the cis 
analogue was shown to be accepted by the downstream modules to restore phoslactomycin 
biosynthesis, strongly suggesting that the intermediate produced by the first module is the cis 
configured intermediate. Meanwhile it has been demonstrated that a cis double bond at another 
position in phoslactomycin is generated by a post-PKS tailoring enzyme [58]. 

An apparent exception to the observation that PKS modules that perform DH-catalysed formation 
of cis double-bonds contain A-type KRs is seen in the borrelidin PKS, in which modules 2 and 3 
contain DH domains that catalyse the formation of the two carbon–carbon double bonds in the 
polyketide, one in the trans configuration and the other cis. Sequence analysis predicts that the KR 
domains in these modules both catalyse B-type ketoreduction, generating (3R) alcohols [71]. 
Recombinant expression of these isolated DH domains allowed their stereospecificity to be assayed  
in vitro using diketide surrogate substrates. Both DH domains had little or no activity towards (3S)-
hydroxyacyl substrates and surprisingly were shown to dehydrate only the (3R) diketide alcohols to 
generate the trans-∆2-acyl products. In order to reconcile this with the fact that the double-bond 
formed by BorDH3 is cis in the borrelidin product but trans when assayed in vitro with surrogate 
substrates, several alternative explanations have been suggested: either the growing polyketide has an 
all-trans configuration, then subsequently undergoes catalysed trans-to-cis as proposed for the fungal 
hypothemycin [57]; or an exogenous enzyme directly catalyses formation of the cis double bond by 
binding to module 3 of the PKS, similar to the action of AveC during avermectin biosynthesis [59]; or 
the stereochemical outcome differs in the natural product during borrelidin biosynthesis as a result of 
the energetic differences between binding and catalysing dehydration of a diketide surrogate substrate 
vs. an ACP-bound heptaketide substrate. 

4.5. Stereochemistry of the ER-Catalysed Reduction of the Double-Bond 

The ERs of modular PKSs and their counterparts in animal FASs belong to the medium-chain 
NAD(P)H-dependent dehydrogenase/reductase family (MDR) [72,73], and share a similar catalytic 
mechanism. In fully reducing modules, the ER domain reduces the 2-enoyl intermediate by catalysing 
the addition of a hydride from NADPH to the C-3 position of the enoyl substrate followed by 
protonation at the C-2 position (Figure 11). In modules that incorporate a branched extender unit, the 
configuration of the substituent at the C-2 position of the resulting intermediate depends upon the 
stereochemistry of enoylreduction. In principle it also depends on the geometry of the double bond, but 
the available evidence suggests that in the overwhelming majority of cases, the double bond is in the 
more stable trans arrangement [56], as in fatty acid biosynthesis. In contrast to the other individual 
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domains of modular PKSs, the structure and function of the ER domain has been little-studied. 
Inspection of the outcome of ER-catalysed reduction in natural modular PKSs reveals that, in complex 
polyketide products, there are numerous examples of both L- and D-configurations at branched 
positions corresponding to C-2 in the ER-generated intermediate of the growing polyketide chain. This 
is reminiscent of the situation with KR domains, where it is possible to identify specific amino acid 
residues at the KR active site in modular PKSs that correlate with the stereospecificity of 
ketoreduction [38,39] which is either R or S depending on the face from which reduction occurs. The 
exact mechanism by which the ER controls the stereochemistry of reduction has yet to be fully 
elucidated, but recent research has suggested that, similar to the KRs, key amino acids influence the 
stereochemical outcome. 

Figure 11. 1,4-Nucleophilic addition of hydride ion, delivered from NADPH, to the 
unsaturated thioester followed by stereospecific protonation, which establishes the 
configuration of the methyl branch. 

 

Multiple sequence alignment performed on ER domains from PKS modules in which a propionate 
unit (from methylmalonyl-CoA) becomes fully reduced and gives rise to a methyl branch of known 
configuration revealed a single amino acid (approximately 90 residues upstream of the NADPH-binding 
site) that shows excellent correlation with the configuration of the polyketide product [74]. In ER 
domains of modules that produce an L-configured methyl branch in the polyketide product (resulting 
from a 2S-methylacyl intermediate) this residue is systematically conserved as a tyrosine, while in the 
ER domains of modules that produce a D-configured methyl branch (resulting from a 2R-methylacyl 
intermediate) a valine (or occasionally alanine or phenylalanine) is found at this position. The position 
corresponds precisely to Tyr52 in the closely related E. coli quinone oxidoreductase and for ease of 
reference, this position in modular PKS ER domains is labeled 52′ with other residues within the ER 
domain numbered relative to it. This correlation was shown to hold for the methyl-branched lipids of 
mycobacteria as well as for complex polyketides. The PKS-biosynthesized waxy cell-wall lipids of 
many mycobacteria often have methyl branches that are of opposite configuration in closely related 
mycobacterial species, but otherwise identical. This difference can be traced to the ER domains of the 
PKSs that biosynthesize these lipids, which differ in the presence or absence of a tyrosine at 52′, but 
otherwise are very similar [74]. 

In domain-swap studies using hybrid PKSs derived from DEBS1-TE, it was demonstrated that 
replacement of the KR domain in the second module with either the full set of reducing domains 
(EryKR4, EryDH4, and EryER4) from module 4 of the erythromycin PKS (DEBS) or the full set of 
reducing domains (RapKR13, RapDH13, and RapER13) from module 13 of the rapamycin PKS (RAPS) 
resulted in the production of a 2-methyl triketide lactone that was fully reduced at the 3-position [37]. 
However, while the domains swapped from module 4 of the erythromycin PKS resulted in the 
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production of a 2S-methyl product, those swapped from module 13 of the rapamycin PKS resulted in a 
2R-methyl product. The results are in agreement with the fact that module 4 of DEBS incorporates an 
extender unit into erythromycin with an L-configured methyl substituent, consistent with the tyrosine 
at position 52′ of EryER4, whereas module 13 of RAPS incorporates an extender unit into rapamycin 
with a D-configured methyl group, consistent with the valine at position 52′ of RapER13. These 
domain-swapped hybrids provided a relatively simple system by which to study the specific role of 
key ER residues in stereospecificity using site-directed mutagenesis. In the hybrid PKS derived from 
DEBS1-TE, in which the KR of the second module was replaced with the KR, DH, and ER of DEBS 
module 4, the introduced EryER4 was mutated in position 52′, replacing tyrosine with valine (Y52′V), 
and the resulting mutant produced a triketide with 2R-methyl configuration, in contrast to the parent 
enzyme which produced a product with a 2S-configured methyl group [74]. However, in the hybrid 
PKS where the KR of the second module of DEBS1-TE was replaced with the KR, DH, and ER of 
RAPS module 13, an analogous mutation in RapER13 replacing valine at position 52′ for a tyrosine 
(V52′Y) resulted in no change in product configuration, yielding the same 2R-methyl triketide product 
as the parent. These results clearly demonstrated that the residue at position 52′ plays an important role 
in ER stereospecificity but that other residues must also be involved. This prompted a revised analysis 
of sequence alignments to identify other amino acid residues that correlate to the ER stereospecificity. 
In addition to the residue at position 52′, further analysis revealed three other positions that apparently 
correlate to stereospecificity [75].  

Figure 12. Domain swapping and mutagenesis with ERs in an intact PKS, resulting in 
altered product configuration [74,75]. 
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Besides having a conserved Tyr52′, in the ERs that catalyse enoylreduction generating a  

2S-configured intermediate (yielding an L-methyl group), residues 46′ and 47′ are typically conserved 
as leucine and isoleucine, respectively, and a proline at position 53′ is also fairly well conserved. On 
the other hand, in the ERs catalysing enoylreduction to a 2R-configured intermediate (yielding a  
D-methyl group) positions 46′ and 47′ are more commonly occupied by less bulky valine residues, and 
proline is not well conserved at position 53′. In the hybrid DEBS1-TE-derived PKS containing 
swapped KR, DH, and ER from RAPS module 13, several mutations (V46′L, V47′I, V52′Y, N53′P) 
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were simultaneously introduced into these positions as well as the critical position 52′. The resulting 
mutant produced a small proportion of the 2S-configured triketide product along with the  
2R-configured product, which is exclusively produced by the parent enzyme (Figure 12). 

Together these studies revealed a handful of key residues that make up signature sequences (Table 2) 
that may be used to predict ER stereospecificity, and that may be targeted in rationally-guided attempts 
to engineer it, thereby generating novel polyketides of desired configuration. Such engineering of PKS 
ERs by rational design, however, is limited due to a lack of information on the structure or catalytic 
mechanism, although insights can be gathered from the ER domains of the closely related mammalian 
FASs for which X-ray crystal structures have been solved [66]. For example, in animal FAS, a key 
lysine residue of the ER is proposed to contribute to stereospecific catalysis of enoylreduction by 
donating a proton to C-2 at a specific face of the double-bond in the intermediate. Interestingly, 
mutation of the sequence homologous Lys236′ of RapER13 in the above-described hybrid PKS system 
resulted in a loss of stereospecificity at C-2 although it did not diminish polyketide production, 
suggesting perhaps that when this lysine is missing there is less control over the direction of 
protonation, and a solvent-derived proton might be delivered to either face of the intermediate [75]. 

Table 2. ER signature sequences. 

Stereospecificity of ER Conserved residues 
(2S)-methyl Leu46′, Ile47′, Tyr52′, Pro53′ 
(2R)-methyl Val46′, Val47′, Val52′ 

5. Conclusions 

The modular PKSs produce considerable structural diversity in their polyketide products, both in 
terms of functional groups and in stereochemistry arising from many stereogenic centres. In modular 
PKSs, the organization of modules and of the catalytic domains within them has long been recognized 
as the determinant of complex polyketide structure. In following the “co-linearity rule”, knowledge of 
the PKS organization may direct accurate predictions as to the structure of the polyketide product (and 
also the inverse of assigning a PKS to an identified product). More recently, aspects of stereochemistry 
in polyketide biosynthesis are becoming better understood. It is now possible to predict, based on the 
signature sequences within PKS domains, with relative accuracy, the configuration of many chiral 
centres within a polyketide product. 

Along with new insights into the stereochemistry of polyketide biosynthesis comes hope that 
engineering the stereospecificity of PKSs shall become feasible for generating novel, desirable 
polyketide products. Indeed, early experiments have shown that engineered stereochemistry can be 
achieved in model PKS systems with some degree of success. Nevertheless, our current knowledge of 
the stereochemistry of complex polyketide biosynthesis is still maturing, as new developments shape 
our understanding of it. 

Acknowledgments 

D.H.K. gratefully acknowledges support from a Fellowship awarded by the Canadian Institutes of 
Health Research. F.S. acknowledges generous financial support from the Beilstein Institut zur 



Molecules 2011, 16                    
 

 

6110

Förderung der Chemischen Wissenschaften the Fonds der Chemischen Industrie (through a Liebig 
stipend). The authors thank the Fonds der Chemischen Industrie for covering the open-access-fee for 
this manuscript. F.S. thanks Herbert Waldmann for support and encouragement.  

Conflict of Interest 

The authors declare no conflict of interest. 

References 

1. Staunton, J.; Weissman, K.J. Polyketide biosynthesis: A millenium review. Nat. Prod. Rep. 2001, 
18, 380-416. 

2. Fischbach, M.A.; Walsh, C.T. Assembly-line enzymology for polyketide and nonribosomal 
peptide antibiotics: Logic, machinery, and mechanisms. Chem. Rev. 2006, 106, 3468-3496. 

3. Smith, S.; Tsai, S.C. The type I fatty acid and polyketide synthases: A tale of two megasynthases. 
Nat. Prod. Rep. 2007, 24, 1041-1072. 

4. Hertweck, C. The biosynthetic logic of polyketide diversity. Angew. Chem. Int. Ed. Engl. 2009, 
48, 4688-4716. 

5. Weissman, K.J.; Leadlay, P.F. Combinatorial biosynthesis of reduced polyketides. Nat. Rev. 
Microbiol. 2005, 3, 925-936. 

6. Sundermann, U.; Kushnir, S.; Schulz, F. Naturstoff-Lego. Nachr. Chem. 2011, 59, 29-35. 
7. Bibb, M.J.; Biró, S.; Motamedi, H.; Collins, J.F.; Hutchinson, C.R. Analysis of the  

nucleotide-sequence of the Streptomyces glaucescens tcml genes provides key information about 
the enzymology of polyketide antibiotic biosynthesis. EMBO J. 1989, 8, 2727-2736. 

8. Sherman, D.H.; Malpartida, F.; Bibb, M.J.; Kieser, H.M.; Hopwood, D.A. Structure and  
deduced function of the granaticin-producing polyketide synthase gene cluster of Streptomyces 
violaceoruber Tü22. EMBO J. 1989, 8, 2717-2725. 

9. Hopwood, D.A.; Sherman, D.H. Molecular genetics of polyketides and its comparison to  
fatty-acid biosynthesis. Annu. Rev. Genet. 1990, 24, 37-66. 

10. Austin, M.B.; Noel, J.P. The chalcone synthase superfamily of type III polyketide synthases. Nat. 
Prod. Rep. 2003, 20, 79-110. 

11. Smith, S.; Witkowski, A.; Joshi, A.K. Structural and functional organization of the animal fatty 
acid synthase. Prog. Lipid Res. 2003, 42, 289-317. 

12. Cortés, J.; Haydock, S.F.; Roberts, G.A.; Bevitt, D.J.; Leadlay, P.F. An unusually  
large multifunctional polypeptide in the erythromycin-producing polyketide synthase of 
Saccharopolyspora erythraea. Nature 1990, 348, 176-178. 

13. Westley, J.W.; Blount, J.F.; Evans, R.H.; Stempel, A.; Berger, J. Biosynthesis of lasalocid. 2.  
X-ray analysis of a naturally occurring isomer of lasalocid A. J. Antibiot. 1974, 27, 597-604. 

14. Anderson, V.E.; Hammes, G.G. Stereochemistry of the reactions catalyzed by chicken liver  
fatty-acid synthase. Biochemistry 1984, 23, 2088-2094. 

15. Sedgwick, B.; Cornforth, J.W.; French, S.J.; Gray, R.T.; Kelstrup, E.; Willadsen, P. Biosynthesis 
of long-chain fatty-acids. Incorporation of radioactivity from stereospecifically tritiated malonyl 



Molecules 2011, 16                    
 

 

6111

thiol esters, and stereochemistry of acetyl-CoA carboxylase reaction. Eur. J. Biochem. 1977, 75, 
481-495. 

16. Wakil, S.J.; Bressler, R. Studies on mechanism of fatty acid synthesis.10. Reduced 
triphosphopyridine nucleotide-acetoacetyl coenzyme a reductase. J. Biol. Chem. 1962, 237,  
687-693. 

17. Sedgwick, B.; Morris, C.; French, S.J. Stereochemical course of dehydration catalyzed by yeast 
fatty-acid synthetase. J. Chem. Soc. Chem. Commun. 1978, 193-194. 

18. Seyama, Y.; Kawaguchi, A.; Kasama, T.; Sasaki, K.; Arai, K.; Okuda, S.; Yamakawa, T. 
Identification of sources of hydrogen atoms in fatty acids synthesized using deuterated water and 
stereospecifically deuterium labelled NADPH by gas chromatographic mass spectrometric 
analysis. Biomed. Mass Spectrom. 1978, 5, 357-361. 

19. Sedgwick, B.; Morris, C. Stereochemical course of hydrogen transfer catalyzed by the enoyl 
reductase enzyme of the yeast fatty-acid synthetase. J. Chem. Soc. Chem. Commun. 1980, 96-97. 

20. Saito, K.; Kawaguchi, A.; Seyama, Y.; Yamakawa, T.; Okuda, S. Steric course of reaction 
catalyzed by the enoyl acyl carrier-protein reductase of Escherichia coli. Eur. J. Biochem. 1981, 
116, 581-586. 

21. Frössl, C.; Boland, W. Evaluation of the steric course of enoyl reduction in higher plants and 
insects via coupling to 1-alkene biosynthesis a model study with Carthamus tinctorius 
(Asteraceae) and Tribolium castaneum (Coleoptera; Tenebrionidae). J. Chem. Soc. Chem. 
Commun. 1991, 1731-1733. 

22. Cortés, J.; Wiesmann, K.E.H.; Roberts, G.A.; Brown, M.J.B.; Staunton, J.; Leadlay, P.F. 
Repositioning of a domain in a modular polyketide synthase to promote specific chain cleavage. 
Science 1995, 268, 1487-1489. 

23. Ruan, X.; Pereda, A.; Stassi, D.L.; Zeidner, D.; Summers, R.G.; Jackson, M.; Shivakumar, A.; 
Kakavas, S.; Staver, M.J.; Donadio, S.; et al. Acyltransferase domain substitutions in 
erythromycin polyketide synthase yield novel erythromycin derivatives. J. Bacteriol. 1997, 179, 
6416-6425. 

24. Petković, H.; Lill, R.E.; Sheridan, R.M.; Wilkinson, B.; McCormick, E.L.; McArthur, H.A.; 
Staunton, J.; Leadlay, P.F.; Kendrew, S.G. A novel erythromycin, 6-desmethyl erythromycin D, 
made by substituting an acyltransferase domain of the erythromycin polyketide synthase.  
J. Antibiot. 2003, 56, 543-551. 

25. Petković, H.; Sandmann, A.; Challis, I.R.; Hecht, H.J.; Silakowski, B.; Low, L.; Beeston, N.; 
Kuscer, E.; Garcia-Bernardo, J.; Leadlay, P.F.; et al. Substrate specificity of the acyl transferase 
domains of EpoC from the epothilone polyketide synthase. Org. Biomol. Chem. 2008, 6, 500-506. 

26. Cane, D.E.; Liang, T.-C.; Taylor, P.B.; Chang, C.; Yang, C.-C. Macrolide biosynthesis. 3. 
Stereochemistry of the chain-elongating steps of erythromycin biosynthesis. J. Am. Chem. Soc. 
1986, 108, 4957-4964. 

27. Caffrey, P.; Bevitt, D.J.; Staunton, J.; Leadlay, P.F. Identification of DEBS 1, DEBS 2 and DEBS 3, 
the multienzyme polypeptides of the erythromycin-producing polyketide synthase from 
Saccharopolyspora erythraea. FEBS Lett. 1992, 304, 225-228. 



Molecules 2011, 16                    
 

 

6112

28. Marsden, A.F.; Caffrey, P.; Aparicio, J.F.; Loughran, M.S.; Staunton, J.; Leadlay, P.F. 
Stereospecific acyl transfers on the erythromycin-producing polyketide synthase. Science 1994, 
263, 378-380. 

29. Weissman, K.J.; Timoney, M.; Bycroft, M.; Grice, P.; Hanefeld, U.; Staunton, J.; Leadlay, P.F. 
The molecular basis of Celmer’s rules: The stereochemistry of the condensation step in chain 
extension on the erythromycin polyketide synthase. Biochemistry 1997, 36, 13849-13855. 

30. Østergaard, L.H.; Kellenberger, L.; Cortés, J.; Roddis, M.P.; Deacon, M.; Staunton, J.; Leadlay, P.F. 
Stereochemistry of catalysis by the ketoreductase activity in the first extension module of the 
erythromycin polyketide synthase. Biochemistry 2002, 41, 2719-2726. 

31. Keatinge-Clay, A.T.; Stroud, R.M. The structure of a ketoreductase determines the organization 
of the β-carbon processing enzymes of modular polyketide synthases. Structure 2006, 14,  
737-748. 

32. Keatinge-Clay, A.T. A tylosin ketoreductase reveals how chirality is determined in polyketides. 
Chem. Biol. 2007, 14, 898-908. 

33. Valenzano, C.R.; Lawson, R.J.; Chen, A.Y.; Khosla, C.; Cane, D.E. The biochemical basis for 
stereochemical control in polyketide biosynthesis. J. Am. Chem. Soc. 2009, 131, 18501-18511. 

34. Zheng, J.; Keatinge-Clay, A.T. Structural and Functional Analysis of C2-Type Ketoreductases 
from Modular Polyketide Synthases. J. Mol. Biol. 2011, 410, 105-117. 

35. Siskos, A.P.; Baerga-Ortiz, A.; Bali, S.; Stein, V.; Mamdani, H.; Spiteller, D.; Popovic, B.; 
Spencer, J.B.; Staunton, J.; Weissman, K.J.; et al. Molecular basis of Celmer’s rules: 
Stereochemistry of catalysis by isolated ketoreductase domains from modular polyketide synthases. 
Chem. Biol. 2005, 12, 1145-1153. 

36. Kao, C.M.; McPherson, M.; McDaniel, R.; Fu, H.; Cane, D.E.; Khosla, C. Alcohol 
stereochemistry in polyketide backbones is controlled by the　-ketoreductase domains of modular 
polyketide synthases. J. Am. Chem. Soc. 1998, 120, 2478-2479. 

37. Kellenberger, L.; Galloway, I.S.; Sauter, G.; Böhm, G.; Hanefeld, U.; Cortés, J.; Staunton, J.; 
Leadlay, P.F. A polylinker approach to reductive loop swaps in modular polyketide synthases. 
Chem. Biochem. 2008, 9, 2740-2749. 

38. Caffrey, P. Conserved amino acid residues correlating with ketoreductase stereospecificity in 
modular polyketide synthases. Chem. Biochem. 2003, 4, 649-662. 

39. Reid, R.; Piagentini, M.; Rodriguez, E.; Ashley, G.; Viswanathan, N.; Carney, J.; Santi, D.V.; 
Hutchinson, C.R.; McDaniel, R. A model of structure and catalysis for ketoreductase domains in 
modular polyketide synthases. Biochemistry 2003, 42, 72-79. 

40. Zheng, J.; Taylor, C.A.; Piasecki, S.K.; Keatinge-Clay, A.T. Structural and functional analysis of 
A-type ketoreductases from the amphotericin modular polyketide synthase. Structure 2010, 18, 
913-922. 

41. Janssen, D.; Albert, D.; Jansen, R.; Müller, R.; Kalesse, M. Chivosazole A—elucidation of the 
absolute and relative configuration. Angew. Chem. Int. Ed. Engl. 2007, 46, 4898-4901. 

42. Menche, D.; Arikan, F.; Perlova, O.; Horstmann, N.; Ahlbrecht, W.; Wenzel, S.C.; Jansen, R.; 
Irschik, H.; Müller, R. Stereochemical determination and complex biosynthetic assembly of 
entangien, a highly potent RNA polymerase inhibitor from the myxobacterium Sorangium 
cellulosum. J. Am. Chem. Soc. 2008, 130, 14234-14243. 



Molecules 2011, 16                    
 

 

6113

43. Udwary, D.W.; Zeigler, L.; Asolkar, R.N.; Singan, V.; Lapidus, A.; Fenical, W.; Jensen, P.R.; 
Moore, B.S. Genome sequencing reveals complex secondary metabolome in the marine 
actinomycete Salinispora tropica. Proc. Natl. Acad. Sci. USA 2007, 104, 10376-10381. 

44. Javidpour, P.; Korman, T.P.; Shakya, G.; Tsai, S.-C. Structural and biochemical analyses of  
regio- and stereospecificities observed in a type II polyketide ketoreductase. Biochemistry 2011, 
50, 4653-4649. 

45. Baerga-Ortiz, A.; Popovic, B.; Siskos, A.P.; O’Hare, H.M.; Spiteller, D.; Williams, M.G.; 
Campillo, N.; Spencer, J.B.; Leadlay, P.F. Directed mutagenesis alters the stereochemistry of 
catalysis by isolated ketoreductase domains from the erythromycin polyketide synthase. Chem. 
Biol. 2006, 13, 277-285. 

46. O’Hare, H.M.; Baerga-Ortiz, A.; Popovic, B.; Spencer, J.B.; Leadlay, P.F. High throughput 
mutagenesis of active site residues to evaluate models of stereochemical control in ketoreductase 
domains from the erythromycin-producing polyketide synthase. Chem. Biol. 2006, 13, 287-296. 

47. Holzbaur, I.E.; Ranganathan, A.; Thomas, I.P.; Kearney, D.J.A.; Reather, J.A.; Rudd, B.A.M.; 
Staunton, J.; Leadlay, P.F. Molecular basis of Celmer’s rules: Role of the ketosynthase domain in 
epimerisation and demonstration that ketoreductase domains can have altered product specificity 
with unnatural substrates. Chem. Biol. 2001, 8, 329-340. 

48. Castonguay, R.; He, W.; Chen, A.Y.; Khosla, C.; Cane, D.E. Stereospecificity of ketoreductase 
domains of the 6-deoxyerythronolide B synthase. J. Am. Chem. Soc. 2007, 129, 13758-13769. 

49. Castonguay, R.; Valenzano, C.R.; Chen, A.Y.; Keatinge-Clay, A.T.; Khosla, C.; Cane, D.E. 
Stereospecificity of ketoreductase domains 1 and 2 of the tylactone modular polyketide synthase. 
J. Am. Chem. Soc. 2008, 130, 11598-11599. 

50. Kwan, D.H.; Tosin, M.; Schläger, N.; Schulz, F.; Leadlay, P.F. Insights into the stereospecificity 
of ketoreduction in a modular polyketide synthase. Org. Biomol. Chem. 2011, 9, 2053-2056. 

51. Weissman, K.J.; Bycroft, M.; Staunton, J.; Leadlay, P.F. Origin of starter units for erythromycin 
biosynthesis. Biochemistry 1998, 37, 11012-11017. 

52. Wu, N.; Kudo, F.; Cane, D.E.; Khosla, C. Analysis of the molecular recognition features of 
individual modules derived from the erythromycin polyketide synthase. J. Am. Chem. Soc. 2000, 
122, 4847-4852. 

53. Wu, N.; Tsuji, S.Y.; Cane, D.E.; Khosla, C. Assessing the balance between protein-protein 
interactions and enzyme-substrate interactions in the channeling of intermediates between 
polyketide synthase modules. J. Am. Chem. Soc. 2001, 123, 6465-6474. 

54. Wu, J.; Zales, T.J.; Valenzano, C.; Khosla, C.; Cane, D.E. Polyketide double bond biosynthesis. 
Mechanistic analysis of the dehydratase-containing module 2 of the picromycin/methymycin 
polyketide synthase. J. Am. Chem. Soc. 2005, 127, 17393-17404. 

55. Guo, X.; Liu, T.; Valenzano, C.R.; Deng, Z.; Cane, D.E. Mechanism and stereospecificity  
of a fully saturating polyketide synthase module: Nanchangmycin synthase module 2 and its 
dehydratase domain. J. Am. Chem. Soc. 2010, 132, 14694-14696. 

56. Valenzano, C.R.; You, Y.-O.; Garg, A.; Keatinge-Clay, A.; Khosla, C.; Cane, D.E. Stereospecificity 
of the dehydratase domain of the erythromycin polyketide synthase. J. Am. Chem. Soc. 2010, 132, 
14697-14699. 



Molecules 2011, 16                    
 

 

6114

57. Reeves, C.D.; Hu, Z.; Reid, R.; Kealey, J.T. Genes for the biosynthesis of the fungal polyketides 
hypothemycin from Hypomyces subiculosus and radicicol from Pochonia chlamydosporia. Appl. 
Environ. Microbiol. 2008, 74, 5121-5129. 

58. Palaniappan, N.; Alhamadsheh, M.M.; Reynolds, K.A. cis- 2,3-double bond of phoslactomycins is 
generated by a post-PKS tailoring enzyme. J. Am. Chem. Soc. 2008, 130, 12236-12237. 

59. Stutzman-Engwall, K.; Conlon, S.; Fedechko, R.; Kaczmarek, F.; McArthur, H.; Krebber, A.; 
Chen, Y.; Minshull, J.; Raillard, S.A.; Gustafsson, C. Engineering the aveC gene to enhance the 
ratio of doramectin to its CHC-B2 analogue produced in Streptomyces avermitilis. Biotechnol. 
Bioeng. 2003, 82, 359-369. 

60. Olano, C.; Wilkinson, B.; Sánchez, C.; Moss, S.J.; Sheridan, R.; Math, V.; Weston, A.J.;  
Braña, A.F.; Martin, C.J.; Oliynyk, M.; et al. Biosynthesis of the angiogenesis inhibitor borrelidin 
by Streptomyces parvulus Tü4055: Cluster analysis and assignment of functions. Chem. Biol. 
2004, 11, 87-97. 

61. Perlova, O.; Gerth, K.; Kaiser, O.; Hans, A.; Müller, R. Identification and analysis of the 
chivosazol biosynthetic gene cluster from the myxobacterial model strain Sorangium cellulosum 
So ce56. J. Biotechnol. 2006, 121, 174-191. 

62. Chen, X.H.; Vater, J.; Piel, J.; Franke, P.; Scholz, R.; Schneider, K.; Koumoutsi, A.; Hitzeroth, G.; 
Grammel, N.; Strittmatter, A.W.; et al. Structural and functional characterization of three 
polyketide synthase gene clusters in Bacillus amyloliquefaciens FZB 42. J. Bacteriol. 2006, 188, 
4024-4036. 

63. El-Sayed, A.K.; Hothersall, J.; Cooper, S.M.; Stephens, E.; Simpson, T.J.; Thomas, C.M. 
Characterization of the mupirocin biosynthesis gene cluster from Pseudomonas fluorescens 
NCIMB 10586. Chem. Biol. 2003, 10, 419-430. 

64. Keatinge-Clay, A.T. Crystal structure of the erythromycin polyketide synthase dehydratase.  
J. Mol. Biol. 2008, 384, 941-953. 

65. Akey, D.; Razelun, J.R.; Tehranisa, J.; Sherman, D.H.; Gerwick, W.H.; Smith, J. Crystal 
structures of dehydratase domains from the curacin polyketide biosynthetic pathway. Structure 
2010, 18, 94-105. 

66. Maier, T.; Leibundgut, M.; Ban, N. The crystal structure of a mammalian fatty acid synthase. 
Science 2008, 321, 1315-1322. 

67. Kostrewa, D.; Winkler, F.K.; Folkers, G.; Scapozza, L.; Perozzo, R. The crystal structure of 
PfFabZ, the unique -hydroxyacyl-ACP dehydratase involved in fatty acid biosynthesis of 
Plasmodium falciparum. Protein Sci. 2005, 14, 1570-1580. 

68. Leesong, M.; Henderson, B.S.; Gillig, J.R.; Schwab, J.M.; Smith, J.L. Structure of a dehydratase-
isomerase from the bacterial pathway for biosynthesis of unsaturated fatty acids: Two catalytic 
activities in one active site. Structure 1996, 4, 253-264. 

69. Kimber, M.S.; Martin, F.; Lu, Y.; Houston, S.; Vedadi, M.; Dharamsi, A.; Fiebig, K.M.;  
Schmid, M.; Rock, C.O. The structure of (3R)-hydroxyacyl-acyl carrier protein dehydratase 
(FabZ) from Pseudomonas aeruginosa. J. Biol. Chem. 2004, 279, 52593-52602. 

70. Alhamadsheh, M.M.; Palaniappan, N.; DasChouduri, P.; Reynolds, K.A. Establishment of 
activated cis-3-cyclohexylpropenoic acid as the diketide intermediate in phoslactomycin 
biosynthesis. J. Am. Chem. Soc. 2007, 129, 1910-1911. 



Molecules 2011, 16                    
 

 

6115

71. Vergnolle, O.; Hahn, F.; Baerga-Ortiz, A.; Leadlay, P.F.; Andexer, J.N. Stereoselectivity of an 
isolated dehydratase domains of the borrelidin polyketide synthase: Implications for cis double 
bond formation. Chem. Biochem. 2011, 12, 1011-1014. 

72. Persson, B.; Zigler, J.S.; Jörnvall, H. A super-family of medium-chain dehydrogenase/reductases 
(MDR). Eur. J. Biochem. 1994, 226, 15-22. 

73. Maier, T.; Jenni, S.; Ban, N. Architecture of mammalian fatty acid synthase at 4.5 Å resolution. 
Science 2006, 311, 1258-1262. 

74. Kwan, D.H.; Sun, Y.; Schulz, F.; Hong, H.; Popovic, B.; Sim-Stark, J.C.; Haydock, S.F.;  
Leadlay, P.F. Prediction and manipulation of the stereochemistry of enoylreduction in modular 
polyketide synthases. Chem. Biol. 2008, 15, 1231-1240. 

75. Kwan, D.H.; Leadlay, P.F. Mutagenesis of a modular polyketide synthase enoylreductase domain 
reveals insights into catalysis and stereospecificity. ACS Chem. Biol. 2010, 5, 829-838. 

© 2011 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 
distributed under the terms and conditions of the Creative Commons Attribution license 
(http://creativecommons.org/licenses/by/3.0/). 


