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Abstract

Acyltransferase (AT) domains of polyketide synthases (PKSs) select extender units for 

incorporation into polyketides and dictate large portions of the structures of clinically relevant 

natural products. Accordingly, there is significant interest in engineering the substrate specificity 

of PKS ATs in order to site-selectively manipulate polyketide structure. However, previous 

attempts to engineer ATs have yielded mutant PKSs with relaxed extender unit specificity, rather 

than an inversion of selectivity from one substrate to another. Here, by directly screening the 

extender unit selectivity of mutants from active site saturation libraries of an AT from the 

prototypical PKS, 6-deoxyerythronolide B synthase, a set of single amino acid substitutions was 

discovered that dramatically impact the selectivity of the PKS with only modest reductions of 

product yields. One particular substitution (Tyr189Arg) inverted the selectivity of the wild-type 

PKS from its natural substrate towards a non-natural alkynyl-modified extender unit while 

maintaining more than twice the activity of the wild-type PKS with its natural substrate. The 

strategy and mutations described herein form a platform for combinatorial biosynthesis of site-

selectively modified polyketide analogues that are modified with non-natural and non-native 

chemical functionality.

INTRODUCTION

Type I polyketide synthases (PKSs) are huge mega-enzyme assembly lines that catalyze the 

condensation of acyl-CoA thioester building blocks to form the scaffolds of a large variety 

of clinically relevant polyketides.1, 2 PKSs are organized into modules of enzyme domains, 
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whereby each discrete module is responsible for the installation and modification of a 

malonyl-derived extender unit into the growing polyketide chain3 (Figure 1A). The 

acyltransferase (AT) domain of these modular PKSs controls the specific extender unit 

selected by each module, which ultimately dictates large portions of polyketide structure as 

these extender units are assembled into natural product scaffolds. Accordingly, ATs offer 

powerful potential opportunities for the synthesis of regioselectively-modified analogues for 

optimization of pharmacological properties4–8 and the development of molecular probes.9

Numerous studies have described the ability of AT domains to discriminate between 

extender units naturally offered to the PKS in the producing organism.10, 11 Consequently, 

AT-swapping and complementation of inactivated ATs by trans-ATs have been explored in 

attempts to direct the installation of alternative extender units into polyketides.6, 7, 12, 13 

However, chimeric/hybrid PKSs are often completely inactive or display activity reduced by 

several orders of magnitude, compared to their wild-type counterparts.13–15 Moreover, such 

approaches have been largely limited to the incorporation of naturally occurring extender 

units and by the narrow extender unit specificity of wild-type ATs. Thus, the ability to 

introduce diverse chemical functionality in a regio-selective fashion by these approaches is 

limited by the inherent extender unit specificity of the AT.

To address these limitations, and in an effort to minimally perturb important structural 

features of PKSs, attempts have been made to alter the extender unit specificity of individual 

AT domains by site-directed mutagenesis.14, 16–18 The installation of a non-natural extender 

unit directed to a single position in a polyketide requires a mutant AT that no longer 

recognizes its natural extender unit, but instead favors alternative substrates which 

themselves are not utilized by other ATs in the PKS (Figure 1B). To date, mutant ATs with 

inverted extender unit specificities have not been reported, largely due to our insufficient 

understanding of extender unit specificity in PKSs, and partly as a result of the difficulties 

associated with determining substrate specificity of mutant PKSs in vivo.19

Recently, our group reported that the terminal module from the 6-deoxyerythronolide B 

synthase (DEBS) displays remarkable in vitro promiscuity towards a variety of non-native 

and non-natural extender units.20 Our work and that of others16, 17, 21 suggests that extender 

unit discrimination could be used as a platform to discover AT mutations that shift 

specificity away from native extender units and toward those poorly incorporated by a given 

PKS module. In order to discover amino acid mutations that can improve extender unit 

specificity towards non-natural substrates, we conducted saturation mutagenesis at a small 

number of amino acid residues in the AT that are hypothesized to be important for extender 

unit recognition. To probe the capacity of AT mutations to switch extender unit selectivity, 

engineered Ery6 AT mono-modules from the DEBS3 PKS were assayed in vitro using an 

acyl-CoA competition assay in conjunction with a chemically synthesized late stage 

intermediate.22, 23 This strategy successfully led to the identification of a set of mutants with 

preferences for or against non-natural and non-native extender unit substrates, respectively.
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RESULTS

Identification of Ery6 mutants with altered extender unit specificities

Several motifs have been identified that predict extender unit specificity of AT domains from 

PKSs (Figure 2A),24, 25 yet this information has proven entirely insufficient to switch 

specificity from one extender unit toward another. Indeed, ATs subjected to site-directed 

mutagenesis have displayed only relaxed substrate selectivity.14, 17 Rather than attempting to 

recapitulate specificity determinants found among wild-type PKSs, we hypothesized that 

saturation mutagenesis at selected AT active site residues could provide novel solutions by 

reprogramming extender unit specificity in a manner that is distinct from wild-type 

biosynthetic machinery. Previously, our group and others have shown that the AT and 

ketosynthase (KS) domain of Ery6, the terminal module from DEBS, are remarkably 

promiscuous towards non-native and non-natural extender units, although native 

methylmalonyl-CoA remains the preferred extender unit.17, 20, 26 Here, such promiscuity 

provided a platform for discovering AT mutations that shifted selectivity towards extender 

units that were otherwise poor substrates for the wild-type PKS.

Inspection of an EryAT6 homology model revealed several residues that likely form the 

binding pocket for the incoming extender unit (Figure 2B). Three residues were selected for 

mutagenesis: Leu118, Tyr189, and Ser191. Leu118 does not locate to a previously described 

specificity-conferring motif, and was chosen because of its close proximity to the extender 

unit side-chain likely position. Both Tyr189 and Ser191, on the other hand, are located in the 

well-known ‘YASH motif’ used to predict methylmalonyl-CoA specificity (Figure 2B).27 

Partially degenerate mutagenic oligonucleotides (NDT codons)28 were used to introduce on 

average 12 theoretical different amino acid substitutions at each targeted position. Following 

saturation mutagenesis, unique variants at each targeted position were identified by DNA 

sequencing. Subsequently, each Ery6 variant was subjected to in vivo 
phosphopantetheinylation conditions and each holo-Ery6 variant was purified to 

homogeneity as a hexa-histidine fusion protein by metal-chelation affinity chromatography. 

Crucially, in order to discover AT mutations that support installation of non-native and non-

natural extender units over the natural substrate, a competition assay was devised that reports 

activity between competing extender units (Figure 2C).

Each Ery6 AT variant (Figure 2C) was incubated with the diketide-SNAC thioester 3 and a 

1:3 mixture of methylmalonyl-CoA (1) and propargylmalonyl-CoA (2) prepared via 

engineered MatB mutants20, 29, 30 (see Supplemental Information for details). These 

conditions mimic desired in vivo feeding experiments whereby the non-natural extender unit 

is usually provided in excess over the natural substrate.16, 18 The alkyne 2 was selected as 

the competing extender unit given (1) it was previously established to be a substrate for the 

DEBS system, albeit a poor one, (2) the potential utility of a regioselectively installed alkyne 

for semi-synthesis or new macrolide derivatives, and (3) the size of 2 might be a good 

surrogate for other extender units and thus guide the identification of Ery6 AT mutants that 

could utilize other substrates. Next, the relative amount of the corresponding methyl (4) or 

propargyl (5) pyrone was determined by HPLC analysis of the product mixture. The DEBS 

thioesterase (TE) was omitted from these constructs for clarity of analysis given that the 
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resulting triketide spontaneously cyclizes and offloads.31, 32 Notably, variants with activities 

and product profiles very different from that of the wild-type Ery6 were identified (Figure 

S2). For example, AT6 Leu118His gave 4 and 5 as a 94:6 mixture, indicating that this 

variant is more selective toward methylmalonyl-CoA than the wild-type Ery6, which 

produces 4 and 5 as a 40:60 mixture. In complete contrast, the variant AT6 Tyr189Arg 

yielded 4 and 5 as an 8:92 mixture, indicating this variant displays extender unit selectivity 

orthogonal to that of the Leu118His variant.

Mutant Ery6TE-catalyzed generation of 10-deoxymethynolide analogues

Next, we set out to determine whether the newly discovered mutations could be harnessed to 

direct the synthesis of macrolactones that require TE-catalyzed macrocyclization. The 

engineered mono-module PikAIII-TE derived from the pikromycin polyketide synthase is 

able to utilize a chemically synthesized thiophenol-activated pentaketide (6, Figure 3A) that 

mimics the late intermediate usually handed-off to the final two modules of the pikromycin 

type I PKS.23, 33 Although 6 is not a native substrate for DEBS, we hypothesized that its 

structural similarity to the intermediate normally produced by upstream DEBS modules 

would render it a viable substrate to probe the impact of our AT mutations in Ery6TE. 

Subsequently, Ery6TE was incubated with 6 and an equimolar mixture of extender units 1 
and 2, and the identity and distribution of reaction products was analyzed by LC-HRMS. As 

expected, wild-type Ery6TE generates the 12-membered macrolactone 10-

deoxymethynolide (10-DML, 7) from 6 and the mixture of acyl-CoA’s 1/2 (Figure 3B/C, 

Figure S3, and Table S1). In addition, a minor product (~8% of the total products by EIC) 

was detected that had a mass consistent with the corresponding propargyl-modified 10-DML 

analogue 8 (Figure 3A). This result highlights the ability of the terminal Ery6TE module to 

incorporate a non-natural extender unit into the polyketide chain and to cyclize the 

intermediate to provide the corresponding macrolactone, albeit at lower conversion relative 

to 7. In agreement with the pyrone formation assay (Figure 1C), Ery6TEAT-Leu118His 

produced 7 and 8 in a ratio of 98:2, indicating that the ability of this variant to incorporate 2 
is almost completely abolished (Figure 3B/C, Figure S3, and Table S1). Moreover, the 

overall yield of this reaction is 1.5-fold greater than that catalyzed by the wild-type Ery6TE, 

as judged by LC-HRMS analysis. In contrast to the wild-type Ery6TE and the Leu118His 

mutant, Ery6TEAT-Tyr189Arg provided an 8-fold excess of 8 compared to 7, indicating a 

preference towards utilization of 2 over the natural substrate 1. Gratifyingly, in addition to 

the dramatically shifted extender unit selectivity of this variant, Tyr189Arg produced 8 at 

levels 27-fold higher than that produced by the wild-type Ery6TE, as judged by the extracted 

ion count by LC-HRMS analysis. Overall, the single mutation Tyr189Arg shifts selectivity 

94-fold towards 8 compared to the wild-type Ery6TE, as judged by the ratio of 7:8. As 

further evidence of the robustness of this mutant, Tyr189Arg supports production of 8 at a 

yield 2.3-fold higher than the ‘natural’ product 7 produced by wild-type Ery6TE. 

Additionally, a mutation reported to enhance utilization of 2 in the context of erythromycin 

A production in Saccharopolyspora erythraea (Val187Ala),17 was introduced into Ery6TE as 

a single substitution and in combination with Tyr189Arg. Interestingly, while the Val187Ala 

mutation supported 11-fold improved production of 8 compared to wild-type Ery6TE, the 

selectivity between 1/2 was merely relaxed under these reaction conditions. Thus, 7 
remained the major product in the Ery6TEAT-Val187Ala-catalyzed reaction. This is in 
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complete contrast to Tyr189Arg where 8 was produced preferentially and in greater yield 

than the wild-type enzyme (Figure 3B/C, Figure S3, and Table S1). Finally, although 

combination of Tyr189Arg and Val187Ala provided a variant (Ery6TEAT-Val187Ala/

Tyr189Arg) with lower overall activity than any other mutant, this double mutant produced a 

21-fold excess of 8 compared to 7, respectively, and was therefore almost completely 

selective towards utilization of 2 from the mixture of 1/2 (Figure 3B/C, Figure S3, and Table 

S1). The inverted selectivity of Tyr189Arg and relaxed specificity of Val187Ala were also 

observed when the assays were carried out using a 6-fold excess of 2 to mimic potential in 

vivo feeding conditions (Table S2, Figure S4, and Figure S5) whereby the concentration of 

the non-natural extender unit can be manipulated.

DEBS3-catalyzed generation of 10-deoxymethynolide analogues

Next, the ability of the wild-type full-length DEBS3 polypeptide to synthesize analogues of 

the 12- and 14-membered macrolactones 10-DML and narbonolide, respectively, from a 

mixture of competing extender units was probed by LTQ Orbitrap LC-HRMS analysis 

(Figure 4A). As expected, upon incubation of wild-type DEBS3 with pentaketide 6 and a 1:6 

mixture of 1/2, a product ion (9) corresponding to two extension reactions (route a, Figure 

4A) incorporating 1 was detected by LC-HRMS (Figure 4B, Figure S4 and Table S3). 

Notably, the wild-type DEBS3 failed to provide ions corresponding to production of 10, 

indicating that utilization of the propargyl extender unit is not detectable under these 

conditions. However, introduction of Tyr189Arg into AT6 of DEBS3 substantially impacted 

the distribution of narbonolide products, compared to the wild-type DEBS3. For example, a 

product ion was detected with a mass consistent with the 14-membered macrolactone 10 
derived from propargylmalonyl utilization by Ery6 of DEBS3AT6-Tyr189Arg. Combination 

of the mutations Val187Ala and Tyr189Arg into AT6 of DEBS3 produced a further dramatic 

shift in macrolactone product distribution. The proportion of 10 was increased further to 5% 

of the total products, respectively, albeit at the expense of overall activity.

Using the wild-type DEBS3 another product ion was detected that was identical in all 

respects to the Ery6TE-catalyzed synthesis of 7 and thus corresponds to a single extension 

reaction with 1. This result indicates that the non-native substrate 6 can skip the first 

extension module of DEBS3 and load to the second module in the polypeptide, Ery6. 

Notably, wild-type DEBS3 showed little capacity to utilize the non-natural extender unit 2 
under these assay conditions; the propargyl-derived macrolactone 8 could be detected at just 

1% of the total product mixture, as judged by LC-MS. As expected from the Ery6TE assays 

described above, introduction of the mutation Leu118His in AT6 of DEBS3 completely 

eliminated the ability of the synthase to produce 8. In contrast, using the DEBS3 mutant 

Tyr189Arg, 8 comprised 20% of the total quantified products. Furthermore, DEBS3 

Tyr189Arg produces 8 in a higher total yield than the WT DEBS. Combination of the 

mutations Val187Ala and Tyr189Arg into AT6 of DEBS3 produced a further dramatic shift 

in 10-DML product distribution; the proportion of 8 was increased further to 35% of the 

total products.
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Extender unit promiscuity of wild-type and engineered DEBS3

To assess the impact of the newly discovered mutations on extender unit specificity beyond 

the originally targeted propargyl substrate 2, competition assays were used to probe the 

promiscuity of wild-type DEBS3 and the double mutant Val187Ala/Tyr189Arg in the 

presence of the natural extender unit 1 and either the allyl (11a), ethyl (11b), propyl (11c), 

or azidoethylmalonyl-CoA (11d) (Figure 5A) in 6-fold excess compared to 1. Notably, the 

non-native extender units were used poorly by wild-type DEBS3. For example, the allyl and 

ethyl substituted 10-DML analogues 12a and 12b, respectively, were produced at 1.8% and 

6.1% of the total products, as judged by LC-HRMS analysis of the product mixtures. 

Moreover, 10-DML analogues were not detected when 11c or 11d were used in the 

competition assay (Figure 5B, Figure S4, and Table S4). However, the DEBS3 double 

mutant was able to utilize extender units that were non-detectable substrates with wild-type 

DEBS, and yielded product distributions that were very different from that of the wild-type 

enzyme. For example, the allyl, ethyl, propyl, and azidoethyl-substituted 10-DML analogues 

(12a–d, respectively) were all detected using the DEBS double mutant, at 13%, 8.5%, 35%, 

and 18% of the total products in each product mixture, respectively, albeit with reductions in 

overall activity similar to that of wild-type vs. double mutant DEBS3 with 2 (Figure 5B, 

Figure S4, and Table S4). Interestingly, none of the non-native extender units tested led to 

the detection of the corresponding non-natural narbonolide analogues (13a–d) with either 

wild-type or the double mutant DEBS3 (Table S4).

DISCUSSION

Ultimately, the site-selective modification of polyketides via installation of non-natural 

extender units depends on the ability to manipulate the specificity of a given module to favor 

the target non-natural extender unit(s) in the presence of the natural extender unit substrate. 

Despite the intense interest in manipulating the extender unit specificity of type I PKSs, 

previous approaches have achieved little progress with respect to inverting AT selectivity 

from one substrate to another. Aside from the difficulties assessing extender unit specificity 

in vivo,19 this lack of progress can also be attributed to a lack of insight into the molecular 

basis for extender unit selection by PKSs. For example, although several AT structures are 

available,34–36 only one example includes an extender unit covalently bound.37 Thus, even 

though details regarding overall domain movements and protein interactions of type I PKSs 

are now emerging,38, 39 almost nothing is known with respect to how extender unit loading 

to the AT active site serine and subsequent transfer to the acyl carrier protein are controlled. 

Moreover, how to preferentially utilize non-natural extender units (e.g. ethyl, azido, 

propargyl side-chains) in place of a natural extender unit like methylmalonyl-CoA is an 

exceedingly subtle enzyme engineering problem to solve. Subsequently, most previous 

attempts aimed at altering the specificity of type I PKSs have relied on entire AT domain 

swaps, have been largely limited to naturally occurring extender units, and have generally 

resulted in greatly reduced product titers. Complementation of inactivated cis-ATs by trans-

ATs,6, 40 or approaches that rely on the inherent orthogonality of unusual PKS 

modules,8, 41, 42 are also hindered by these concerns.
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As an alternative to these approaches, and as a strategy that could be applied to any PKS of 

interest, we have explored the use of active site mutagenesis to shift AT specificity towards 

non-natural and non-native extender units. Critical to this approach are our previous 

investigations into extender unit specificity of various type I PKSs, which revealed inherent 

promiscuity towards various non-native and non-natural extender units.20, 21, 29 Low levels 

of activity towards poor substrates have proved to be the essential starting point for rational 

redesign and directed evolution of other enzymes.43, 44 Because high-throughput methods 

for screening the activity of most PKSs are not yet available, we opted to apply saturation 

mutagenesis at several AT active site residues and screen the modest panel of variants in 
vitro. Employing an in vitro assay whereby two extender units compete for loading and 

extension with a diketide-SNAC provided a simple method to probe the selectivity of the 

PKS variants by examining the pyrone product profile.

Several AT mutations were discovered that each dramatically shift the extender unit 

selectivity of the DEBS terminal module Ery6 (lacking a TE domain) towards either 

extender unit 1 or 2. Gratifyingly, these mutations also shift extender unit selectivity in the 

context of the Ery6TE when a mimic of a late-stage intermediate from pikromycin 

biosynthesis was tested, highlighting the tolerance of the TE domain. Introduction of the 

single mutation Tyr189Arg results in an Ery6TE variant that produces 8, the propargyl 

analogue of 10-DML (7), as the major product, even in the presence of the competing 

natural extender unit 1. In contrast, the wild-type enzyme prefers the natural substrate 1 to 

provide the ‘natural’ macrolactone 7 as the major product. Moreover, the relative yield of the 

propargyl analogue was 3-fold higher than that of the wild-type enzyme, and was almost 

50% that of the wild-type activity with the natural substrate. To the best of our knowledge, 

this represents the first demonstrable inversion of extender unit selectivity of a PKS AT 

domain. Additionally, mutations at Tyr189 in DEBS AT6 that shift selectivity towards non-

natural extender units have not been identified previously, thus Tyr189 represents a novel AT 

active site residue for further exploration in other PKSs. Notably, this result represents a 

significant improvement compared to a previously reported Ery6 mutation, Val187Ala, 

which shown herein serves to relax specificity but not invert it. Although Val187Ala was 

previously shown to support production of the desired propargyl analogue in vivo, the yield 

was low and could not be quantified.17 Described herein, the Tyr189Arg mutation in 

combination with Val187Ala in DEBS3 was able to utilize extender units not originally 

screened for (e.g. 11a–d) and provided access to products not detectable via the wild-type 

enzyme (e.g. 12c–d). At the same time, the fidelity of DEBS3 with the non-natural extender 

units was not as high as that of the Ery6TE variants. Given that the pentaketide 6 is not the 

native substrate for DEBS module 5, this likely explains the discrepancy between the 

Ery6TE and DEBS3 substrate selectivity. This feature also likely contributes to the 

significant module skipping observed with the DEBS3 reactions. Perhaps saturation 

mutagenesis of DEBS3 (versus the standalone module Ery6) and subsequent selectivity 

screening using 6 as the acceptor substrate might address this in the future. Thus, these 

mutants are likely to provide a platform for further enzyme engineering efforts, which are 

ongoing in our laboratories.
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Cumulatively, these results suggest that assaying PKS variants using easily accessible acyl-

SNAC acceptor substrates can lead to the discovery of AT mutations that shift extender unit 

specificity towards non-native and non-natural substrates. Moreover, these mutations can 

also impact selectivity with acceptor substrates that better mimic ACP-bound intermediates 

provided by PKSs in vivo, as demonstrated using the advanced pikromycin biosynthesis 

intermediate 6. Thus, while the pikromycin inspired pentaketide 6 is likely a much poorer 

substrate for Ery6TE and DEBS3 than for PikAIII, these mutations are likely to provide 

access to the corresponding erythronolide analogues in vivo whereby Ery6 receives the 

natural ACP-bound hexaketide intermediate from Ery5. Moreover, the in vitro extender unit 

competition assay described here provides an indication of selectivity that is likely relevant 

in vivo, given that these conditions approximate what is usually achieved by feeding 

extender units as malonyl-SNAC derivatives to engineered or producing organisms.

In summary, the strategy presented here enables production of site-selectively modified 

macrolactones and could be applied to a broad range of PKSs and alternative extender units. 

For example, a similar approach could be applied to other extension modules within DEBS, 

other macrolide PKSs, trans-ATs, or PKS modules from other systems that display extender 

unit promiscuity. In future work, the anticipated ability to site-selectively introduce alkynyl-, 

azido-, and allyl-modified extender units in place of native substrates in vivo could be 

leveraged by various chemistries to rapidly diversify the structure of polyketides.

MATERIALS AND METHODS

General

Unless otherwise stated, all materials and reagents were of the highest grade possible and 

purchased from Sigma (St. Louis, MO). Isopropyl β-D-thiogalactoside (IPTG) was from 

Calbiochem (Gibbstown, NJ). Primers were ordered from Integrated DNA Technologies 

(Coralville, IA). Plasmid pBP13045 was a gift from Prof. Pfeifer, University of Buffalo. 

pET24b-DEBS3 was as previously described. Plasmid pET28a-MatB was as previously 

described.29, 30 E. coli NovaBlue was used as a bacterial host for manipulation of plasmid 

DNA. E. coli BL21(DE3) pLysS competent cells were from Promega. E. coli K207-3 strain 

was a gift from Prof. Keatinge-Clay, University of Texas at Austin. The substrates 3 and 6 
were prepared as previously described.20, 33 DNA sequence analysis of all clones generated 

in this study was performed by GeneWiz. Orbitrap LC-HRMS analysis was carried out by 

the Mass Spectrometry Facility at UNC-Greensborough.

Construction of Ery6 (TE-null)

The gene for the DEBS TE was PCR amplified from pBP130 using primers TE_HindIII_F 

and TE_XhoI_R. The PCR mixture contained: 5x HF Phusion DNA polymerase buffer (10 

µL), DNAse free water (33.5 µL), forward/reverse primer mix (2 µL, 10 µM), template DNA 

(1 µL, 45 ng/µL), dNTP (1 µL, 2.5 mM each dNTP), DMSO (1.5 µl), and Phusion High 

Fidelity DNA Polymerase (1 µL). PCR cycling parameters: step 1) 98 °C, 30 s; step 2) 29×

[a) 98 °C, 10 s; b) 60 °C 20 s; c) 72 °C, 1 min]; step 3) 72 °C, 10 min. The PCR product was 

purified by agarose gel electrophoresis, digested with HindIII and XhoI, and ligated with 

similarly treated pET28a vector. The gene for Ery6 was PCR amplified from pBP130 using 
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primers Ery6_NdeI_F and Ery6_HindIII_R. The PCR mixture contained: 5x HF Phusion 

DNA polymerase buffer (10 µL), DNAse free water (33.5 µL), forward/reverse primer mix 

(2 µL, 10 µM), template DNA (1 µL, 60 ng/µL), dNTP (1 µL, 2.5 mM each dNTP), DMSO 

(1.5 µl), and Phusion High Fidelity DNA Polymerase (1 µL). PCR cycling parameters: step 

1) 98 °C, 30 s; step 2) 29x [a) 98 °C, 10 s; b) 60 °C 20 s; c) 72 °C, 5 min]; step 3) 72 °C, 10 

min. PCR product was purified by agarose gel electrophoresis, digested with NdeI and 

HindIII, and ligated with similarly treated TE-pET28a plasmid. This procedure generated a 

plasmid which housed Ery6-TE with a stop codon at the 3’-terminus of the Ery6 gene, thus 

producing a TE-null module.

Saturation mutagenesis of Ery6

Ery6 L118X, Y189X, and S191X libraries were prepared using the ‘round the horn‘ site-

directed mutagenesis method46, using pET28a-Ery620 as template and the oligonucleotide 

sequences described in the Supplemental Information. Each PCR contained: 5x HF Phusion 

DNA polymerase buffer (10 µL), DNAse free water (33.5 µL), forward/reverse primer mix 

(2 µL, 10 µM), template DNA (1 µL, 20 ng/mL), dNTP (1 µL, 2 mM each dNTP), DMSO 

(1.5 µl), and Phusion High Fidelity DNA Polymerase (1 µL). PCR cycling parameters: step 

1) 98 °C, 30 s; step 2) 29x [a) 98 °C, 10 s; b) 60 °C 20 s; c) 72 °C, 5 min]; step 3) 72 °C, 10 

min. Next, PCR mixture was subjected to restriction enzyme digest with DpnI to remove any 

remaining template DNA. The DpnI reaction mixture contained: 10x CutSmart Buffer (5 

µL), the PCR mixture (44 µL), and DpnI (1 µL). The mixture was vortexed, centrifuged, and 

incubated for 4 h at 37 °C. The digested reaction mixture was then purified by agarose gel 

electrophoresis, with total 8 µl of DNA eluted at the final step. The PCR product was then 

ligated using T4 DNA ligase in a reaction containing: 1 µl of the 10x T4 DNA ligase buffer, 

8 µl of the DpnI-treated and purified PCR product, and 1 µl of the T4 DNA ligase (overnight 

incubation at 16 °C). Each subsequent ligation reaction was transformed directly into E. 
cloni 10G electrocompetent cells (Lucigen). Individual transformants from each library were 

sequenced to identify incorporation of mutant codons. Plasmids for unique mutants were 

used to transform chemically competent E. coli K207-3 strain for protein expression.

Construction of Ery6TE

The gene for the Ery6TE was PCR amplified from pET24b-DEBS3 using primers 

Ery6TE_F/ Ery6TE_R and cloned into pET24a via NdeI and EcoRI restriction sites. PikA4 

docking domain was PCR amplified from pET24b-pikA433 using the primers Pik4dd_F and 

Pik4dd_R, and subsequently digested with the restriction enzyme XbaI. pET24a-Ery6TE 

was double digested with XbaI and EcoRV, and ligated with the digested PikA4 docking 

domain.

Construction of Ery6TE and DEBS3 AT mutants by site-directed mutagenesis

Ery6TE and DEBS3 mutants were prepared using KOD Hot Start DNA Polymerase Kit 

(EMD Millipore, Billerica, MA), using pET24a-Ery6TE and pET24b-DEBS3 DNA as 

template and the primers listed in the Supplemental Information. Each PCR contained: 2x 

Xtreme buffer (25 µL), DNAse free water (9 µL), forward/reverse primer mix (2 µL, 1 µM), 

template DNA (1 µL, 115 ng/mL), dNTP (10 µL, 2 mM each dNTP, Hotstart Xtreme kit), 

DMSO (2 µl), and Hotstart Xtreme KOD DNA Polymerase (1 µL). PCR cycling parameters: 
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step 1) 94 °C, 2 min; step 2) 14x [a) 95 °C, 10 s; b) 60 °C 30 s; c) 68 °C, 11 min (ery6) or 14 

min (DEBS3)]; step 3) 68 °C, 30 s. The PCR mixture was buffer exchanged using a Zymo 

DNA Clean & Concentrator-5 kit. The eluted DNA was used for restriction enzyme digest 

with DpnI to remove remaining template DNA. The DpnI reaction mixture contained: 10x 

CutSmart Buffer (2 µL), DNA (17 µL), and DpnI (1 µL). The mixture was vortexed, 

centrifuged, and incubated for 4 h at 37 °C. The digested reaction mixture was used to 

transform E. coli DH5α competent cells. Successful incorporation of mutations was 

confirmed by sequencing. Each mutant plasmid was used to transform the E. coli BAP1 

expression strain47 that also contained the plasmid pRARE (Novagen).

Expression and purification of wild-type and mutant Ery6TE and DEBS3

Wild-type and mutant Ery6TE and DEBS3 enzymes were over-expressed in E. coli as C-

terminally His6-tagged fusion proteins and purified as previously described.20, 33 A single 

colony was transferred to LB (3 mL) supplemented with kanamycin (30 µg/mL) and grown 

at 37 °C and 250 rpm overnight. The culture was used to inoculate TB media (1L) 

supplemented with kanamycin (30 µg/mL). One liter culture was incubated at 37 °C and 250 

rpm to an OD600 of 1, at which time protein synthesis was induced by the addition of IPTG 

to a final concentration of 0.4 mM. After incubation at 18 °C and 200 rpm for 18 h, cells 

were collected by centrifugation at 4,000 g for 30 min, and resuspended in 100 mM Tris-

HCl pH 8.0 (15 mL) containing NaCl (300 mM) and then lysed by sonication. Following 

centrifugation at 10,000 g, the soluble extract was loaded onto a 1 mL HisTrap HP column 

(GE Healthcare, Piscataway, NJ) and purified by fast protein liquid chromatography using 

the following buffers: wash buffer [20 mM phosphate (pH 7.4) containing 0.5 M NaCl and 

20 mM imidazole] and elution buffer [20 mM phosphate (pH 7.4) containing 0.5 M NaCl 

and 250 mM imidazole]. The purified protein-containing fractions were pooled and 

exchanged into storage buffer (100 mM Tris-HCl pH 8.0 containing NaCl (300 mM) and 

20% glycerol) using PD-10 desalting columns (GE Healthcare). Protein purity was verified 

by SDS-PAGE. Protein quantification was carried out using the Bradford Protein Assay Kit 

from Bio-Rad.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Assembly of the erythromycin macrolactone core by 6-deoxyerythronolide B synthase 

(DEBS). (A) Organization of the DEBS PKS from the erythromycin biosynthetic pathway as 

an example of a type I PKS. (B) Production of erythronolide analogues via AT engineering. 

The extender unit specificity of a target AT (e.g. from the terminal DEBS module) needs to 

be manipulated in order to produce selectively-modified macrolactones. In this regard, an 

engineered PKS module needs to display substrate specificity orthogonal to that of the wild-

type assembly line.
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Figure 2. 
Identification of Ery6 residues for saturation mutagenesis and screening. (A) Multiple amino 

acid alignment of selected AT domains. Filled circles indicate residues involved in catalysis; 

open circles indicate residues that likely form the extender unit binding pocket. Two well-

known motifs used to predict extender unit specificity are highlighted. Residues chosen as 

targets for mutagenesis in this study are labeled red, while that from a previous study is 

labeled green. See Figure S1 for full amino acid sequences and descriptions of sequences. 

(B) Homology model of the EryAT6 active site constructed using SWISS-Model48 and the 

DEBS AT5 crystal structure as the template (PDB ID 2HG434). Residues selected for 

mutagenesis in this study are shown as green sticks. Other potential active site residues 

involved in catalysis or extender unit binding are shown as teal sticks. (C) Scheme 

illustrating the extender unit competition assay used to probe the substrate specificity of 

Ery6 AT mutants. The substrate probe is highlighted in blue and extender unit chains are 

highlighted in red. CoASH and N-acetylcysteamine (SNAC) products are not shown for 

brevity.
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Figure 3. 
Extender unit selectivity of wild-type and mutant Ery6TEs using equimolar concentrations 

of natural and non-natural extender units. (A) Scheme illustrating the competition assay to 

report extender unit selectivity. Asterisk indicates domain location of mutations. (B) 

Extracted ion chromatograms (EIC) of Ery6TE-catalyzed chain extension reactions (7 [M-

H2O+H]+ m/z = 279.1955; 8 [M-H2O+H]+ m/z = 303.1955). (C) Product distribution of 

wild-type and mutant Ery6TE (values are mean EIC peak area ± SD; n = 3; wild-type 

production of 7 set to 100).
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Figure 4. 
Substrate selectivity of wild-type and mutant DEBS3. (A) Scheme illustrating a competition 

assay to determine extender unit selectivity of DEBS3. Asterisk indicates domain location of 

mutations. (B) Extracted ion chromatograms of DEBS3-catalyzed chain extension reactions 

(7 [M-H2O+H]+ m/z = 279.1955; 8 [M-H2O+H]+ m/z = 303.1955; 9 [M-H2O+H]+ m/z = 

337.2366; 10 [M-H2O+H]+ m/z = 361.2373). See Experimental Section for a complete 

description of product identification and quantification. (C) Product distribution of DEBS3-

catalyzed chain reactions (values are mean ± SD; n = 3).
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Figure 5. 
Extender unit promiscuity of wild-type and mutant DEBS3. (A) Scheme illustrating the 

competition assay to determine specificity of DEBS3 towards each extender unit. Asterisk 

indicates location of mutations. (B) Fraction of each 10-DML analogue 12a–d as a 

percentage of the total products (sum ion counts for 7+9+12+13) of DEBS3-catalyzed chain 

reactions using each extender unit 11a–d (values are mean ± SD; n = 3). See Experimental 

Section for complete description of product identification and quantification.
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