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Abstract

The role of the conserved active site tyrosine and serine residues in epimerization catalyzed by 

polyketide synthase ketoreductase (PKS KR) domains has been investigated. Both mutant and 

wild-type forms of epimerase-active KR domains, including the intrinsically redox-inactive 

EryKR30 and PicKR30 as well as redox-inactive mutants of EryKR1, were incubated with [2-2H]-

(2R,3S)-2-methyl-3-hydroxypentanoyl-SACP ([2-2H]-2) and 0.05 equiv of NADP+ in the presence 

of the redox-active, epimerase-inactive EryKR6 domain. The residual epimerase activity of each 

mutant was determined by tandem equilibrium isotope exchange, in which the first-order, time-

dependent washout of isotope from 2 was monitored by LC-MS-MS with quantitation of the 

deuterium content of the diagnostic pantetheinate ejection fragment (4). Replacement of the active 

site Tyr or Ser residues, alone or together, significantly reduced the observed epimerase activity of 

each KR domain with minimal effect on substrate binding. Our results demonstrate that the 

epimerase and reductase activities of PKS KR domains share a common active site, with both 

reactions utilizing the same pair of Tyr and Ser residues.
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Introduction

Assembly line polyketide synthases (PKSs) are exceptionally large (1–10 MDa), 

multifunctional proteins that are responsible for the biosynthesis of a wide range of 

structurally and stereochemically complex natural products.1,2 For each PKS, the individual 

ketoreductase (KR) domains within each module control the configuration of the vast 

majority of both the secondary hydroxyl and methyl-bearing stereogenic centers in the 

resultant complex polyketide.3–13 Thus, EryKR6 from module 6 of the 6-

deoxyerythronolide B synthase14–16 carries out the diastereospecific reduction of its 

ketosynthase (KS)-generated (2R)-2-methyl-3-ketoacyl-acyl carrier protein (ACP) thioester 

substrate to give (2R,3S)-2-methyl-3-hydroxyacyl-ACP products (Scheme 1a).3,4 Using an 

equilibrium isotope exchange (EIX) assay, we have recently shown that KR domains, such 

as EryKR1 from module 1 of the 6-deoxyerythronolide B synthase, catalyze mandatory 

epimerization of the methyl group of the (2R)-2-methyl-3-ketoacyl-ACP thioester prior to 

diastereospecific reduction of the transiently generated (2S)-2-methyl-3-ketoacyl-ACP 

intermediate to give epimerized (2S,3R)-2-methyl-3-hydroxyacyl-ACP (Scheme 1b).17 We 

then used an enzyme-coupled variant assay, termed tandem EIX,18 to establish that 

commonly occurring redox-inactive KR domains, such as the EryKR30 domain from 

module 3 of the 6-deoxyerythronolide B synthase16 and the orthologous PicKR30 domain 

from module 3 of the picromycin synthase (in which the superscript “0” designates a redox-

inactive domain), each harbor an intrinsic, previously cryptic, methyl epimerase activity that 

generates the (2S)-2-methyl-3-ketoacyl-ACP product from the corresponding (2R)-2-

methyl-3-ketoacyl-ACP intermediate (Scheme 1c).

The overwhelming majority of polyketide synthase KR domains, which all belong to the 

large and heterogeneous family of short chain dehydrogenase/reductase (SDR) 

proteins,19–21 display a universally conserved catalytic triad of Ser, Tyr, and Lys residues 

(Figure 1). Site-directed mutagenesis of representative PKS KR domains has established that 

both the Tyr and Ser residues play critical roles in the redox reaction, with the corresponding 

Tyr→Phe and Ser→Ala mutants retaining <0.1% of the wild-type ketoreductase activity.22 

Extensive biochemical, protein structural, and site-directed mutagenesis studies of 

prototypical members of the SDR class support a general mechanistic model in which the 

hydroxyl groups of the active site Tyr and Ser cooperate to hydrogen-bond to the substrate 

carbonyl oxygen atom, with the phenolic Tyr hydroxyl serving as a general acid that 

activates the substrate carbonyl for reductive nucleophilic attack by the 4-si-hydride of the 

NADPH cofactor.23–26
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By contrast, in spite of the apparent mechanistic simplicity of epimerization of a 2-methyl-3-

ketoacyl ester, the protein structural basis for the only recently verified intrinsic epimerase 

activity of specific KR domains has heretofore been obscure. As the next step in addressing 

this issue, we have now examined the role of the conserved active site Tyr and Ser residues 

in promoting the discrete KR-catalyzed epimerization event, using an experimental approach 

that allows deconvolution from the known function of each of these same two residues in 

catalysis of ketoreductase activity. To this end, we have focused on epimerase-active KR 

domains such as EryKR30 and PicKR30 that are intrinsically redox-inactive, or on 

engineered variants of EryKR1 that have been rendered redox-inactive as a necessary 

consequence of mutation of the active site Tyr or Ser residues themselves. The results 

establish that epimerase and reductase activities of KR domains share a common active site, 

with the conserved Tyr and Ser residues playing distinct mechanistic roles in promoting 

each activity.

Experimental Procedures

Materials

Isopropylthio-β-galactopyranoside (IPTG), ampicillin, kanamycin, and Phusion Flash High-

Fidelity PCR Master Mix were purchased from Thermo Scientific. All other chemical 

reagents were purchased from Sigma-Aldrich and utilized without further purification. DNA 

primers were synthesized by Integrated DNA Technologies. Restriction enzymes and T4 

DNA ligase were purchased from New England Biolabs Inc (NEB) and used according to 

the manufacturer’s specifications. Competent E. coli 10-beta and BL21(DE3) cloning and 

expression strains were purchased from New England BioLabs. Pre-charged 5 mL 

HisTrapTM FF columns were purchased from GE Healthcare Life Sciences. Amicon Ultra 

Centrifugal Filter Units (Amicon Ultra-15 and Amicon Ultra-4, 30,000 MWCO) were 

purchased from Millipore. Slide-A-Lyzer Dialysis Cassettes was purchased from Thermo 

Scientific. The black Greiner Bio-One UV-Star® 96-Well Microplates was purchased from 

VWR Life Science. The construction and sequence information of plasmids containing 

DNA encoding EryKR1, EryKR30 and PicKR30 protein have been previously 

described.12,27 Recombinant EryKR1, EryKR30, PicKR30, EryKR6, EryACP6 and Sfp were 

each expressed and purified as previously described.3,4,12,27,28 The expression and 

purification of KR mutant proteins is described below. The (±)-2-methyl-3-ketopentanoate-

SNAC and propionyl-SNAC were synthesized as previously described.11 The ACP-bound 

substrate (2R,3S)-[2-2H]-2-methyl-3-hydroxypentanoyl-EryACP6 was prepared as 

previously described.17,18

Methods

General methods were as previously described.3,29 Growth media and conditions used for E. 

coli strains and standard methods for strain manipulation were as described,29 unless 

otherwise noted. All DNA manipulations performed following standard procedures.29 DNA 

sequencing was carried out at the U. C. Davis Sequencing Facility, Davis, CA or by 

Genewiz. All proteins were handled at 4 °C unless otherwise stated. Protein concentrations 

were determined according to the method of Bradford,30 using a Tecan Infinite M200 

Microplate Reader with bovine serum albumin as the standard. Protein purity and size was 
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estimated using SDS-PAGE and visualized using Coomassie Blue stain and analyzed with a 

Bio-Rad ChemiDoc MP System. Accurate protein molecular weight was determined by ESI-

MS on an Agilent 6530 Accurate-Mass Q-TOF LC/MS. Reductase activity assays were 

carried out on the Tecan Microplate Reader and kinetic assays of KR-catalyzed reductions 

were also performed by GC/MS. 1H and 13C NMR spectra were obtained on a Bruker 

Avance III HD Ascend 600 MHz spectrometer. A Thermo LXQ equipped with Surveyor 

HPLC system and a Phenomenex Jupiter C4 column (150 mm×2 mm, 5.0 μm) was utilized 

for analysis of diketide-ACP compounds. LC-ESI-MS-MS analysis was carried out in 

positive ion mode for analysis of pantetheinate ejection fragments.

KR mutants

Plasmid pAYC59 harboring the DNA sequence encoding the EryKR1 domain27 served as 

the template with outside primers (EryKR1-NdeI: 5′-

AAAAAACATATGGACGAGGTTTCCGCGCTGCGC-3′, NdeI restriction site underlined; 

EryKR1-EcoRI: 5′-TTTTGAATTCACCGCGCCCACCCGCGGTTCGGC-3′, EcoRI 

restriction site underlined) and the corresponding mutant primers (see Table S1) to generate 

mutations of EryKR1 by two cycles of Overlap Extension PCR.31 The resultant amplicon 

was digested with NdeI and EcoRI and ligated into pET28b (Novagen) using the same 

protocols previously described for preparation of EryKR1 deletion mutants lacking portions 

of the NADPH binding site.18 The EryKR30 single mutant was constructed with outside 

primers (EryKR3- NdeI: 5′-

CGAAGTGAACATATGGCGAGCGATGAACTGGCGTACCGC-3′, NdeI restriction site 

underlined; EryKR3-XhoI: 5′-

ATTGCAATGCTCGAGTCAGGCTTCTGCCTGACCCCCGCGGCC-3′, XhoI restriction 

site underlined) and the corresponding mutant primers (Table S1) using the above protocol. 

The EryKR30-Y362F mutant plasmid DNA was also used as the template for two further 

rounds of overlap extension PCR amplification by two pairs of primers (EryKR3-NdeI/XhoI 

and EryKR3-S349A F/R) to construct the double mutant EryKR3-Y362F/S349A. The same 

protocol was used to construct the PicKR30 single mutant with outside primers (PicKR3-

NdeI: 5′-ATCGTAATCCATATGGGCTCCGTGCAGGACTCCTG-3′, NdeI restriction site 

underlined; PicKR3-EcoRI: 5′-

TGATTCGATGAATTCACGTCGACTGCTGCTCGTCGA-3′, EcoRI restriction site 

underlined). The PicKR30-Y398F mutant plasmid DNA was also used as the template for 

two further rounds of overlap extension PCR amplification by two pairs of primers 

(PicKR3-NdeI/EcoRI and PicKR3-S385A F/R) to construct the double mutant PicKR30-

Y398F/S385A. Plasmid DNA was purified (Thermo Scientific GeneJET Plasmid mini-prep 

kit) in each case from cultures derived from a single colony. DNA sequencing confirmed the 

sequences of all mutant plasmid inserts.

Expression and purification of mutant proteins

The expression mutant plasmids were each transformed into competent cells of E. coli 

BL21(DE3) and selected single colonies were inoculated into LB media containing 50 mg/L 

kanamycin and incubated at 37 °C overnight. The 10-mL seed cultures were each inoculated 

into 500 mL Super Broth (SB) media containing 50 mg/L kanamycin at 37 °C, which was 

grown to an OD600 of 0.5–0.7. The broth was cooled to 16 °C for 1 h and induced with 0.2 
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mM ITPG. After 40 h at 16 °C, cells were harvested by centrifugation and washed and 

resuspended in lysis buffer (50 mM sodium phosphate, 500 mM NaCl, 40 mM imidazole, 

10% glycerol, pH 8.0). Following sonication and removal of cell debris by centrifugation 

(23,000g for 50 min), the supernatant was loaded on to a previously lysis buffer-

equilibrated, pre-charged 5 mL HisTrapTM FF column (GE Healthcare). The column was 

washed with 25 mL lysis buffer and then 25 mL washing buffer (50 mM sodium phosphate, 

500 mM NaCl, 60 mM imidazole, 10% glycerol, pH 7.6). The protein was eluted using 

elution buffer (50 mM sodium phosphate, 50 mM NaCl, 150 mM imidazole, 10% glycerol, 

pH 7.4). The protein was concentrated by ultrafiltration (Amicon, 30,000 MWCO), the 

buffer was exchanged with exchange buffer (50 mM sodium phosphate, 10% glycerol, pH 

7.2), concentrated, and stored at −80 °C until use. SDS-PAGE analysis by Bio-Rad Image 

Lab Software indicated that the purity of all mutant proteins was >90% and that the relative 

Mr values were all similar (Figure S2). The molecular mass MD of each mutant protein was 

verified by Agilent Technologies Q-TOF LC-MS and matched the predicted values (Table 

S2).

Assay of ketoreductase activity of EryKR1-Y370F and EryKR1-S357A mutants

The ketoreductase activity of the EryKR1-Y370F and EryKR1-S357A mutants and wild-

type KR proteins was assayed in 96-well plates using the standard assay substrates trans-1-

decalone and (±)-2-methyl-3-ketopentanoate-S-NAC.7,32 Each KR protein (5 μM) was 

incubated with 1 mM NADPH in 50 mM sodium phosphate, pH 7.2, at 30 °C for 20 min. 

The trans-1-decalone or (±)-2-methyl-3-ketopentanoate-S-NAC (1) (final concentration 8.0 

mM) was added in a total volume of 200 μL and the consumption of NADPH was measured 

with the Tecan plate reader by monitoring the decrease in the absorbance at 340 nm for 30 

min at 30 °C (Figure S3). The mutant EryKR1-Y370F and EryKR1-S357A proteins did not 

show any detectable reductase activity in either of these assays.

GC-MS kinetic assay of EryKR1 and mutant EryKR1-S357A with trans-1-decalone

After incubation of EryKR1-Y370F with (±)-2-methyl-3-ketopentanoate-S-NAC or trans-1-

decalone and NADPH for 24 h, there was no reduced product detected by GC-MS. Under 

these extended time conditions, the EryKR1-S357A mutant was able to reduce both (±)-2-

methyl-3-ketopentanoate-S-NAC or trans-1-decalone in the presence of NADPH for 24 h to 

the corresponding hydroxylated products. EryKR1 (5 μM) or EryKR1-S357A (80 μM) with 

2.0 mM NADPH in 50 mM sodium phosphate, pH 7.2 was pre-incubated for 20 min at room 

temperature, then a concentration series of reference substrate trans-1-decalone (final 

concentration 1, 2, 3, 4, 5, 6, 7, 8 mM) was added and the reaction was quenched by adding 

1 mL ethyl acetate after 10 min for EryKR1 (up to 4.5 h) or 6 h for EryKR1-S357A (up to 

24 h). The products were extracted with ethyl acetate (3 × 1 mL) and the organic phase was 

concentrated under vacuum. The residue was resuspended in 200 μL MeOH and then 

analyzed by GC-MS [Agilent 5977A Series GC/MSD System using HP-5MS capillary 

column (30 m × 0.25 mm) with the injector port at 250 °C and a temperature program of 60 

°C for 2 min, then 20 °C/min up to 280 °C, and 280 °C for 2 min]. A standard calibration 

curve was generated using cis-decahydro-1-naphthol. The steady-state kinetic parameters 

(Table S3) were calculated by fitting the observed rate and substrate concentration data to 
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the Michaelis-Menten equation by non-linear least squares regression using the Sigma Plot 

12.5 program.

Tandem equilibrium isotope exchange assay of redox-inactive KR proteins

The tandem EIX assay was based on the previously described protocol, which takes 

advantage of the fact that EryKR6, EryKR1, EryKR30, and PicKR30 are able to process 

ACP-bound diketide substrates of the appropriate stereochemistry.18 In a typical assay, 

[2-2H]-(2R,3S)-2-methyl-3-hydroxypentanoyl-EryACP6 (2) (90 μL of 500 μM solution, 45 

nmol, final conc 300 μM), EryKR6 (11.25 nmol, 75 μM), mutant redox-inactive KR protein 

(11.25 nmol, 75 μM), and NADP+ (1.5 μL of 1.5 mM soln, 2.25 nmol, final conc 15 μM) 

were incubated in 50 mM phosphate buffer (pH 7.2) (tot vol 150 μL) at room temp. Samples 

were withdrawn at periodic intervals up to 60 min and frozen in liq N2, before direct 

analysis of the pantetheinate ejection fragments by LC-ESI(+)-MS-MS, as previously 

described (Tables S4 and S5).17,18,33,34

Fluorescence quenching assay of (±)-2-methyl-3-ketopentanoyl-SNAC and propionyl-
SNAC binding by ketoreductases and mutants

All fluorescence measurements were carried out at pH 7.2 on a Tecan plate reader at 30 °C. 

Binding of (±)-2-methyl-3-ketopentanoate-SNAC (1) to ketoreductases or mutants was 

monitored by following the quenching of enzyme fluorescence intensity induced by their 

binding to the NADPH-free apoenzymes.35,36 Wild type KR domains and their mutant 

apoenzymes were prepared by previously published methods.35,36 Purified protein (2 mL) 

was dialyzed (Slide-A-Lyzer Dialysis Cassettes, 10K MWCO, Thermo Scientific) against 1 

L of 50 mM potassium phosphate buffer (pH 7.5) containing 1 M potassium bromide and 5 

mM EDTA, 10% glycerol. The buffer was changed two times over a period of 36 h. The 

dialysis cassettes containing the cofactor-free apoenzyme were then transferred to 2 L of 50 

mM sodium phosphate buffer (pH 7.5) containing 10% glycerol with changing of the buffer 

three times over 36 h. Successive 5-μL portions of substrate (±)-2-methyl-3-ketopentanoyl-

SNAC (1) solution were added into wells of UV-Star® 96-Well Microplates (Greiner Bio-

One, black) containing 90 μL of 1 μM protein solution or buffer alone. The final (±)-2-

methyl-3-ketopentanoyl-SNAC concentration in the assay ranged from 0 to 50 mM (0, 0.1, 

0.2, 0.4, 1, 1.5, 2, 2.5, 3, 3.5, 4, 10, 15, 20, 25, 30, 35, 40, 45, 50 mM). The plate was 

incubated for 20 min at room temperature. The quenching fluorescence was excited at 280 

nm (5 nm bandwidth) and monitored at 338 nm (20 nm bandwidth). From the measured 

fluorescence intensity F at a given final concentration of (±)-2-methyl-3-ketopentanoyl-

SNAC (Figure S5), the quenched fluorescence intensity Fq was calculated by using the 

equation Fq=Fapo−Fobs, where the Fapo represents the fluorescence intensity of the 

apoenzyme without (±)-2-methyl-3-ketopentanoyl-SNAC, and Fobs, the fluorescence 

intensity of apoenzyme at a given (±)-2-methyl-3-ketopentanoyl-SNAC concentration. The 

binding parameter (Kd) was calculated by fitting the observed quenched fluorescence 

intensity and substrate concentration data to the Ligand Binding Equation (one site 

saturation, eq 1) using the SigmaPlot 12.5 program (Table S6).
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(Eq 1)

To compare the effect on binding affinity of different substrates, the apoenzyme of EryKR3 

and its mutants (Y362F, S349A, Y362F/S349A) were each incubated in separate 

experiments with (±)-2-methyl-3-ketopentanoyl-SNAC or propionyl-SNAC. The measured 

fluorescence intensity F at a given final concentration of (±)-2-methyl-3-ketopentanoyl-

SNAC or propionyl-S-NAC is shown in Figure S6. The calculated binding affinities (Kd) are 

listed in Table S7. Except for the protein concentration (400 nM) and substrate 

concentrations (0, 0.75, 4.5, 6, 15, 22.5, 30, 37.5, 45, 52.5, 60, 67.5 mM), all other details of 

the experiment were the same as those described above. The calculated Kd values for the 

propionyl-SNAC for each protein variant were 4–7-fold higher than the corresponding 

values for the (±)-2-methyl-3-ketopentanoyl-SNAC analogue.

Results

To test the role of the conserved active site Tyr and Ser residues in the epimerase activity of 

intrinsically epimerase-active KR domains, we first prepared the individual Y362F and 

S349A mutants as well as the Y362F/S349A double mutant of recombinant EryKR30 by 

site-directed mutagenesis. The residual epimerase activity of each redox-inactive EryKR30 

mutant was then determined by enzyme-coupled, tandem EIX assay (Scheme 2).18 Thus 

EryKR30 and each of its mutants were individually incubated with [2-2H]-(2R,3S)-2-

methyl-3-hydroxypentanoyl-SACP ([2-2H]-2) and 0.05 equiv of NADP+ in the presence of 

the redox-active, epimerase-inactive EryKR6 domain (Scheme 2a). EryKR6 serves to 

transiently generate [2-2H]-(2R)-2-methyl-3-ketopentanoyl-ACP (3), which can undergo 

equilibrium isotope exchange catalyzed by any residual epimerase activity in the EryKR30 

mutant. Under these equilibration conditions, 3 is reduced back to 2 by EryKR6 using the 

transiently generated NADPH. The extent of first-order, time-dependent net washout of 

isotope from 2 was monitored by LC-MS-MS analysis of samples withdrawn at periodic 

intervals over a period of an hour, with quantitation of the deuterium content of the 

diagnostic pantetheinate ejection fragment 4 derived from 2 (Scheme 2c, Figures 2a and 3, 

Table S4).33,34 As positive and negative controls, incubations were also carried out with 

wild-type EryKR30 (Scheme 2a, Figure 2a, Table S4) and with EryKR6 alone (Scheme 2b, 

Figure 2a, Table S4), respectively, in order to establish the upper and lower limits of KR-

catalyzed deuterium exchange. The relative rate of deuterium washout for each mutant 

compared to the rate for epimerase-active wild-type EryKR30 was then calculated from the 

ratio of the slopes of the first-order fits of ln(%2H) of 2 vs time from 20 – 60 min, after 

correction for the small amount of background exchange measured in the presence of 

epimerase-inactive EryKR6 alone (Table S5). By this method, it was found that the Y362F 

and S349A mutants of EryKR30 each lost >85% of their native epimerase activity, while the 

Y362F/S349A double mutant lost >95% of the original epimerase activity, with the 

measured washout of deuterium from [2-2H]-2 being essentially indistinguishable from the 

background loss of isotope observed with EryKR6 alone (Figures 2a and 3, Tables S4 and 

S5). Significantly, both the S349A and Y362F/S349A mutants also displayed lag times of at 

least 30 min before the onset of detectable loss of deuterium, as typically observed in the 
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EIX assay of epimerase-inactive KR domains such as EryKR6 (Figures 2a and 3, Table 

S4).17,18

As a further control, the dissociation constants Kd for wild-type EryKR30 and for the three 

derived mutants were determined by titration of each protein with the substrate analogue 

(±)-2-methyl-3-ketopentanoyl-N-acetycysteamine (SNAC) thioester (1) and measurement of 

the resultant protein fluorescence quenching (Figure S5 and Table S6).35,36 The Kd value for 

the diketide-SNAC ester was analyzed rather than that of the corresponding ACP-tethered 

thioester 3 in order to focus on the effect of the individual KR mutations on binding of the 2-

methyl-3-ketoacyl diketide moiety, without masking by the stronger binding of the ACP 

moiety. ACP-bound substrates typically exhibit Km values that are about 0.1% of those for 

the corresponding SNAC analogues, presumably due to substantial protein-protein 

interactions between the KR domain and the ACP itself. As a further validation of the 

binding assay itself, we also tested the non-reactive substrate analogue propionyl-SNAC, 

which showed Kd values for EryKR30 and its mutants that were 4–7-fold larger than those 

for the diketide analogue 2-methyl-3-ketopentanoyl-SNAC (Figure S6 and Table S7). 

Notably the calculated Kd values for diketide-SNAC 1 with each of the three mutants 

increased by no more than 15% from the Kd of 8.0±0.4 mM determined for wild-type 

EryKR30, thereby establishing that neither of these two mutations, alone or together, 

significantly affected the binding of the 2-methyl-3-ketoacyl thioester substrate. The steady-

state parameters kcat and Km of the actual epimerase substrate, 2-methyl-3-ketopentanoyl-

SACP (3) can of course not be measured under the conditions of the tandem EIX assay, 

since the actual concentration of 3 that is transiently generated in the enzyme-coupled 

reaction is necessarily indeterminate.

To probe the generality of these observations, we also carried out an analogous series of 

experiments (Scheme 2) on the corresponding Y398F, S385A, and Y398F/S385A mutants 

of the intrinsically epimerase-active PicKR30 domain, with results similar to those observed 

for the EryKR30 mutant series (Figures 2b and S4, Tables S4 and S5). While replacement of 

the Tyr residue with Phe resulted in a modest 44% decrease in epimerase activity, the 

Ser→Ala mutation reduced the net epimerase activity by 63%, and the Y398F/S385A 

double mutant lost essentially all measurable epimerase activity. Control substrate binding 

assays once again confirmed that the individual mutations resulted in only minor increases 

in Kd for (±)-2-methyl-3-ketopentanoyl-SNAC (1) compared to the KD of 5.0±0.3 mM for 

binding of 1 to wild-type PicKR30 (Figure S5 and Table S6).

In a third series of experiments, we generated the redox-inactive Y370F and S357A mutants 

of epimerase-active recombinant EryKR1. Both UV spectrometric and GC-MS assays using 

the model substrates trans-1-decalone and (±)-2-methyl-3-ketopentanoyl-SNAC) in the 

presence of NADPH confirmed the expected near complete abolition of ketoreductase 

activity in both mutants, with kcat(mut)/kcat(wt) <10−4. (Figure S3, Table S3).7,32 By 

contrast, neither mutation had a significant effect on the binding affinity of 1, with the Kd for 

both the Y370F and S357A mutants within 20% of the Kd of 7.7±0.4 mM determined for 

wild-type EryKR1 (Table S6). Using the tandem EIX assay, both the EryKR1 Y370F and 

S357A mutants exhibited >95% loss in epimerase activity, as well as lag times of 20–30 min 
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for the onset of detectable deuterium washout typical of epimerase-inactive KR domains 

(Scheme 2, Figure 2c, Table S4).17,18

Discussion

The above-described experiments establish that the epimerase and reductase activities of 

PKS KR domains share a common active site and that both reactions utilize the same pair of 

conserved tyrosine and serine residues. Since the majority of PKS KR domains catalyze 

only ketoreduction without coupled epimerization, it is evident that the conserved Tyr and 

Ser residues alone are not sufficient for epimerase activity. Notably, for KR domains such as 

EryKR1 that are both redox- and epimerase-active, mutation of either the Tyr or Ser residue 

results in a considerably stronger suppression of ketoreductase activity than of epimerase 

activity. This differential influence on catalysis is consistent with the substantial differences 

between the rates of enzyme-catalyzed NADPH-dependent ketoreductase reactions and 

those reported for NAD(P)H model reactions (kcat/kuncat >106).37 These rate accelerations, 

corresponding to selective stabilization of the enzyme-bound transition state, are at least 3 

orders of magnitude larger than the relatively small kcat/kuncat ~1–5 × 103 at pH 7.2 that has 

been assigned for epimerization of 2-methyl-3-ketoacyl-ACP substrates.3,4

We propose that the active site Tyr and Ser residues of an epimerase-active PKS KR domain 

both hydrogen-bond to the ketone carbonyl of the (2R)-2-methyl-3-ketoacyl-ACP substrate, 

which is thereby held in an extended conformation in which the ketone and thioester 

carbonyl groups are coplanar, resulting in a pKa 10–11 for the H-2 proton of the 

conformationally restricted 3-ketoacyl thioester (Scheme 3). Removal of the H-2 proton by 

an as yet unidentified basic amino acid residue or a bound water molecule will generate the 

corresponding conjugated enolate, itself more strongly hydrogen-bonded to the tyrosine and 

serine hydroxyl groups. Reprotonation at C-2 on the opposite face of the transiently 

generated enolate by an acidic amino acid residue or a second water molecule will generate 

the epimerized (2S)-2-methyl-3-ketoacyl-ACP. Although to date there are no structures of 

PKS KR domains with bound substrates, the proposed mode of interaction of the 2-

methyl-3-ketoacyl-ACP with the active site Tyr and Ser residues is supported by the 

combined results of docking experiments and molecular dynamics simulations.38–40 

Intriguingly, neither extensive sequence alignments nor crystal structures of both epimerase-

active and epimerase-inactive KR domains have so far revealed any plausible acidic or basic 

amino acid residues suitably positioned within the active sites to mediate deprotonation or 

reprotonation at C-2 of the epimerizable substrate.8–13,38–40 We have previously ruled out 

any role for the NADPH cofactor in the epimerization reaction itself.18 Why some KR 

domains have epimerase activity and some do not is an essential question whose answer 

remains to be established.

For KR domains such as EryKR1 that are both epimerase- and redox-active, the (2S)-2-

methyl-3-ketoacyl-ACP intermediate undergoes diastereospecific KR-catalyzed reduction 

before release from the active site, thereby effecting a net kinetic resolution. By contrast, for 

epimerase-active, redox-inactive KR domains such as EryKR30 and PicKR30, the KS 

domain of the proximal downstream PKS module is responsible for the kinetic resolution 

step. For example, we have shown that the NanKS2 domain from module 2 of the 
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nanchangmycin PKS is strictly diastereospecific for elongation of its natural (2S)-2-

methyl-3-ketobutyryl-SACP substrate.41

Current efforts to elucidate further the mechanism of epimerase-active KR domains are now 

directed at determination of the structures of KR domains with bound substrates, as well as 

identification of the crucial active site basic and acidic species that mediate the requisite 

formation and further reaction of the transient enolate thioester intermediate.
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Abbreviations

ACP acyl carrier protein

EIX equilibrium isotope exchange

ESI electrospray ionization

KR ketoreductase

GC-MS gas chromatography-mass spectrometry

IPTG isopropylthio-β-galactopyranoside

KS ketosynthase

LC-MS liquid chromatography-mass spectrometry

PKS polyketide synthase

SDR short chain dehydrogenase/reductase

SNAC N-acetylcysteamine
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Figure 1. 
Mega3.0 (http://www.megasoftware.net) sequence alignment of epimerase-active PKS KR 

domains. PKS: Amp, amphotericin; Ery, erythromycin; Lan, lankamycin; Nys, nystatin; Pic, 

picromycin; Rif, rifamycin.
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Figure 2. 
Tandem EIX Assay of washout of deuterium from [2-2H]-2 by redox-inactive KR0 domains 

and derived Tyr and Ser Mutants. a. EryKR30. b. PicKR30. c. EryKR1 mutants.
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Figure 3. 
Time-dependent tandem EIX washout of deuterium from [2-2H]-2 by wild-type EryKR30 

and mutants.
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Scheme 1. 
Epimerase-active and epimerase-inactive KR domains.
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Scheme 2. 
Tandem EIX assay of epimerase activity of redox-inactive, wild-type and mutant KR0 

domains.

Xie et al. Page 18

Biochemistry. Author manuscript; available in PMC 2017 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Scheme 3. 
Proposed mechanism of epimerization - reduction
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