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Abstract

Most of the stereocenters of polyketide natural products are established during assembly line 

biosynthesis. The body of knowledge for how stereocenters are set is now large enough to begin 

constructing physical models of key reactions. Interactions between stereocenter-forming enzymes 

and polyketide intermediates are examined here at atomic resolution, drawing from the most 

current structural and functional information of ketosynthases (KSs), ketoreductases (KRs), 

dehydratases (DHs), enoylreductases (ERs), and related enzymes. While many details remain to be 

experimentally determined, our understanding of the chemical and physical mechanisms utilized 

by the chirality-molding enzymes of modular PKSs is rapidly advancing.

I. Introduction

As a class of natural products, complex polyketides are characterized by their rich 

stereochemistries and potent bioactivities. These properties are linked since their diverse 

shapes and chemistries enable them to bind most biological targets. In synthesizing complex 

polyketides, Nature shows off her synthetic capabilities moreso than in any other pathway. 

Chemists dream of harnessing the stereocontrol observed in these reactions; however, 

understanding how these reactions naturally occur has been challenging enough.

The modular polyketide synthases (PKSs) that construct complex polyketides are the largest 

enzymes known to man.1, 2 They contain tens to hundreds of domains and very little is 

known about their higher-order architecture.3 Our understanding of the logic of polyketide 

synthesis has advanced considerably through the past twenty-five years, and in most cases 

the substituents and stereochemistries of a polyketide can be well predicted from the order 

of the enzymes in its synthase.4, 5 What the community has lacked for far too long are 

physical descriptions of the actual stereocontrolled reactions.

Recent crystal structures of the enzymatic domains of modular PKSs have now enabled 

visualization of many of the active sites in which stereocenters are set as well as physical 

descriptions of how polyketide intermediates undergo stereochemical transformation. Aside 

from the acyltransferases (ATs) that transfer extender units from malonyl-Coenzyme A 

(CoA) derivatives to acyl carrier protein (ACP) domains, each of the other enzymes within 

PKS modules can catalyze stereocontrolled reactions. Here we investigate how 1) “inversion 

of configuration” occurs through the condensation of an extender unit with a growing 

polyketide chain in the ketosynthase (KS) active site, 2) up to two chiral centers are set 

through the reduction of a β-ketoacyl intermediate in the ketoreductase (KR) active site, 3) 

trans- and cis-double bonds are generated from the dehydration of β-hydroxyacyl substrates 

in the dehydratase (DH) active site, and 4) the orientation of an α-substituent is set during 

the reduction of an α-substituted, α,β-trans-double bond in the enoylreductase (ER) active 
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site. Both cis-AT PKSs, which contain embedded ATs, and trans-AT PKSs, which rely on 

separately encoded ATs, are considered since all of the enzymes, with the exception of ER, 

are structurally and functionally equivalent.2, 6 Other less common enzymes within modular 

PKSs, such as methyltransferases (MTs), enoyl isomerases (EIs), and pyran synthases (PSs), 

can also set stereocenters but are not as well characterized.7–11

II. KS inversion of configuration

Most KSs from modular PKSs condense malonyl extender units with growing polyketides 

and do not have an opportunity to control stereocenters. When extender units larger than 

malonyl-CoA are condensed, the building blocks themselves are chiral. The most common 

of these α-substituted extender units is (2S)-methylmalonyl-CoA (its epimer is not known to 

be utilized by modular PKSs).12 When an α-substituted malonyl extender unit is condensed 

with a polyketide intermediate, the α-substituent appears in the product in the opposite 

stereochemical orientation. This “inversion of configuration” was first demonstrated in fatty 

acid biosynthesis.13 Although several high-resolution structures of condensation-competent 

KSs from modular PKSs have been reported, no physical model has been proposed for how 

the “inversion of configuration” reaction proceeds, most likely due to the mysterious nature 

of the condensation reaction itself (PDBs: 2HG4, 3Q0P, 4NA1, 4MZ0, 4OPE, 4OQJ, 

4QYR, 4TKT, 4WKY, 4ZDN).14–18

KSs belong to the thiolase superfamily.19 In contrast to the condensation mechanism of KSs, 

the condensation mechanism of thiolases is well described on a structural level from crystal 

structures of several intermediates along the reaction pathway (e.g., PDB: 1DM3).20 Most 

biosynthetic thiolases deprotonate acetyl-CoA to generate an enolate intermediate that can 

attack an acyl group bound to the catalytic cysteine. KSs form enolates through the loss of 

the extender unit carboxylate.21 Presumably, the enolates of thiolases and KSs are 

positioned equivalently for the attack of the acyl-enzyme (Figure 2).

Recently, a crystal structure of a polyketide-bound KS was obtained, albeit with a serine 

substituting for the catalytic cysteine.17 The structure is of the KS from the second module 

of the bacillaene PKS covalently bound to its natural substrate (PksKS2; 2.30 Å-resolution; 

PDB: 4NA2). In the second half-reaction catalyzed by PksKS2, the thioester intermediate is 

attacked by the enolate generated in the first half-reaction through the loss of the malonyl 

carboxylate. Since this enolate is the same as that generated by biosynthetic thiolases that 

utilize acetyl-CoA, by utilizing the position of the enolate observed in the thiolase crystal 

structure 1DM3 the PksKS2 reaction can be modeled (Figure 2).20 A malonyl extender unit 

would bind to PksKS2 such that loss of the carboxylate generates an acetyl enolate as 

observed in 1DM3 (Figures 2a and 2b). This prepares the carbon-carbon bond-forming step 

that results in an “inversion of configuration” (Figure 2c). A reaction between a 

methylmalonyl extender unit and a polyketide-bound KS would proceed with a methyl 

group in place of the hydrogen labeled Hb in Figure 2.

III. KR stereoselectivity and stereospecificity

KRs are stereochemical workhorses, setting most of the stereocenters within polyketide 

scaffolds. Accordingly, they are the most studied of the enzymes embedded within modular 
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PKSs and a relative abundance of structural and functional data exist for the many KR 

types.22 The stereocontrol exerted by KRs is exquisite, as they can be both stereoselective 

and stereospecific. KRs can be stereoselective in generating either an L-β-hydroxyl group (A-

type KRs) or a D-β-hydroxyl group (B-type KRs) (the D/L system is preferred over the R/S 

system for polyketide intermediates since the assignment of R or S depends on the 

substituents present). They can also be stereospecific in reducing a substrate with either a D-

α-substituent (A1- or B1-type KRs) or an L-α-substituent (A2- or B2-type KRs). 

Additionally, KRs can catalyze the epimerization of an α-substituent of an α-substituted-β-

ketoacyl substrate preceding reduction (A2- or B2-type KRs) or in the absence of a 

subsequent reduction (C2-type).

The current body of structural knowledge can help inform us about the physical mechanisms 

underlying KR stereocontrol. In most biosynthetic pathways (e.g., fatty acids, polyketides, 

polyhydroxyalkanoates), ketoreductions are performed by short-chain dehydrogenase/

reductase (SDR) enzymes on β-ketoacyl substrates to generate D-β-hydroxyacyl products.23 

PKS KRs are SDR enzymes, and B-type KRs perform equivalent stereoselective reductions. 

Besides similar nicotinamide coenzyme binding sites and catalytic residues, these enzymes 

share other features such as a glutamine three residues before the catalytic tyrosine and an 

aspartate on a loop adjacent to the active site (in cis-AT PKS KRs this aspartate is the 

second aspartate of the “Leu-Asp-Asp motif”, and the loop is referred to as “Loop DE”).

The first determined KR crystal structure was of the B2-type KR (EryKR1, from the first 

module of the erythromycin PKS; 1.81 Å-resolution; PDB: 2FR0), which performs a 

stereoselective and stereospecific reduction reaction.24 Although some analogies could be 

made from structural and functional studies of the bacterial fatty acid synthase (FAS) 

ketoreductase FabG (PDB: 1Q7B)25, determining how EryKR1 exerts stereocontrol was, 

and continues to be, challenging. While a B-type KR that reduces an α-unsubstituted 

intermediate would have made for a more direct comparison, only recently has an 

informative structure of such an enzyme been determined, from the sixth module of the 

macrolactin PKS (MlnKR6, with NADP+ bound; 1.75-Å resolution; PDB: 5D2E).

The comparison of MlnKR6 with functionally equivalent enzymes has been made even 

more enlightening through recent crystal structures of SDR enzyme complexes. A high-

molecular weight FabG (HMwFabG) has been observed complexed with hexanoyl-CoA and 

NADP+ (PDB: 3V1U)26, and an acetoacetyl-CoA reductase has been observed complexed 

with acetoacetyl-CoA (PDBs: 4N5M)27. The pantetheinyl arms of the substrates are 

equivalently bound - a glutamine forms a hydrogen bond with the thioester carbonyl and an 

aspartate forms a hydrogen bond with the NH of the amide closest to the thioester (Figure 

3a). Together, the aspartate, the backbone NH of the residue preceding it, and the asparagine 

preceding the catalytic tyrosine coordinate a water molecule critical for the hydrogen bond 

network. This water molecule is equivalently coordinated in the crystal structure of 

MlnKR6. The residues of Loop DE possess high B-factors in each of the previous structures 

of B-type KRs, thus an equivalent hydrogen bond network had not been observed.24, 28–30

The hexanoyl-CoA and acetoacetyl-CoA ligands complexed with the HMwFabG and 

acetoacetyl-CoA reductase indicate how pantetheinyl-bound β-ketoacyl substrates enter KR 
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active sites and thus how B-type KRs enforce stereoselective reduction. From the positions 

of these molecules, a portion of the MlnKR6 substrate can be modeled in the MlnKR6 active 

site (Figure 3b). With its thioester bound equivalently to the thioesters of the hexanoyl-CoA 

and acetoacetyl-CoA ligands, the β-keto group is in position to form hydrogen bonds with 

the catalytic tyrosine and serine such that hydride transfer from NADPH will generate a D-β-

hydroxy product.

Unlike B-type KRs, A-type KRs do not possess many functional equivalents from other 

pathways, thus little structural data is available to help explain their stereoselectivity. While 

several A-type KR structures have been solved (PDBs: 3MJS, 4L4X, 4IMP, 4HXY)31–34, 

perhaps the most insight into A-type stereoselectivity comes from the structure of the KR 

from the first module of the phoslactomycin PKS (PlmKR1; 1.68-Å resolution; PDB 

4HXY)34. Its substrate has relatively few degrees of freedom and when its β-keto group is 

positioned between the catalytic tyrosine and serine such that reduction by NADPH will 

yield a β-hydroxyl group with an L-orientation, its cyclohexyl moiety contacts hydrophobic 

residues, its thioester carbonyl forms a hydrogen bond with the glutamine NH2, and its 

amide carbonyl forms a hydrogen bond with the indole NH of a tryptophan conserved in A-

type KRs from cis-AT PKSs (Figure 3c).

The crystal structure of the KR from the second module of the amphotericin PKS bound to 

NADP+ (AmpKR2; 1.40-Å resolution, PDB: 3MJS) provides a starting point for 

understanding stereospecificity.31 The substrate mimic D-α-methyl-β-ketovaleroyl-S-NAC 

fits into the AmpKR2 active site equivalent to how the PlmKR1 active site is bound by its 

substrate, with the β-keto group between the catalytic tyrosine and serine, the thioester 

carbonyl forming a hydrogen bond with the glutamine NH2, and the amide carbonyl forming 

a hydrogen bond with the indole NH of the A-type tryptophan. This places the D-α-methyl 

substituent out of the way for the hydride transfer from NADPH. If an L-α-methyl-β-keto 

substrate were to bind, the methyl group would sterically prevent the approach of the 

substrate to NADPH. Molecular dynamics studies support this hypothesis.35 Experimentally, 

AmpKR2 almost exclusively prefers D-α-methyl-β-ketovaleroyl-S-NAC to L-α-methyl-β-

ketovaleroyl-S-NAC.31, 32 When the glutamine is replaced with a histidine, commonly 

present in A2-type KRs, the mutant reduces the two enantiomers equally. When the position 

of the conserved tryptophan is also altered by replacing a glycine with a threonine, 

commonly present in many A2-type KRs, the double mutant almost exclusively prefers L-α-

methyl-β-ketovaleroyl-S-NAC to D-α-methyl-β-ketovaleroyl-S-NAC. Curiously, the double 

mutant is four times more catalytically efficient than unmutated AmpKR2. The data may 

indicate that the A2-type ketoreduction reaction proceeds through a low-energy barrier and 

is discouraged by other KR types.

The aforementioned acetoacetyl-CoA reductase was also solved without acetoacetyl-CoA 

(PDBs: 4N5L, 4N5N).27 In the presence of acetoacetyl-CoA, the helix equivalent to the KR 

“lid helix” shifts 4.6 Å to close over the substrate. As observed for several A-type KRs, a 

methionine on the loop N-terminal to the “lid helix” is in position to latch over the 

nicotinamide coenzyme and make contact with the acyl portion of the substrate (Figure 3). 

When this methionine was replaced with alanine in AmpKR2, the resulting mutant was 

catalytically incompetent.31 From these data it is apparent that during the reduction reaction, 
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KRs and related enzymes clamp down on both the nicotinamide coenzyme and the substrate 

undergoing reduction. A crystal structure of such a ternary complex is likely to reveal more 

of the detailed interactions that exist between KRs and their substrates to enable 

stereocontrolled reduction.

Epimerization of D-α-methyl-β-keto substrates is catalyzed in modular PKSs by A2-, B2-, 

and C2-type KRs, as well as epimerizing DHs.22, 28, 36–39 This phenomenon was first 

noticed from isotope-labeling studies of erythromycin in which hydrogens geminal to D-

methyl groups were shown to be derived from propionate precursors and hydrogens geminal 

to L-methyl groups were shown to be derived from water.40 Thus the A1-type KRs of the 

erythromycin synthase (EryKR2, EryKR5, and EryKR6) perform reduction before 

epimerization can occur, while the B2-type (EryKR1) and C2-type (EryKR3) KRs catalyze 

epimerization before other reactions can ensue. That C2-type KRs, such as the KR in the 

third module of the erythromycin PKS, or epimerizing DHs, such as the DH in fourth 

module of the FK506 PKS, have been retained through evolution is telling of the relatively 

slow rate of uncatalyzed epimerization. How epimerization is catalyzed by KRs is unknown 

but may be as simple as positioning the thioester and β-carbonyl groups in the same plane to 

enable water to abstract the α-proton and generate an enolate that can accept a proton from 

its other side. The structure of the C2-type KR from the third module of the pikromycin PKS 

(PikKR3; 1.88-Å resolution, PDB: 3QP9) reveals that although its NADPH-binding motif is 

corrupted, the tyrosine, serine, glutamine, and tryptophan are still positioned as in A-type 

KRs to bind substrate.38

IV. DH double bond formation

The carbons of double bonds within polyketide scaffolds usually represent stereocenters 

installed by DHs during assembly line biosynthesis. These double-hotdog fold enzymes may 

install either cis- or trans-double bonds, although trans-double bonds are more frequently 

generated, especially by cis-AT PKSs.41, 2

Double bonds are formed through the syn-coplanar elimination of the β-hydroxy group and 

the L-α-proton.42 For elimination to occur, a DH needs to bind a substrate in a conformation 

in which the substituents of its α- and β-carbons are eclipsed. The substrate must also be 

bound such that the β-hydroxy group can be protonated by the catalytic aspartic acid and the 

L-α-proton can be abstracted by the catalytic histidine (Figure 4a). Through positioning a 

substrate mimic in the active site of a DH, it is apparent that it also can form a hydrogen 

bond with the NH of a conserved glycine through its thioester carbonyl and a conserved 

tyrosine through its hydroxyl group hydrogen. Bound in this fashion, the elimination 

reaction will generate a trans-double bond from a substrate possessing a D-β-hydroxy group 

and a cis-double bond from a substrate possessing an L-β-hydroxy group (Figure 4b). Thus, a 

cis-double bond can only be installed by a DH that operates on the product of an A-type KR. 

Whether a DH requires a differently shaped cavity to dehydrate L-β-hydroxy intermediates is 

unknown. Several structures of DHs from cis-AT PKSs have been determined, including 

one from the curacin PKS implicated in catalyzing the formation of a cis-double bond, and 

each possesses a remarkably similar active site.41, 43, 44 Holo-ACP substrates may dock to 

DHs as observed in a dehydratase/acyl carrier protein complex from a bacterial FAS.45
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V. ER stereoselectivity

A PKS module has a final opportunity to set a stereocenter if a trans-α,β-unsaturated 

intermediate possessing an α-subsituent is presented to an ER. The medium chain 

dehydrogenase/reductase (MDR) ERs from cis-AT PKSs are discussed here since much less 

is known about the TIM-barrel ERs of trans-AT PKSs, although a structure of a trans-ER 

from the difficidin PKS provides a basis for understanding its embedded relatives (DifA-ER; 

2.30 Å-resolution; PDB: 4CW5).46

Only one crystal structure of a cis-AT PKS ER has been reported: the ER from the second 

module of the spinosyn PKS complexed with NADP+ (SpnER2; 3.0-Å resolution; PDB: 

3SLK).29 SpnER2 does not set a stereocenter, but it does possess the tyrosine that has been 

demonstrated to deliver a proton to the enolate intermediate in L-type ERs.47, 48 The SpnER2 

structure provides a framework to understand ER stereoselectivity, especially through a 

comparison with the ternary complex of a related MDR enzyme. Etr1p, a crotonyl-CoA 

reductase from the mitochondria of Candida tropicalis, was solved in complex with NADP+ 

and crotonyl-CoA (PDB: 4WAS) (Figure 5a).49 By placing a substrate mimic within the 

SpnER2 active site as crotonyl-CoA is positioned within the Etr1p active site, the relation of 

the enolate intermediate and the general acid that protonates it is made more apparent 

(Figure 5b). In L-type ERs, the tyrosine protonates the enolate intermediate to generate an L-

α-substituent, whereas in D-type ERs the lysine is thought to protonate it from the opposite 

side to generate a D-α-substituent. Enolates may be generated by Etr1p through ene 

chemistry; whether ERs, and even KRs, also perform catalysis through such a mechanism 

remains an intriguing possibility.49, 50

VI. Conclusion

How PKS assembly line enzymes control stereochemistry is beginning to make both 

chemical and physical sense, especially owing to many recent crystal structures; however, 

much data remains to be collected. For example, while a binding mode presented here seeks 

to account for the stereoselectivity and stereospecificity of the A1-type KR AmpKR2, it 

needs to be tested experimentally and computationally through modifications of both 

substrate and enzyme. A crystal structure in which the AmpKR2 clamps over both its 

nicotinamide coenzyme and its ACP-tethered substrate should also be sought, although it 

may not be trivial to obtain. Since stereocontrol is intimately linked with reaction 

mechanism, many fundamental mechanistic details need to be worked out for KS, KR, DH, 

and ER. A topic that perhaps should have been discussed is whether the KS downstream of a 

module can select for a processed intermediate. A processing enzyme often cannot drive a 

reaction to completion by itself and may require a KS to choose between epimers or between 

hydrated and dehydrated intermediates. This will require more pioneering efforts in 

understanding the specificities of KSs.51–53 PKS enzymes have relatives in other pathways, 

and, as shown here, much can be learned from structural and functional studies of them. 

Hopefully, this compilation of stereocontrolled reactions will aid in designing experiments 

that further refine our understanding of how polyketide assembly line enzymes set 

stereocenters.
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Figure 1. 
Modular PKS enzymes and the stereocenters they set. (a) Crystal structures of a 

representative KS, KR, DH, and ER domain (PDB: 4NA2, 3SLK, 3EL6) as well as an NMR 

structure of a representative holo-ACP (PDB: 2LIW) are shown above the primary structure 

of a full cis-AT PKS module (~2500 aa). Note the 18-Å phosphopantetheinyl arm of ACP. 

The methyltransferase (MT) domain is largely uncharacterized and will not be discussed 

here. (b) Extender units, selected by ATs, are condensed with polyketide intermediates by 

KSs. The elongation reaction and subsequent processing reactions are exquisitely 

stereocontrolled (stereochemical orientations are indicated). Any one of the displayed ketide 

units can by added by a PKS module containing the appropriate enzymes. All molecules are 

bound to an ACP. Enzyme types are defined in the text.
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Figure 2. 
KS inversion of configuration. (a) A malonyl extender binds to an acylated KS (the 

illustrated KS was observed bound to a bacillaene intermediate; in the actual structure a 

serine substitutes for the catalytic cysteine; PDB: 4NA2). Attack of a hydroxide ion may 

release bicarbonate. (b) The enolate is positioned as observed in a crystal structure of a 

related thiolase incubated with acetyl-CoA (PDB: 1DM3). (c) After carbon-carbon bond 

formation, the stereochemical orientations of the Ha and Hb substituents are inverted. The 

methyl substituent of a methylmalonyl extender unit would replace Hb.
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Figure 3. 
KRs stereoselectivity and stereospecificity. (a) An acetoacetyl-CoA reductase from a 

polyhydroxyalkanoate pathway was observed bound to acetoacetyl-CoA (PDB: 4N5M). 

Contacts with the acylated phosphopantetheinyl moiety include hydrogen bonds between the 

thioester and a glutamine NH2 as well as between the NH closest to the thioester and an 

aspartate. This hydrogen bond network is largely mediated through the interaction of loop 

residues (equivalent to the “Leu-Asp-Asp motif” in B-type KRs from cis-AT PKSs) with a 

well-ordered water molecule. (b) A crystal structure of the B-type KR MlnKR6 bound to 
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NADP+ shows an equivalent interaction between the Leu-Asp-Asp motif and a well-ordered 

water molecule (PDB: 5D2E). A mimic of the natural substrate was modeled based on the 

acetoacetyl-CoA reductase complex. The β-keto group is able to form a hydrogen bond with 

the catalytic tyrosine such that reduction by NADPH will stereospecifically yield a β-

hydroxyl group with a D-orientation. (c) A substrate mimic can readily be modeled in the 

crystal structure of the A-type KR PlmKR1 bound to NADP+ (PDB: 3HXY). Through 

positioning the β-keto group such that a β-hydroxyl group with an L-orientation will be 

generated through the reduction reaction, the cyclohexyl moiety becomes positioned to 

make hydrophobic interactions, the thioester carbonyl forms a hydrogen bond with the 

glutamine NH2 and the amide carbonyl closest the thioester forms a hydrogen bond with the 

indole NH of the signature A-type tryptophan. (d) A substrate mimic can also readily be 

modeled in the active site of the A1-type KR AmpKR2 bound to NADP+ (PDB: 3MJS). The 

α-methyl group may need to possess a D-orientation for stereospecific reduction to occur, 

since in the L-orientation it would sterically prevent the approach of the NADPH hydride to 

the β-keto carbon. The reactive NADPH hydrogen on the nicotinamide C4 carbon is labeled 

“4”.
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Figure 4. 
DH double bond formation. (a) Dehydration of a substrate to yield a trans-double bond is 

thought to occur through the syn-coplanar elimination of its D-β-hydroxyl group and L-α-

proton (Hb). For this to occur, DH must bind its substrate so that its α- and β-substituents 

eclipse one another. All reported DH structures show the same orientation of the catalytic 

histidine and aspartic acid as well as the glycine NH; the tyrosine is also highly conserved 

(PDB: 3EL6). (b) The syn-coplanar dehydration reaction to generate a cis-double bonded 

product from an L-β-hydroxyacyl substrate is most likely catalytically equivalent to the syn-

coplanar dehydration reaction that generates a trans-double bonded product from a D-β-

hydroxyacyl substrate. DHs that generate cis-double bonds must accommodate for the 

different chain geometry.
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Figure 5. 
ER stereoselectivity. (a) The crystal structure of Etr1p bound to NADP+ and crotonyl-CoA 

elucidates how such MDR enzymes mediate reduction (PDB: 4WAS). (b) The structure of 

SpnER2 bound to NADP+ can help determine how PKS ERs perform a similar reaction 

(PDB: 3SLK). In the reduction performed by the L-type ER, EryER4, a tyrosine equivalent 

to the catalytic tyrosine of SpnER2 and Etr1p can add a proton to the enolate intermediate to 

stereoselectively generate an α-methyl substituent with an L-orientation. D-type ERs do not 

possess this tyrosine; the lysine, on the other face of the enolate intermediate, is 

hypothesized to donate a proton to generate a D-α-methyl substituent. The reactive NADPH 

hydrogen on the nicotinamide C4 carbon is labeled “4”.
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