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Abstract

Iterative highly-reducing polyketide synthases (HR-PKSs) from filamentous fungi are the most 

complex and enigmatic type of PKS discovered to date. Here we uncover an unusual level of 

programming by the hypothemycin HR-PKS, in which a single ketoreductase domain displays 

stereospecificity that is controlled by substrate length. Mapping of the structural domains 

responsible for this feature allowed the biosynthesis of an unnatural diastereomer of the natural 

product dehydrozearalenol.

Polyketides are secondary metabolites that display important biological activities1. Their 

biosynthetic construction is similar to that of fatty acid biosynthesis, but selective reduction 

of the keto functionalities to different extent at each cycle of chain extension results in 

products bearing a variety of functionalities2. Important fungal polyketides such as the 

cholesterol-lowering drug lovastatin are biosynthesized by Type I iterative, highly-reducing 

polyketide synthases (HR-PKSs)3,4, which employ reductive domains including β-

ketoreductase (KR), dehydratase (DH) and enoylreductase (ER) to tailor the polyketide 

backbone. The domain architecture of an HR-PKS resembles a single module of the 

bacterial modular PKS. In the latter, the catalytic domains are sequentially arranged in 

multiple versions and elongate the ketides by an assembly line process5. In contrast, fungal 

HR-PKS employs the same protein domains repeatedly for each stage of chain growth. The 

structural variations generated by HR-PKSs partially depend on the permutations of the 
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reductive domains to transform functionalities at the β-carbon of the growing 

intermediates3,4. The programming rules of HR-PKS are therefore significantly more 

complex and far less understood compared to bacterial PKSs.

The KR domain belongs to the short chain dehydrogenase/reductase (SDR) superfamily, 

which reduces a β-ketone into an alcohol of L or D stereochemistry using NADPH6. A KR 

domain from bacterial PKSs performs the ketoreduction with stringent stereospecificity to 

afford a single alcohol stereoisomer. The molecular basis of this stereospecificity has been 

investigated in detail7–17. The geometry of the active site fixes the β-carbon relative to 

NADPH, facilitating a stereospecific attack by the hydride. X-ray crystal structures of 

bacterial KRs have suggested diagnostic residues that control KR stereospecificity by 

guiding the entrance of substrates into the active site groove from different sides15–17. Since 

only a single KR is present in the iterative HR-PKS, one would expect all the β-keto 

reduction to occur with the same relative stereochemistry. However, an exception was noted 

during our investigation of the biosynthesis of (6’S,10’S)-7’,8’-dehydrozearalenol (DHZ, 1), 

an intermediate to the resorcylic acid lactone (RAL) hypothemycin18,19.

The HR-PKS Hpm8 synthesizes the reduced hexaketide portion of 1 (Fig. 1) and transfers it 

to a non-reducing PKS (NR-PKS) Hpm3 that further extends it using three units of malonyl-

CoA. The KR domain in Hpm8 catalyzes five β-ketoreduction steps involving substrates 

ranging in size from diketide to hexaketide. The stereochemistries of the 6’ and 10’ positions 

were determined by X-ray crystallography to both be S configuration18. By analogy with the 

nomenclature of carbohydrate chemistry20, the absolute stereochemistry of C6’ and C10’ 

can be further assigned as D-S-OH-C6’ and L-S-OH-C10’. The unusual opposite 

stereochemistry of C6’ and C10’ suggests an additional level of programming complexity by 

KR in fungal HR-PKSs.

To confirm this Janus-faced stereospecificity of the Hpm8 KR domain, a series of β-keto-S-

N-acetyl cysteamine (SNAC) compounds were synthesized and assayed in the presence of 

Hpm8 and NADPH. The active Hpm8 was expressed from Saccharomyces cerevisiae strain 

BJ5464-NpgA4 (Supplementary Methods). Synthetic standards of the β-hydroxyacyl-SNAC 

in either L or D configuration were also prepared. The Hpm8 efficiently reduced both diketide 

acetoacetyl-SNAC 2 and tetraketide (7S,E)-7-hydroxy-3-oxo-oct-4-enoyl-SNAC 4 into the 

corresponding β-hydroxyacyl-SNAC products. Hpm8 reduced 2 into 2L (L configuration) 

with greater than 91% stereoselectivity, whereas 4 was reduced exclusively to the D product 

4D (Fig. 2a, Supplementary Results, Supplementary Fig. 1). These results are consistent 

with the stereochemistries of C10’ and C6’ in 1, and verify the substrate-tuned 

stereospecificity of the KR. Simplifying the structural complexity of 4 by using either β-

ketoacyl-SNAC 5 or 6 did not alter the KR stereospecificity and yielded 5D or 6D, 

respectively (Fig. 2b and Supplementary Figs. 2–3). Hence substitutions distal to the β-

position do not affect KR specificity, suggesting that carbon backbone length may solely 

dictate the product stereochemistry. Additional β-ketoacyl-SNAC substrates, including 3, 7 
and 8 were assayed using Hpm8 to establish the chain-length/stereoselectivity relationship at 

the tri-, penta- and hexaketide stages. All substrates were quantitatively reduced to the β-

hydroxyl product with D configuration (3D, 7D, or 8D, Fig. 2b, Supplementary Figs. 4–9 and 

Supplementary Table 1), in line with the syn stereochemistry required by the DH domain to 
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generate a trans double bond11,13. Therefore, the Hpm8 KR domain displays strict 

stereospecificity to generate the D-hydroxyl product, except in the case of the diketide, which 

is reduced from the opposite side to the L-alcohol.

In contrast to Hpm8, the HR-PKS Rdc5, which is involved in the biosynthesis of monocillin 

II en route to radicicol (Supplementary Fig. 10a), reduces the same diketide intermediate 

with the opposite stereochemistry to give a D-alcohol. End-to-end sequence alignment of the 

two KR domains revealed a highly conserved catalytic domain (cKR) with 66% identity 

(~190 AA), whereas the structural domains share a relatively lower sequence similarity 

(42% identity). By comparison to the KR subdomain of DEBS Module 1, the catalytic tetrad 

in Hpm8 was identified as Lys2088, Ser2113, Tyr2126 and Asn2130 (Supplementary Fig. 

10b). Indeed, mutation of the first three residues abolished the activities of Hpm8 

(Supplementary Fig. 11). However, alignment suggests that sequence fingerprints derived 

from modular KRs may not fully apply to fungal cKR (Supplementary Fig. 10 and 12). 

Specifically, the signature LDD motif for B-type KR (EryKR1) catalyzing “R” 

stereochemistry (D-OH)7,14,16 is replaced by LRD in both Hpm8 and Rdc5. With the 

exception of producing 2L, the retained aspartic acid residue of LRD may still be predictive 

of D-OH products. The signature tryptophan in A-type KR (AmpKR2) catalyzing reduction 

to “S” stereochemistry (L-OH)8,9,17 is substituted with either Tyr2118 in Hpm8 or Phe2143 

in Rdc5. The point mutation Y2118F in Hpm8 did not lead to alteration in product 

stereochemistry, indicating that additional regions are involved in directing the opposite 

substrate orientation in Hpm8 at the diketide stage (Supplementary Fig. 11).

The homology structures of Hpm8 and Rdc5 cKR domains displayed a variant Rossmann 

fold21,22 with two β–α–β–α–β motifs that are connected by α3 (Fig. 2c and Supplementary 

Fig. 13). The β1–α1–β2–α2–β3 stretch is involved in NADPH binding, whereas the catalytic 

residues and the putative active site are located in the β4–α4–β5–α5/6–β6 motif, in which the 

second helix is fractured into α5 and α6 due to the presence of hairpin-forming proline. To 

map the secondary structural elements that contribute to the stereospecificity difference 

between the two cKRs, a series of Hpm8 mutants containing chimerical cKR sequences 

were constructed. Among them, Hpm8B2 covers most of the Rossmann fold and contains 

Rdc5 sequences from the loop between β2 and α2 to the loop between β6 and α7, while the 

remaining chimeras were swapped with subsets of structural elements. Solubly expressed 

mutants are shown in Fig. 2d.

Several Hpm8 chimeras displayed altered stereospecificity in the ketoreduction of 2 (Fig. 

2a), such as Hpm8B2 that afforded 95% 2D instead of the initial major product 2L. Leaving 

β6 intact as in Hpm8B4 similarly produced ~95% 2D. The product stereochemistry reverted 

back to 2L for Hpm8B5, which does not contain the Rdc5 cKR β5–α5–α6 region in which 

Ser2113 and Tyr2126 are located. This result clearly indicated the importance of this 

structural element in dictating the orientation of the substrate 2. Swapping β5–α5–α6 alone 

between Hpm8 and Rdc5 was not successful as Hpm8B6 was not soluble. Two other hybrids 

Hpm8B8 and Hpm8B9 produced 2L as the major product, which excludes the involvement 

of α4 as well as the first β–α–β–α–β motif in stereoselectivity. The set of chimera 

megasynthases were further assayed for ketoreduction of 4, and each reduced the tetraketide 

stereoselectively into the D isomer 4D (Supplementary Fig. 1). Collectively, these results 
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indicate the substrate-tuned stereoselectivity is modulated by the β5–α5–α6 motif in the 

catalytic site.

We next examined if the altered stereospecificity of the chimeras can produce (6’S,10’R)-7’,

8’-dehydrozearalenol 9, a diastereomer of 1. This required the functions of the remaining 

domains of Hpm8, as well as those of the partnering Hpm3, to be tolerant to the 

stereochemical inversion of the diketide intermediate. Each of the Hpm8 chimeras was co-

expressed with Hpm3 in BJ5464-NpgA and metabolite extract was analyzed by LCMS. 

Consistent with in vitro results, chimeras Hpm8B5, B8 and B9 all produced 1 as observed 

with the wild type (Fig. 2e). In contrast, in the presence of Hpm8B2 or Hpm8B4, a new 

RAL-like compound with the same UV absorption pattern and molecular weight as 1 
emerged (Supplementary Fig. 14). NMR analysis suggested it is a diastereomer of 1 
(Supplementary Figs. 15–18 and Supplementary Table 2).

To verify the stereochemistry of the new compound at C6’ and C10’, it was hydrogenated to 

zearalanol 10 (SI Scheme 8). The circular dichroism spectrum of 10 was a mirror image of 

that of the well characterized (6’R, 10’S) α-zearalanol 1123. Therefore, the stereochemistry 

of C6’ and C10’ in 10 can be deduced to be S and R respectively, thus confirming the new 

compound to be 9. To exclude any possible epimerization activity of Hpm3, (7S, 11R, 2E, 

8E)-7,11-dihydroxy-dodeca-2,8-dienyl-SNAC 12 that incorporated the stereochemistry of 

the putative precursor of 9 was synthesized as a starter unit for Hpm3. Addition of 12 to 

Hpm3 and malonyl-CoA produced 9 as the single product (Fig. 2e).

Interestingly, the in vivo synthesis of 1 and 9 by Hpm8B7 and Hpm3 established the 

minimally swapped region in KR to invert diketide stereospecificity to be α4–β5–α5–α6. 

This further supports the role of β5–α5–α6 as a critical determinant of KR stereospecificity. 

Although Hpm8B2 and Hpm8B4 reduced 2 into 2D with >95% enantioselectivity, 

compounds 1 and 9 were produced at comparable levels in vivo. This is probably due to the 

intrinsic preference of both HR- and NR-PKS for the natural, S-hydroxybutyryl 

intermediate. The selectivity of other domains in either HR-PKS or NR-PKS towards the 

natural diketide isomer therefore represents a potential barrier to the rational manipulation of 

stereocontrol in these systems.

In conclusion, we have shown that the Hpm8 KR possesses a previously unrecognized 

ability to reduce the β-ketoacyl intermediates with different stereochemical outcomes based 

on substrate chain length. Recently, fungal KR domains were proven to unexpectedly 

influence the chain length of the HR-PKS products24. Discovering these additional degrees 

of programming complexity in the tailoring domains represents important steps towards 

fully deciphering the programming rules of the enigmatic IPKSs.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Biosynthesis of (6’S,10’S)-7’,8’-dehydrozearalenol (DHZ, 1) by Hpm8 and Hpm3 from 

Hypomyces subiculosus. In Hpm8, ψMT represents the pseudo C-methyltransferase domain 

and ψKR denotes the structural KR, as designated in the mammalian FAS25. The 

biosynthesis of the highly-reduced acyl chain of 1 by Hpm8 is displayed in detail. The two 

chiral centers C6’ and C10’ are generated at diketide and tetraketide stages. The 

stereochemistry of the stereogenic centers in 1 can be assigned as D-S-OH-C6’ and L-S-OH-

C10’.
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Figure 2. 
Analysis and engineering of KR stereospecificity. a: The chiral HPLC traces (240 nm) of (i) 

the mixture of the chemical standards 2L and 2D; and the reductive products generated by 

(ii) Hpm8, (iii) Hpm8B2, (iv) Hpm8B4, (v) Hpm8B5, (vi) Hpm8B8 or (vii) Hpm8B9 from 

acetoacetyl-SNAC 2. b: The chemical structures of the synthesized β-keto SNACs for the 

stereochemical interrogation. c: The cartoon view of the homology model of Hpm8_cKR. 

The catalytic residues Ser2113, Lys2088 and Tyr2126 are shown as sticks in red. The 

secondary structural elements are labeled sequentially. d: Illustration of the swapped regions 
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between Hpm8_cKR and Rdc5_cKR in different chimeric HR-PKSs. The sequences 

retained from Hpm8 are shown in white squares and the introduced regions from Rdc5 are 

shown in gray squares. e: The HPLC traces (320 nm) of (i) in vitro assay containing 10 µM 

Hpm3, 2 mM precursor 12 and 2 mM malonyl-CoA; the in vivo metabolites profiles from 

the S. cerevisiae co-transformants harboring Hpm3 and (ii) Hpm8B2, (iii) Hpm8B4, (iv) 

Hpm8B5, (v) Hpm8B8 or (vi) Hpm8B9. The differences in relative amounts of the D and L 

products generated via the in vitro assays (Fig. 2a) and in vivo biosynthesis (Fig. 2e) 

involving Hpm8B2 and Hpm8B4 are likely due to the selectivity for the minor reduced L-

diketide isomer in the subsequent enzymatic processing towards 1 and 9.
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