
ABSTRACT 

KORYAKINA, IRINA. Synthetic Biology Approaches for Combinatorial Biosynthesis of 

Polyketide Natural Products. (Under the direction of Dr. Gavin J Williams). 

 

Existing drug discovery platforms are failing to meet the demand for new biologically 

active compounds. Synthetic molecules have poor hit rates in activity screens and often 

suffer from expensive, late stage failures in clinical trials. Natural product discovery 

programs consistently rediscover known compounds or discover unknown compounds that 

cannot be reliably produced by fermentation. Discovery platforms using engineered 

biocatalysts to generate libraries of “natural product – like” compounds should mitigate the 

problems of traditional drug discovery platforms. Such a platform might use any combination 

of domain swapping, precursor directed biosynthesis or mutasynthesis, and enzyme 

engineering. The work described here offers hope of such a platform for diversification of 

polyketides – a large class of natural products with a wide range of pharmacological 

activities. 

Polyketides are biosynthesized by enzymatic assembly lines called polyketide 

synthases (PKS’s). PKS’s catalyze the condensation of building block acyl-CoA extender 

units and other acyl thioesters. Typically, polyketide producing organisms possess 

biosynthetic routes to only 2-3 extender units. Accordingly, most PKS in vitro and in vivo 

studies have probed PKS specificity using a very small number of extender units, and the 

acyltransferase (AT) domains of PKS’s have been subsequently described as ‘gatekeeper’ 

domains. Our central hypothesis is that PKS machinery is significantly more promiscuous 

toward extender units not normally provided to the PKS within the native host, and this 

promiscuity could be harnessed to produce polyketide analogues.  



Firstly, we have used structure-guided mutagenesis to alter the specificity of the 

malonyl-CoA synthetase MatB, and produced variants capable of synthesizing a broad range 

of natural and non-natural acyl-CoA extender units for polyketide biosynthesis.  

Secondly, these promiscuous synthetases were used to probe the specificity of several 

polyketide biosynthetic systems. These studies revealed unprecedented promiscuity toward 

several non-natural extender units, including those that contained chemical handles for 

bioorthogonal ligation chemistry.  

Thirdly, we have created mutant AT’s with specificities shifted toward specific acyl-

CoA substrates, including methylmalonyl- and propargylmalonyl-CoA. These mutant AT’s 

will be used for the in vitro and in vivo regioselective modification of polyketides.  

Access to a broad variety of polyketide building blocks and substrate-specific AT’s 

provides a synthetic biology platform for regioselective modification of polyketides. In 

addition, this work has enabled development of high-throughput screens and selections for 

directed evolution of polyketide biosynthesis.  

The knowledge gained through these efforts may have important impact on other 

biotechnological goals. PKS’s are capable of biosynthesizing highly chiral building blocks 

for chemical synthesis of high value fine chemicals. Additionally, the production of 

polyketides with bioorthogonal chemical handles may be valuable tools for chemical biology. 

PKS’s are descendants of fatty acid synthases (FASs), which are promising catalysts for 

biodiesel production. The particular challenges for FAS engineering are similar to those for 

PKS engineering and may be heavily influenced by these results. 
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CHAPTER 1 

Diversification of Polyketide Natural Products for Improved Properties 

Natural products have enormous structural and chemical diversity and possess a 

variety of pharmacological activities including antimicrobial, antiviral, anticancer, antifungal 

and immunosupression1 (Figure 1).  Medicinally relevant natural products are typically much 

more complex than synthetically derived drugs: they possess more large and small rings and 

more stereocenters. Synthetic drugs tend to be less complex, with fewer stereocenters, more 

aromatic rings, and a different distribution of functionalities2 (Figure 1).  

 

 

Figure 1. Examples of the natural product derived drugs and synthetic drugs. 

 



 

2 

Polyketides are a large class of natural products with wide-ranging activities that 

include antimicrobial, antifungal, anticancer, and immunosuppressant.3 Polyketides 

constitute a significant fraction of approved and top-selling drugs, annual sales of which total 

$20 billion.4,5 The broad and potent biological activities of polyketides are determined by 

their chemical structures, the carbon backbones of which are biosynthesized via the iterative 

Claisen condensations between activated malonate extender units and acyl thioesters, 

catalyzed by polyketide synthases (PKS’s).6 

Even though polyketide natural products have been improved through millennia of 

evolution for interaction with a specific biological target, they have not necessarily been 

perfected for other desirable therapeutic properties such as solubility, bioavailability, 

stability, metabolism, and decreased toxicity. There are likely still possibilities to modify 

structural features in order to adjust the activity of bioactive polyketides to a more specific 

pharmaceutical demand.7 For example, azithromycin and clarithromycin are semi-

synthetically derived analogues of erythromycin that posess superior pharmacodynamic 

properties compared to the parent erythromycin molecule.8 

Despite the importance of polyketides as drugs, the modification of polyketide 

functionalities remains a challenge. The complexity of their structures in many cases limits 

chemical approaches for modifying polyketides. However, advances in biosynthetic 

manipulation, enzymology and sequencing technology are leading to the increased access to 

modified polyketides. Even more promising are strategies where chemical and biological 

methods are flexibly combined for generation of diverse libraries of polyketides.9  
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1.1. Synthetic Approaches to Diversification of Polyketide Natural Products 

1.1.1. Total synthesis 

Traditionally, polyketide analogues have been synthesized from simple precursors 

(total synthesis) or by chemically modifying isolated biologically derived polyketide natural 

products in a process called semi-synthesis. Total synthesis of polyketide libraries is rarely a 

viable strategy because it is often slow, expensive, and low-yielding. For example, in early 

2013 the 14-membered macrolide 6-deoxyerythronolide B was prepared by Krische in 20 

total steps with 0.03% total yield which represents the most concise construction of any 

erythronolide reported, to date, by total organic synthesis10 (Figure 2).  

 

 

Figure 2. Total synthesis of 6-deoxyerythronolide B by Krische.10 

Since total synthesis is a “ground-up” approach, it can in principle access analogues 

that cannot be created through semi-synthesis. Yet, the sheer complexity of most total 

syntheses makes this a daunting task. In the example given in Figure 2 for example, the 
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methyl side-chains of 6dEB are introduced in the first steps, and to generate analogues at 

these positions would require all 20 steps synthesis for each analogue.  

Even though such examples are rare, chemists have had great success improving 

therapeutic properties of polyketides by modifying their structures with total organic 

synthesis. One such example developed by Schering AG is ZK-EPO, a synthetic derivative 

of the polyketide epothilone that possess anticancer activity11 (Figure 3). Another example is 

eribulin (developed by Eisai Co., Ltd and approved by FDA for the treatment of late-stage 

breast cancer), which is a simplified derivative of the polyketide halichondrin B12  (Figure 3). 

 

 

Figure 3. Schering’s epothilone derivative11 (ZK-EPO, synthetic changes with respect to 

epothilone are highlighted in blue) and eribulin12 (parts of the molecule highlighted in blue 

show the structural simplification with respect to halichondrin B). 

 

 

1.1.2. Semi-synthesis 

Semi-synthesis involves chemical modification of a starting material obtained from a 

natural source or by fermentation. Great success had been achieved in semi-synthesis on very 

challenging natural products such as rapamycin (Figure 4). Modification of the triene that 

binds to the mammalian target of rapamycin (mTOR) resulted in reduced 

immunosuppressive properties and increased neuroprotective effects of rapamycin.13 
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Figure 4. Generation of rapamycin analogues by semi-synthesis.13 

 

 

 However, most of the functionality of very complex natural products cannot be easily 

accessed with synthetic organic chemistry, which greatly limits the structure-activity 

relationship studies. Furthermore, it is impossible to semi-synthetically produce, for example, 

a des-methyl erythronolide from naturally isolated erythronolide, although other 

modifications could be made. 
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 Major advances in genome sequencing and the development of tools for biosynthetic 

pathway engineering over the last few years has led to increased interest in the biosynthetic 

diversification of polyketide natural products, where chemical and biological approaches are 

often combined to overcome limitations of organic chemistry.  

 

1.2. Polyketide Biosynthesis and Biosynthetic Diversification 

1.2.1. Polyketide Biosynthetic Machinery 

The carbon scaffolds of polyketides are biosynthetically constructed by the repetitive 

decarboxylative condensation of small molecule building blocks called starter and extender 

units, via the action of PKS’s (Figure 5).  
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Figure 5. Assembly of polyketides from starter and extender units and representative 

examples of medicinally relevant polyketides. Functionalities that come from extender units 

are highlighted in blue and responsible for structural diversity of polyketides.  

 

 

A large portion of PKS’s are modular, in which each module contains the domains 

required for condensation and processing of an extender unit4,14,15 (Figure 6). The modules 

that incorporate extender units typically consist of three domains for polyketide chain 

extension (ketosynthase (KS), acyltransferase (AT), and acyl carrier protein (ACP) domains) 

and up to three optional domains involved in β-keto processing (ketoreductase (KR), 

dehydratase (DH), and enoylreductase (ER) domains).16 The extended polyketide chain is 

usually cyclized by the thioesterase (TE) domain to produce the final polyketide scaffold. 

Further modifications to the polyketide structure are introduced by a variety of tailoring 
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enzymes (glycosyltransferases, methyltransferases, sulfotransferases, etc.) after scaffold 

assembly.  

 

 

Figure 6. DEBS biosynthetic machinery is a modular (type I) PKS, in which sets of requisite 

domains are organized into modules, each being responsible for a complete elongation step in 

the construction of the polyketide. Substrates and intermediates are covalently tethered to an 

ACP domain within each module via a phosphopantetheine prosthetic arm.  

 

 

1.2.2. Biosynthetic Diversification of Polyketides 

Combinatorial biosynthesis exploits the enzymes from natural product biosynthetic 

pathways to create novel chemical analogues and offers a promising alternative for the 

preparation of complex “natural product-like” compounds. The power of this approach is in 
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the ability to create a large number of natural product analogues from a small number of 

precursors and catalysts. Different approaches for combinatorial production of polyketides 

have been developed based on the existing knowledge and limited understanding of 

polyketide biosynthesis. Initial understanding of the PKS machinery assumed a strict 

substrate specificity of all catalytic domains. Thus, the alterations in the chemical structure of 

the corresponding natural products were achieved by replacing the natural domains with 

other domains having a different natural specificity, or by deleting or inserting domains or 

entire modules. However, most of these studies were unsuccessful due to perturbations of 

contact interfaces between the domains and/or modules which resulted in substantially 

decreased product yields.  

Discovery of the substrate tolerance of the loading and KS domains led to a new 

direction in the field called precursor-directed biosynthesis. Small molecule precursors that 

mimic the linear growing polyketide chain were fed to the cultures expressing PKS 

biosynthetic pathway with inherently promiscuous loading and KS domains.17 Those small 

molecule mimics harboring diverse functionalities were further processed to full-length 

polyketide analogues. This technique takes advantage of the natural promiscuity of 

biosynthetic machinery toward the unnatural substrates. Even though application of 

precursor-directed biosynthesis toward generation of polyketide analogues has been 

successful in numerous studies, this approach has limitations and drawbacks: most of the 

time, a mixture of the natural and unnatural products is produced, complicating the isolation 

and characterization of the analogue. Moreover, high concentrations of precursor molecule 

are often required for feeding into a polyketide producing strain.18 
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 Mutasynthesis is another biosynthetic approach for polyketide diversification which 

is built upon precursor-directed biosynthesis. This strategy involves inactivating enzymes 

responsible for the production of the natural substrate or intermediate which compete with 

the unnatural precursors. Thus, only a single product is produced which removes the 

difficulties in separating analogues from the natural compound. This approach was used for 

the commercial synthesis of the antiparasitic veterinary drug doramectin, where the natural 

Streptomyces avermitilis strain was mutated to knock down the pathway responsible for the 

generation of the usual branched chain fatty acid starter unit (Figure 7).19 

 

 

Figure 7. Mutasynthesis of doramectin by a mutant strain of the avermectin producing 

organism, Streptomyces avermitilis.19  

 

 

During these combinatorial biosynthesis efforts it became clear that the limited 

natural pool of extender unit building block analogues greatly limits structural diversity of 

polyketides. Therefore, the biosynthetic repertoire of these building blocks needs to be 

expanded. Moreover, the AT domains from different PKS pathways were known to 
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discriminate between substrates naturally occurring in the cell, which further limits the 

production of diverse polyketide libraries. Therefore, a panel of orthogonal mutant AT 

enzymes needs to be engineered in order to control regioselective incorporation of the 

extender units into a polyketide product. However, the lack of the high-throughput screens 

and selections for this class of enzymes has hindered engineering efforts. Therefore, several 

milestones had to be met in order for combinatorial biosynthesis of polyketides through 

extender unit diversification to be a viable strategy.  
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CHAPTER 2 

Expanding the Biosynthetic Repertoire of Polyketide Biosynthesis: Engineered Variants 

of the Malonyl-CoA Synthetase MatB 

2.1. Introduction 

The broad and potent biological activities of polyketide natural products are 

determined by their chemical structures, the carbon backbones of which are biosynthesized 

via the iterative Claisen condensations between activated malonate extender units and acyl 

thioesters, catalyzed by PKS’s.20 A modest variety of malonate extender units substituted at 

the C2 position are cumulatively available to polyketide biosynthetic pathways, 16,21 although 

producing organisms typically only possess biosynthetic routes to a small number of extender 

units, depending on the structures of the corresponding polyketides. The most common PKS 

extender units include malonyl-CoA, methylmalonyl-CoA, and ethylmalonyl-CoA. A smaller 

number of PKSs use specialized extender units which are functionalized directly on 

standalone ACPs, and include methoxymalonyl-ACP, 22 hydroxymalonyl-ACP, 23 

aminomalonyl-ACP, 23 and allylmalonyl-ACP24. Additionally, it has recently emerged that 

several extender units, including chloroethyl, propyl, hexyl, and isobutylmalonyl-CoA are 

available to a subset of PKS’s via the reductive carboxylation of α, β-unsaturated acyl-CoA 

precursors by crotonyl-CoA carboxylase/reductase (CCR) homologs.21,25,26 The selection and 

incorporation of extender units by PKS’s contributes to significant portions of polyketide 

structure, in addition to the vast structural diversity across the polyketide family. Moreover, 

variation of extender unit selection and incorporation at specific positions in polyketide 
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backbones has been shown to directly modulate biological activities of polyketides produced 

by natural PKS’s.24,27 

Even though Nature provides a modest selection of potential PKS extender units, 

most polyketide producing organisms provide biosynthetic routes to only a relatively small 

number of suitable acyl-CoAs. Subsequently, there is a growing body of evidence that PKS’s 

can tolerate non-natural extender units which are not normally provided by the producing 

host.28,29 However, in vitro and in vivo studies aimed at investigating PKS specificity are 

limited in scope and number,28,30 owing at least in part to a lack of easily synthesized CoA-

linked extender units due to the high cost of the CoA and difficulties in purification and 

instability of the charged intermediates. 

We proposed to build on the previously described31,32 partial promiscuity of the 

malonyl-CoA synthetase MatB from Rhizobium trifolii (R. trifolii) (Figure 8). This enzyme 

displays low-level activity towards several alkylmalonates, and we sought to produce a 

robust biocatalyst for the activation of malonates modified at the C2-position with a broad 

range of substituents. It was postulated that a truly promiscuous synthetase would prove 

useful for probing the in vitro acyl-CoA specificity of PKSs and related biosynthetic 

machinery. Consequently, sufficiently promiscuous MatB mutants could also form the basis 

of prototype bacterial strains for in vivo extender unit generation and subsequent installation 

into polyketides. 
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Figure 8. Reaction catalyzed by MatB. The natural substrate for MatB is 1.  

 

 

2.2. Results and Discussion 

2.2.1. Structure-Guided Mutagenesis 

Driven by the necessity to produce milligram quantities of both natural and non-

natural extender units for probing the activity of PKS’s, enzymatic approaches using the 

malonyl-CoA synthetase MatB from R. trifolii and Streptomyces coelicolor (S. coelicolor) 

have been reported.31,32 These enzymes provide an alternative to the usual carboxylative 

route to malonyl-CoA, and provide substrates for fatty acid biosynthesis and the TCA 

cycle.33 However, although MatB has broad substrate tolerance, activity towards several 

substrates is very low or non-detectable, and the enzyme requires further optimization. For 



 

15 

example, activity with ethyl-, dimethyl-, and isopropyl-malonate are all below 10% of the 

activity with malonate.31 The catalytic proficiency of MatB may limit the efficiency of 

artificial pathways engineered for the synthesis of polyketide analogues, particularly when 

non-natural extender units and/or non-cognate PKS domains/modules are employed in 

combinatorial biosynthesis experiments.34,35 

2.2.1.1. Identification of the Key Active Site Residues 

The recently solved crystal structure of the S. coelicolor MatB homolog indicated that 

two active site residues, Val-188 and Met-291, could be important for controlling specificity 

toward the malonate α-position side chain (Figure 9).32 Amino acid sequence alignment 

revealed that a Thr and Met were present at the equivalent positions in the R. trifolii enzyme 

see Appendix A). Accordingly, these two residues (Thr-207 and Met-306) were selected for 

saturation mutagenesis, affording the T207X and M306X libraries. 
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Figure 9. Active site architecture of MatB. The S. coelicolor MatB crystal structure (cyan 

carbons, PDB code 3NYQ) is shown overlaid with a homology model of the R. trifolii MatB 

(pale green, SWISS-MODEL36 using 3NYQ as template), illustrating the intimate role T207 

and M306 play in extender side-chain specificity. Residue labels are those of S. coelicolor/R. 

trifolii respectively. Methylmalonyl-CoA is shown with green carbons, and the C2-methyl 

indicated with an asterisk. 

 

 

2.2.1.2. High-Throughput Screening of the Mutant Libraries 

 

Critical to the success of directed evolution based approaches for enzyme engineering 

is the availability of a suitable high-throughput screen. We reasoned that Ellman’s reagent 

could be used to monitor the concentration of CoASH remaining after MatB reaction, 37,38  in 

an end-point fashion. Consumption of CoASH would result in a decrease in absorbance at 

412 nm after treatment with Ellman’s reagent (Figure 10).  
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Figure 10. For high-throughput screening of MatB activity toward non-natural malonate 

analogues, activity is reported by reaction of remaining CoASH with Ellman’s reagent.  

 

 

  Indeed, lysates prepared from E. coli cell cultures which over-expressed MatB 

showed a small amount of activity with 2, compared to lysates prepared from the negative 

control which harboured pET28a (Figure 11), as indicated by the lower absorbance of the 

MatB samples versus pET28a. The methyl- and allylmalonate analogues (2/5) were initially 

chosen given their close structural similarity to the natural substrate 1. We hoped that once 

mutants improved toward these diacids were identified, activity toward other more sterically 

demanding analogues (e.g. benzyl-, isopropylmalonate) could be established. In contrast, 

activity of WT MatB towards 5 in crude extracts could not be detected under our assay 

conditions, as compared to pET28a lysates. These preliminary studies confirmed 2 as a 

substrate for MatB, and validate the colorimetric-based assay. 

 Subsequently, ~300 colonies from each of the T207X and M306X libraries were 

screened with 2 or 5 using the colorimetric-based MatB assay. The mean absorbance of WT 

MatB lysates with 2 as substrate was 0.61 with a standard deviation (S.D) of ~7%, thus any 

library member with activity lower than 0.48 (3X S.D) was considered more active than WT 
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MatB. By these criteria, colonies from both libraries showed improvements in activity toward 

both substrates, as indicated by final absorbance values that were lower than that for the WT 

MatB control (Figure 11). Thr-207 seemed more accepting to mutation than Met-306, in 

terms of activity with each substrate. Interestingly, library members were significantly 

improved towards both substrates, indicating that substitutions at positions 207/306 may 

broaden specificity, rather than shift specificity to a single substrate.  

 

Figure 11. Activities of MatB saturation mutagenesis libraries. Individual bacterial colonies 

from each library were inoculated into the wells of a 96 deep-well microtitre plate, grown, 

protein expressed and cellls lysed in situ. Samples of lysate were then assayed for the 

consumption of CoASH with 2 or 5 in the presence of ATP. Activity was measured as the 

final absorbance at 412 nm and is not corrected for protein expression level or cell density. 

The activity of several WT MatB (gray circles) and negative control (pET28a, black circles) 

colonies are shown for comparison. A) Colonies from the T207X library. B) Colonies from 

the M306X library.  
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Several colonies that showed improved activity in these primary screens were 

submitted for DNA sequencing. This analysis revealed the mutations T207S, T207G, M306V 

and M306I were responsible for improved hits from the T207X and M306X library. Two of 

the improved variants – T207S and M306I – were selected for further analysis as a proof of 

principle. These library members were grown on a larger scale, and extracts prepared for 

assay using the colorimetric MatB assay.  

Each of these two mutants, along with the WT enzyme, was then purified to 

homogeneity for determination of specific activity with 2/5 using a more rigorous HPLC-

based enzyme assay. Briefly, this assay involves quenching MatB reaction mixtures at timely 

intervals, and analyzing the product mixture by RP-HPLC. The resulting CoA thioester is 

easily detected at 254 nm and is well-separated from the remaining CoA (Figure 12).  
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Figure 12. Specific activities of WT and mutant MatB. A) RP-HPLC analysis of MatB 

reactions: i) WT MatB, 2; ii) WT MatB, 3; iii) WT MatB, 5; iv) M306I, 2; v) M306I, 3; vi) 

M306I, 5. Identities of putative product peaks were confirmed by negative mode QTOF MS 

with observed masses (calculated masses) for 13, 14, and 16 of 866.10 (866.12), 880.11 

(880.14), 892.11 (832.14). Identity of 13 was also confirmed by co-elution with commercial 

standard (not shown). B) Specific activities of the WT and mutant MatB enzymes. Specific 

activities were determined by RP-HPLC as described in the Experimental Section. The 

specific activity of WT MatB with 2 is set to 1.  
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 Peak area of each putative CoA thioester was converted to concentration using a 

calibration curve established using a commercial standard of 13 (Figure 13). We fully expect 

this calibration curve can be used for a broad range of acyl-CoA products, given the detection 

wavelength reports the CoA portion of the acyl thioester.39 The diacids are not detected under 

these conditions. In addition to testing 2/5, we reasoned that the intermediate size of the 

ethyl-substituent of 3 compared to methyl- and allylmalonate might be accommodated by 

these MatB mutants, and included this diacid in our analysis, even though it was not an 

original target of our screening. 

 

 

 
 

Figure 13. Methylmalonyl-CoA HPLC calibration curve. A calibration curve for CoA 

thioester formation was constructed using various amounts of methylmalonyl-CoA 13 (●) or 

malonyl-CoA 12 (○), in a total volume of 200 µL, containing 100 mM sodium phosphate (pH 

7), MgCI2 (2 mM). Aliquots were quenched with an equal volume of ice-cold methanol, 

centrifuged at 10,000 g for 10 min, and cleared supernatants used for HPLC analysis. A 

series of linear gradients was developed from 0.1% TFA (A) in water to methanol (HPLC 

grade, B) using the following protocol: 0-32 min, 80% B; 32-35 min, 100% A. The flow rate 

was 1 mL/min, and the absorbance was monitored at 254 nm using Pursuit XRs C18 column 

(250 x 4.6 mm, Varian Inc.). The peak area of the product standard 13 was determined by 

integration, and plotted against total amount of 13. These data points represent the mean of 

three idependent measurements, error bars (where visible) are ± 1x standard deviation from 

the mean. Solid line and dashed line represent linear fit of 13 and 12, respectively. The two 

calibration curves are in good agreement, indicating the a-substituent of malonate does not 

significantly contribute to the peak area of the CoA thioester product. 
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Figure 14. Linearity of methylmalonyl-CoA product formation. Enzyme assay was carried 

out in a total volume of 200 ml 100 mM sodium phosphate (pH 7) containing 2 mM MgCI2, 

1.5 mM ATP, 1 mM CoA, 16 mM methylmalonate and 50 mg MatB M306I. The incubation 

time of assays was 20 min, at which time product formation was still linear with respect to 

time. Aliquots were removed and quenched with an equal volume of ice-cold methanol, 

centrifuged at 10,000 g for 10 min, and cleared supernatants used for HPLC analysis. 

Concentration of product formed was determined using a calibration curve and used to 

calculate the rate of product formation over time. Data points represent the mean of three 

independent measurements. Error bars indicate ± 1x standard deviation of the mean. 

 

 Product identity in each case was confirmed by LC/MS analysis, and by comparison 

to product standard in the case of 13 (Figure 13). 
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Figure 15. Co-elution experiment to confirm identity of MatB reaction product from 

methylmalonate. An enzyme assay was performed as described above using methylmalonate 

2 as substrate and products analyzed by RP-HPLC. i) MatB reaction spiked with 

methylmalonyl-CoA 13 commercial standard. ii)  MatB reaction. iii) Commercial standard 

13. 

 

 

 The T207S and M306I mutant out-performed the WT enzyme with malonate 

derivatives 3/5 (Figure 12). Notably, specific activity of T207S and M306I was 70- and 50-

fold improved toward ethylmalonate 3, compared to WT MatB. Both mutants also showed 

modest improvements in activity with 5, while under these assay conditions, activity toward 

2 was largely unchanged, compared to the WT enzyme. This data suggested that the 

specificity of T207S and M306I was very different from the WT enzyme.  

 Accordingly, both mutants were chosen for a detailed kinetic analysis with each 

substrate, along with the WT MatB, using the HPLC-based assay. Kinetic parameters of the 

WT enzyme were in good agreement with literature values.31,33 The WT enzyme displays a 

strong preference for methylmalonate 2, with a ~40- and 16-fold lower specificity constant 

(kcat/KM) toward 3 and 5, respectively (Table 1). However, in stark contrast, the specificity 
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constant of mutant T207S is improved 1.7-, 81-, and 31-fold, toward 2, 3, and 5, respectively, 

as compared to WT MatB (Table 1).  Remarkably, the single mutations T207S and M306I 

each results in a moderate preference for the ethyl-analogue 3, with a specificity shift of ~50- 

and 240-fold toward 3 from 2, respectively. Cumulatively, this data confirms the critical role 

that Thr-207 and Met-306 play in controlling the substrate specificity of MatB. 

 

 

Table 1. Kinetic parameters of the wild-type and mutant MatB enzymes. 

 
 

WT-MatB MatB T207S MatB M306I 

kcat (s
-1) KM (mM) 

kcat/KM 

(s-1. 
mM-1) 

kcat (s
-1) KM (mM) 

kcat/KM 

(s-1. 
mM-1) 

kcat (s
-1) KM (mM) 

kcat/KM  

(s-1. 
mM-1) 

2 2.44±0.38 0.12±0.06 21 2.13±0.2 0.06±0.02 35.5 2.05±0.3 0.44±0.13 4.70 

5 1.86±0.15 1.49±0.25 1.30 5.30±0.82 0.13±0.07 40.8 3.42±0.69 0.55±0.28 6.20 

3 0.61±0.08 1.12±0.3 0.54 6.11±0.62 0.14±0.04 43.6 4.91±0.52 0.17±0.05 29 

 

 

 

2.2.2. Creation of MatB Double Mutants with New Specificity 

In order to expand the potential scope of MatB-based extender unit biosynthesis, and 

to further test our ability to engineer the promiscuity of MatB, we designed a panel of seven 

additional malonates substituted at the C2-position with diverse functionality (Figure 8). This 

panel included members that were either reported31 to be very poor substrates for the wild-

type enzyme (3, 6, 7; which represent <10% relative reaction rate with malonate 1), 

moderately good substrates (2, 5; 10-20% relative rate with 1) or were not previously 

examined (4, 8-11). This panel represents broad structural diversity, and includes analogues 

functionalized with chemical handles for downstream chemoselective ligation (4, 5, 11), 

which could prove useful for further diversification strategies should these novel extender 

units become incorporated into polyketides. In addition, three members (5, 9-11) represent 
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extender units which are provided to PKSs as ACP-linked substrates in natural biosynthetic 

systems, 16,24 and acyl-CoA routes to such extenders are not currently known. Moreover, 

three members (4, 8, 11) are currently completely unknown to natural biosynthetic systems. 

Panel members were either commercially available (1-3, 5-9), prepared from the 

corresponding commercially available diester (4, 10) or synthesized from diethyl 

cyclopropyl-1,1-dicarboxylate in the case of 11. To assess promiscuity of wild-type MatB 

and the mutants T207S and M306I, kinetic parameters (kcat and apparent Km) for each analog 

were determined (Table 2, Appendix A) using a robust HPLC assay for acyl-CoA 

formation.40 In each case, acyl-CoA product identity was confirmed by LC-MS analysis 

(Appendix A). Of the 11 malonates tested (1-11), only six (1-6) resulted in formation of the 

desired acyl-CoA with wild-type MatB (Table 2). Furthermore, the wild-type enzyme clearly 

favors malonate 1 out of the set, and is 2.4-, 100-, 10x103, 38-, and 1,700-fold less efficient 

(kcat/Km) with 2, 3, 4, 5, and 6, respectively. Thus, although wild-type MatB clearly has some 

capacity to turnover malonate analogues, promiscuity is insufficient to process the entire set. 

Kinetic parameters for our previously described T207S and M306I were also determined 

using the entire panel of analogues (Table 2, Appendix A). As we previously described, 40 

both mutants display significant shifts in specificity towards 3 and 5. Notably, compared to 

wild-type MatB, the butyl (7), methoxy (10), and azidoethyl (11) analogues are additional 

substrates for T207S, albeit very poor ones, whereas propargyl (4) is also a substrate for 

M306I. Analogues 6 and 8 are non-substrates for both wild-type MatB and the mutants 

T207S and M306I. Cumulatively, this data provides evidence that mutation of the MatB 
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active site could provide activity towards malonate analogues that are not detectable 

substrates for the wild-type enzyme. 

To fulfill our goal of generating MatB variants for in vivo and in vitro production of a 

broad range of extender units, we set out to further expand the specificity of MatB toward the 

entire malonate panel (3-11). Accordingly, we sought to broaden our search by considering 

other T207X and M306X members that were improved compared to the wild-type enzyme 

with 3/5, but also less active than T207S and M306I with these substrates. Subsequent re-

analysis of our original screening data,40 DNA sequencing, enzyme purification and HPLC 

assay revealed three additional mutants (T207A, T207G and M306V) that were improved 

compared to wild-type MatB toward 3/5. Gratifyingly, kinetic analysis revealed that one of 

these mutants (T207G) displayed activity with two analogues (6, 8) that were not detectable 

substrates for either the wild-type or previously identified single mutants (Table 2, Appendix 

A). In contrast, the substrate specificity of T207A and M306V were little changed in 

comparison to the original mutants T207S and M306I (Table 2, Appendix A).  
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Table 2. Specificity constants (kcat/Km) (mM-1 s-1) of wild-type and mutant MatB with 

malonates 1-11. 

a Steady state kinetic parameters were determined as described in the Experimental Section, 

using a fixed concentration of CoA and ATP, and varied concentration of malonate analog. 

See Appendix A for Michaelis-Menten plots, numerical data, and standard deviations. 
b Activity toward 9 was detected, but only under unique assay conditions and only when 

wild-type MatB was used.  
c Non-detected refers to an estimated detection limit <0.004 mM-1 s-1.  

 

Enzyme 
Malonate analoga 

1 2 3 4 5 6 7 8 9b 10 11 

WT 50.3 21.0 0.54 0.005 1.3 0.03 N.Dc N.Dc N.Dc N.Dc N.Dc 

T207G 3.3 16.6 21.4 0.5 49.5 0.03 1.5 0.4 N.Dc N.Dc 21.1 

T207A 16.5 13.3 26.9 0.9 11.3 N.Dc 3.5 N.Dc N.Dc N.Dc 5.5 

T207S 44.4 35.5 43.6 0.4 40.8 N.Dc 1.4 N.Dc N.Dc 0.004 2.2 

M306V 4.5 0.9 4.2 N.Dc 0.8 N.Dc N.Dc N.Dc N.Dc N.Dc 0.06 

M306I 13.4 4.7 29.0 0.01 6.2 N.Dc N.Dc N.Dc N.Dc N.Dc 0.08 

T207G/M306V N.Dc 0.31 30.9 0.02 15.8 4.8 1.5 0.32 N.Dc N.Dc 58 

T207G/M306I N.Dc 0.78 53.9 0.9 48 8.7 2.7 0.6 N.Dc 0.004 24.5 

T207A/M306V 1.7 5.5 14.3 2 2.4 0.2 2.3 N.Dc N.Dc 0.09 6.8 

T207A/M306I 3.6 5.2 26.5 0.1 4.0 0.02 2.5 N.Dc N.Dc 0.1 22 

T207S/M306V 1.6 1.0 22.5 0.02 2.1 N.Dc 0.6 N.Dc N.Dc N.Dc 1.2 

T207S/M306I 2.8 10.9 219 2.6 92 0.02 1.6 N.Dc N.Dc 0.08 22.7 

 

 

 

Not completely satisfied that none of these single mutants were capable of utilizing 

the entire panel of analogues, nor satisfied with the overall level of catalytic proficiency of 

these single mutants with some substrates, we next constructed every possible double mutant 

combination of T207G, T207S, T207A, M306I and M306V and determined kinetic 

parameters for the purified enzymes. These double mutants were significantly improved in 

comparison to the wild-type and single mutant MatB for several reasons. Firstly, both double 

mutants that contained glycine at position 207 displayed significantly improved activity with 

6, 8, and 1 (Table 2, Appendix A). For example, T207G/M306V was 160-fold and ~3-fold 

improved towards 6 and 11, respectively, in terms of kcat/Km, compared to the most 

promiscuous single mutant, T207G (Table 2 and Appendix A). In addition, T207G/M306I 
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was 290-fold and 2.5-fold improved toward 6 and 3, respectively, in terms of kcat/Km, 

compared to the parent T207G (Table 2). In contrast, double mutants that contained T207S 

(the most active position-207 mutant from saturation screening) displayed poorer activity 

towards 6, 8, and 11, compared to T207G/M306I (Table 2, Appendix A). Gratifyingly 

though, T207S/M306I was fully 405- and 71-fold improved toward 3 and 5, respectively, 

compared to wild-type MatB (Table 2). This data suggests that significant changes in 

substrate specificity can be obtained via relatively subtle alterations to the MatB active site. 

Accordingly, even relatively low levels of activity (e.g. towards 4 and 8) may provide 

suitable starting points for further improvement by directed evolution. Moreover, 

identification of a set of MatB mutants that can utilize every substrate tested underscores the 

effectiveness of originally screening MatB mutant libraries against only 1-2 substrates. An 

additional benefit revealed through site-directed recombination is the concomitant reduction 

in catalytic efficiency with 1 and 2. In particular, the double mutants T207G/M306V and 

T207G/M306I do not display detectable activity toward 1, and are fully 114- and 46-fold 

poorer, in terms of kcat/Km, towards 2, compared to the best mutant from our earlier 

preliminary study, T207S (Table 2 and Appendix A). This could be highly significant for 

future in vivo applications of the engineered MatB, given that endogenous 1/2 could 

otherwise be rapidly consumed by MatB, providing little flux through non-natural malonate 

analogues.  

To illustrate the synthetic capabilities of the wild-type and MatB T207G/M306I, a 

simple end-point HPLC assay was used to compare product conversion after incubation with 

each malonate analog. Most notably, even after extended incubation, wild-type MatB was 
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unable to convert 6-8, and 11 to the corresponding acyl-CoA (Figure 16 and Appendix A). In 

contrast, MatB T207G/M306I was able to utilize 6-8, and 11 with synthetic conversions 

ranging from 62%-92%, in addition to conversion of 1-5 and 10, with similarly high 

efficiency. Only 1, 2 and 9 were used more efficiently by wild-type MatB. These conversions 

are in agreement with that expected from the kinetic parameters described above.  

 

Figure 16. Conversion rates of wild-type MatB and mutant T207G/M306I toward a panel of 

malonate analogues. Absence of bar indicates no detectable conversion (estimated detection 

limit 0.2% conversion). Numbers above bars indicate fold-improvement from wild-type 

enzyme, using an estimated minimal detection limit of 0.2% conversion. 
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2.2.3. Further Expansion of MatB Promiscuity toward Malonate Analogues 

  To futher probe promiscuity of the MatB enzymes toward malonate analogues, we 

designed a panel of seven additional malonates with longer or bulkier C-2 substituents 

compared to 1 (Figure 17). It was hypothesized that the T207 and M306 mutations that 

increase the size of the enzyme’s active site might help to accommodate the analogues that 

are larger or bulkier than the natural MatB substrate.  

 

 

 

Figure 17. Structures of malonates tested with the wild-type and mutant MatB enzymes. 

 

 Accordingly, the activity of all twelve MatB enzymes including the wild-type was 

tested toward this panel of malonates using a simple end-point HPLC-based conversion 

assay. Percent conversions were calculated for each reaction using integrated peak areas of 

each unnatural acyl-CoA product (Figure 18). 
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Figure 18. Percent conversions detected in the reactions of the wild-type and mutant MatB 

enzymes with 23-29. Each substrate was assayed individually, and percent conversion was 

determined for each reaction. 

 

 

 Out of all the malonates tested, the wild-type enzyme was able to activate 23 only, 

albeit at a very high level (99% conversion). As predicted, our single and double MatB 

mutants significantly expanded the enzyme promiscuity, with the T207G/M306I mutant 

being able to efficiently activate all the malonates tested (Figure 18). This data clearly 

indicates that mutation of the active site residues T207 and M306 to the smaller amino acid 

residues (alanine or glycine for T207 and isoleucine or valine for M306) helps the enzyme to 

accommodate the substrates that are larger than 1. 
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2.2.4. Characterization of the MatB Activity toward SNAc 

Previously described promiscuity of the wild-type MatB S. coelicolor enzyme toward 

thiol acceptor substrates (CoA, D-pantetheine, and SNAc) 41 has prompted us to investigate 

promiscuity of our R. trifolii enzyme toward SNAc. Due to high cost of CoA, SNAc can 

serve as a good alternative for the synthesis of the MatB-produced extender units, even if it 

has to be used at higher concentrations. It was hypothesized that our most promiscuous MatB 

mutant, T207G/M306I, would be the best candidate to test the ability of the enzyme to 

efficiently catalyze the reaction between two unnatural substrates – the malonate analogue 

and SNAc. A simple HPLC-based assay was developed, in which production of the acyl-

SNAc product was monitored at 235 nm (thioester bond) (Figure 19). Eight different 

malonate analogues were tested, and production of seven acyl-SNAc analogues confirmed 

(no phenylmalonyl-SNAc was observed; however, this might be due to its high 

hydrophobicity which would require different gradient of buffers on HPLC).  
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Figure 19. RP-HPLC analysis of MatB T207G/M306I reactions with: 1) 1; 2) 2; 3) 5; 4) 3; 

5) 11; 6) 6; 7) 8; 8) 7. SNAc was used as thiol donor. 

 

 

 The elution profile of the new products was as expected based on their relative 

polarity. Reactions were also analyzed by low resolution LC-MS (Table 3). Detected masses 

for each acyl-SNAc analogue were in good agreement with the calculated masses, and 

phenylmalonyl-SNAc mass was detected as well (although at very low intensity).  

Malonyl-SNAc 

Ethylmalonyl-SNAc 

Allylmalonyl-SNAc 

Methylmalonyl-SNAc 

Isopropylmalonyl-SNAc 

Butylmalonyl-SNAc 

Azidomalonyl-SNAc 

 
SNAc 
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Table 3. Low res LC-MS analysis of MatB T207G/M306I reactions with: 1) 1; 2) 2; 3) 5; 4) 

3; 5) 11; 6) 6; 7) 8; 8) 7. SNAc was used as thiol donor. 
a [M+Na] 
b [M-CO2+H+] 

N. D. – not detected 

 

Sample[a] Calculated Mass [M+H+] 
Detected Mass  

[M+H+] 

Malonyl-SNAc 206.04 206.04 

Methylmalonyl-SNAc 220.06 220.06 

Ethylmalonyl-SNAc 256.06a 256.06 a 

Allylmalonyl-SNAc 246.10 246.10 

Azidoethylmalonyl-SNAc 275.10 275.10 

Isopropylmalonyl-SNAc 248.10 248.10 

Phenylmalonyl-SNAc 238.07b 238.07 b 

Butylmalonyl-SNAc 262.11 262.11 

 

 To test the efficiency of these reactions, we constructed a calibration curve of the S-

ethyl acetothioacetate using our HPLC-based method (Figure 20). Due to the absence of any 

acyl-SNAc standard, we chose this substrate because of its high similarity to acyl-SNAc 

chemical structure (presence of thioester bond and dicarbonyl unit).   
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Figure 20. S-ethyl acetoacetate calibration curve (HPLC). 

 

 

 Using the S-ethyl acetoacetate calibration curve, percent conversion for each MatB 

reaction was calculated based on the peak area of each new product and was estimated to be 

in 2.5-7.4% range (Table 4). While these conversions are realtively low compared to the 

production of the CoA-linked substrates, this is not unusual considering that both malonate 

analogue (except 1) and thiol donor substrate (SNAc) are unnatural substrates for the MatB 

enzyme.  
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Table 4. Percent conversion data for the 3 hours reactions of MatB T207G/M306I (10 ug) 

with SNAc and malonate analogues. 

 

Sample Percent conversion (%) 

Malonyl-SNAc 3.3 

Methylmalonyl-SNAc 2.5 

Ethylmalonyl-SNAc 5.3 

Allylmalonyl-SNAc 5.3 

Azidoethylmalonyl-SNAc 2.7 

Isopropylmalonyl-SNAc 7.4 

Butylmalonyl-SNAc 5.7 

 

 

 

 Efficiency of these reactions most likely can be further improved through subsequent 

enzyme engineering programs based on saturation mutagenesis of the active site residues and 

random mutagenesis of the entire MatB gene. Utility of the acyl-SNAc extender units for 

polyketide biosynthesis has already been demonstrated41 and represents an alternative to the 

economically unviable CoA-linked extender units.  

 

2.3. Conclusions 

In an effort to overcome the limited specificity of acyl-CoA synthetases, we have 

used structure-guided saturation mutagenesis and site-directed recombination to improve the 

promiscuity of the malonyl-CoA synthetase MatB. Notably, the substrate specificity of MatB 

was considerably expanded by only a small number of amino acid mutations to include ten 

substrates not utilized by the wild-type enzyme. Improvements in catalytic efficiency of 

mutants compared to the wild-type MatB were as high as 14,000-fold (e.g. with 11), and 

catalytic efficiencies of the mutant MatB’s with several of the analogues were as high as that 
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of the wild-type enzyme with the natural substrate 1, and in some cases were even higher 

(e.g. T207S/M306I with 3, 5). Further, several newly identified substrates for the engineered 

MatB mutants contain chemical handles for chemoselective ligation (4, 5, 11), and are not 

found in natural extender unit biosynthetic pathways (4, 8, 10, 11). Beyond these results, we 

expect to be able to extend our enzyme engineering strategy to further improve activity of 

MatB towards analogues that remain relatively poor substrates, such as 8 and 24-29.  

Additionally, the enzyme engineering strategy described here is expected to overcome the 

stringent substrate specificity of other naturally occurring acyl-CoA ligases.42 The creation of 

promiscuous acyl-CoA synthetases for the chemo-enzymatic synthesis of natural and non-

natural extender units represents a considerable advance in our ability to probe the specificity 

and activity of a broad range of polyketide synthases and related machinery.  

 

2.4. Experimental Section 

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). Bacterial strain E.coli BL21(DE3) pLysS competent cells was 

from Promega (Madison, WI). Primers were ordered from Integrated DNA Technologies 

(Coralville, IA). Malonates were either purchased from Sigma Aldrich or synthesized by 

John B. McArthur. 

Cloning of MatB into pET28a 

The gene for MatB from R. trifolii was synthesized by GeneScript and subcloned into 

pET28a via NdeI and HindIII restriction sites. 
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Saturation mutagenesis 

T207X and M306X libraries were prepared using the ‘round the horn‘ site-directed 

mutagenesis method, using pET28a-MatB as template. Each 50 µl reaction contained 5X 

Phusion HF buffer (10 µl), DNAse free water (31.5 µl), the template DNA (2 µl, 10 ng/ µl), 

the forward/reverse primer mix (3 µl, 100 µM), dNTP (1 µl, 2 mM each dNTP), DMSO (1.5 

µl), and Phusion HF polymerase (1 µl). The mixture was replicated by PCR using the 

following procedure: 1) 98 °C, 30 sec; 2) 29X [a) 98 °C, 10 sec; b) 62 °C, 20 sec; c) 72 °C, 1 

min 45 sec]; 3) 72 °C, 10 min. 1 µl (10 U) of the DpnI enzyme (NEB) was added to each 

reaction, and digestion was allowed to proceed for 3 h at 37 °C. The DNA was purified by 

agarose gel electrophoresis and subsequently eluted with 18 µl of DNAse free water. 

Ligation reaction was performed with 8 µl of the eluted DNA, 1 µl of 10X T4 DNA ligase 

buffer, and 1 µl of the T4 DNA ligase (NEB) at 16 °C overnight. 2 µl of each ligation 

reaction was transformed directly into NovaBlue competent cells (Novagen). Then, all the 

transformants from each library were pooled and cultured overnight. Plasmid was prepared 

from this culture and used to transform chemical competent E. coli BL21(DE3)pLysS, which 

was screened as described below. 

Site-directed mutagenesis 

MatB double mutants were prepared using QuikChange Site-Directed Mutagenesis Kit 

(Stratagene, La Jolla, CA) per the manufacturer instructions, using M306I or M306V mutant 

DNA as template. Each reaction was transformed directly into NovaBlue competent cells 

(Novagen). 
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Expression of MatB protein in 96-deep-well microtiter plate 

An Eppendorf epMotion liquid handling machine (Hauppauge, NY) was used for liquid 

transfer steps. Individual colonies of BL21(DE3)pLysS harboring pET28a-MatB/T207X, 

pET28a-MatB/M306X, pET28a-MatB or pET28a were used to inoculate wells of a round-

bottomed 96-deep-well plate (VWR) containing LB medium (1 mL) supplemented with 

kanamycin (30 µg/mL) and chloramphenicol (25 µg/mL). Culture plates were tightly sealed 

with AeraSeal™ breathable film (Research Products International Corp.) and incubated at 37 

°C and 350 rpm for 18 h. 100 µL of each culture was transformed to a freshly prepared deep-

well-plate containing LB medium (1 mL) supplemented with kanamycin (30 µg/mL) and 

chloramphenicol (25 µg/mL). The freshly inoculated plate was incubated at 37 °C and 350 

rpm for 3 h, at which point protein expression was induced with 1 mM IPTG. The plate was 

incubated for 18 h at 22 °C and 350 rpm. Cells were harvested by centrifugation at 5,000 g 

for 10 min and resuspended in 100 mM Tris-HCl pH 8.0 buffer (250 µL) containing 

lysozyme (5 mg/mL). The plates were then subjected to a single cycle of freeze/thaw and the 

cell debris collected by centrifugation at 5,000 g for 10 min, and 50 µL of each cleared 

extract used for the screening reaction. 

Colorimetric assay 

For the high-throughput screening reaction, cleared extract (50 µL) was added to 50 mM 

sodium phosphate buffer (200 µL, pH 7.2) containing containing MgCl2 (10 mM), ATP (0.5 

mM), coenzyme A (0.1 mM), and malonate or analogue  2/5 (0.5 mM). The reactions were 

incubated for up to 4 h, at which point 15 µL of 7.8 mM Ellman’s reagent stock [prepared by 

suspending 77.1 mg 5,5‘-dithiobis(2-nitrobenzoic acid) in 25 mL of 0.1 M sodium phosphate 
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buffer (pH 7) and readjusting the pH to 7, where upon all 5,5‘-dithiobis(2-nitrobenzoic acid) 

was dissolved] was added to each well. Upon mixing, the absorbance at 412 nm was 

measured using a BioTek Hybrid Synergy 4 plate reader (Winooski, VT). 

Expression and purification of WT and mutant MatB 

E. coli BL21(DE3) pLysS competent cells were transformed with the suitable plasmid and 

positive transformants were selected on LB agar supplemented with 30 µg/mL kanamycin 

and chloramphenicol (25 µg/mL). A single colony was transferred to LB (3 mL) 

supplemented with kanamycin (30 µg/mL) and chloramphenicol (25 µg/mL) and grown at 37 

°C and 250 rpm overnight. The culture was used to inoculate LB media (1L) supplemented 

with kanamycin (30 µg/mL) and chloramphenicol (25 µg/mL). One liter culture was 

incubated at 37 °C and 250 rpm to an optical density of 0.6, at which time protein synthesis 

was induced by the addition of IPTG to a final concentration of 1 mM. After incubation at 18 

°C and 200 rpm for 18 h, cells were collected by centrifugation at 5,000 g for 20 min, and 

resuspended in 100 mM Tris-HCl pH 8.0 (20 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 200 mM imidazole].  The purified protein was concentrated using 

an Amicon Ultra 10,000 MWCO centrifugal filter (Millipore Corp., Billerica, MA) and 

stored as 10% glycerol stocks at 80 °C. Protein purity was verified by SDS-PAGE. Protein 

quantification was carried out using the Bradford Protein Assay Kit from Bio-Rad. 
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HPLC assay 

In vitro enzyme assays were performed in 200 µL reaction mixture containing 100 mM 

sodium phosphate (pH 7), MgCl2 (2 mM), ATP (0.4 mM), coenzyme A (0.2 mM), malonate 

or analogue  2, 4-5 (0.8 mM) and MatB (1 µg) at 25 °C. Aliquots were removed and 

quenched with an equal volume of ice-cold methanol, centrifuged at 10,000 g for 10 min, and 

cleared supernatants used for HPLC analysis. A series of linear gradients was developed 

from 0.1% TFA (A) in water to methanol (HPLC grade, B) using the following protocol: 0-

32 min, 80% B; 32-35 min, 100% A. The flow rate was 1 mL/min, and the absorbance was 

monitored at 254 nm using Pursuit XRs C18 column (250 x 4.6 mm, Varian Inc.). A 

calibration curve using 2 was constructed to determine concentrations of CoA thiosters in the 

enzymatic reaction mixtures, from integration of product HPLC peak areas.  

Determination of kinetic parameters 

Enzyme assays were carried out in a total volume of 200 µl 100 mM sodium phosphate (pH 

7) containing 2 mM MgCl2 and 1 µg pure enzyme. Kinetic parameters kcat and KM were 

determined with malonates as variable substrates, keeping ATP and coenzyme A 

concentrations constant (0.4 mM and 0.2 mM, respectively). Each experiment was performed 

in triplicate. The incubation time of assays was 20 min, at which time product formation was 

still linear with respect to time. Aliquots were removed and quenched with an equal volume 

of ice-cold methanol, centrifuged at 10,000 g for 10 min, and cleared supernatants used for 

HPLC analysis. Concentration of product formed was determined as described above, and 

initial velocities were fitted to the Michaelis-Menten equation using SigmaPlot.  
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Mass spectrometry analysis 

Samples were subjected to negative-ESI LC/MS (Waters BEH C18, 2.1 x 50 mm, 1.7 m 

particle). A series of linear gradients was developed from water/1 mM ammonium formate 

(pH 5.3) (A) to methanol (B) using the following protocol: 0-10 min, 3-80% B; 10-11 min, 

80-95% B; 11-13 min, 95% B; 13-14 min, 95%-5% B; 14-17.5 min, 5% B.  

MatB synthetic assay  

In vitro enzyme assays were performed in 50 µL reaction mixture containing 100 mM 

sodium phosphate (pH 7), MgCl2 (2 mM), ATP (4 mM), coenzyme A (4 mM), malonate or 

analog (16 mM) and wild-type or mutant MatB (10 µg) at 25 °C. Aliquots were removed 

after 3 h incubation, and quenched with an equal volume of ice-cold methanol, centrifuged at 

10,000 g for 10 min, and cleared supernatants used for HPLC analysis on a Varian ProStar 

HPLC system. A series of linear gradients was developed from 0.1% TFA (A) in water to 

methanol (HPLC grade, B) using the following protocol: 0-32 min, 80% B; 32-35 min, 100% 

A. The flow rate was 1 mL/min, and the absorbance was monitored at 254 nm using Pursuit 

XRs C18 column (250 x 4.6 mm, Varian Inc.). The malonate analog and the acyl-CoA 

product HPLC peak areas were integrated, and the conversion (%) calculated as a percent of 

the total peak area. Product identity was confirmed by LC-MS. 
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CHAPTER 3 

Discovery of New PKS Specificities: Probing the Inherent Promiscuity of PKS Catalytic 

Domains 

3.1. Introduction 

Biosynthetic strategies for polyketide diversification offer the potential for 

regioselective modification and combinatorial exploration of polyketide chemical space.34,43 

For example, inactivated AT domains can be supplemented with trans-ATs that have 

orthogonal specificity to the target AT44 (Figure 21). Site-directed mutagenesis has also been 

used to relax extender unit specificity of a PKS AT domain, 45-47 while substitution of entire 

AT domains has also led to production of the corresponding polyketide analogues (Figure 

21).34,48 Yet, the scope and utility of these biosynthetic strategies is ultimately determined by 

the substrate specificity of PKS’s, which catalyze iterative Claisen condensations between 

activated malonate-derived extender units and other acyl thioesters.20 Cumulatively, only a 

modest variety of extender units are available to polyketide biosynthetic pathways,16,21 and 

polyketide producing organisms usually only provide biosynthetic routes to a small number 

of extender units. Thus, the range of chemical diversity derived from extender unit selection 

is modest and includes little opportunity for further diversification by semi-synthesis.  
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Figure 21. Strategies for regioselective modification of polyketides. A) AT domains of wild-

type PKS’s select a cognate extender unit for loading onto the ACP; B) Selected AT-domains 

are inactivated by site-directed mutagenesis and supplemented with exogenous trans-AT’s; 

C) Site-directed mutagenesis affords mutant ATs with relaxed substrate specificity; and D) 

Entire AT domains can be substituted with those of different acyl-CoA specificity. The 

majority of these strategies have been employed with a very limited set of extender units (e.g. 

where R2=H, Me, or Et).  

 

 

 The vast majority of PKS specificity studies have been limited almost entirely to 12-

14,30,48-51 likely due in part to the lack of easily accessible biosynthetic routes to other acyl-

CoA’s or N-acetylcysteamine (SNAc) thioesters. Nevertheless, in vitro assays using modules 

from erythromycin31,32 and pikromycin28 biosynthesis have revealed tolerance towards one or 

two non-native extender units (e.g. 14) that are not available to the natural producer host 

strain. Accordingly, the synthetic potential of PKS’s remains largely unexplored, and we set 

out to determine whether the inherent promiscuity of AT and KS domains of PKS’s was 

sufficient to support the selection and installation of a wide variety of natural and non-natural 
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extender units into polyketide synthase products. We reasoned that the discovery of new 

extender units could (i) expand the potential scope and utility of polyketide biosynthesis 

strategies, (ii) provide a blueprint for future enzyme engineering, and (iii) potentially lead to 

development of high-throughput screens and selections for altering PKS substrate specificity. 

 

3.2. Results and Discussion 

To provide a panel of potential PKS extender units that offer chemical functionality 

beyond that provided by natural biosynthetic systems, mutants of the R. trifolii malonyl-CoA 

synthetase MatB were created that are able to utilize commercially available and synthesized 

malonic acid analogues substituted at the C2 position (Figure 22) to furnish the desired 

mono-thioesters in a single step to ~90% yield 40,52 (see Chapter II). Conveniently, MatB-

catalyzed synthesis of acyl-CoA’s can be coupled to downstream biosynthetic systems 

without purification. 

3.2.1. Acyl-CoA Extender Unit Promiscuity of Mod6TE 

This panel of acyl-CoA’s (12-22, 30) was used to probe the extender unit specificity 

of the terminal module and thioesterase from DEBS, Mod6TE.53 This system was chosen 

because it represents one of the best-studied PKS’s, and a wealth of data31,32 is available to 

benchmark any promiscuity revealed in this study. Moreover, this minimal system could be 

easily dissected and probed in order to identify specificity determinants, and much is known 

regarding the ability to use DEBS modules in a combinatorial fashion.34,43,54-56 Thus, we first 

set out to probe the ability of holo-Mod6TE to catalyze the formation of triketide lactones 
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from condensation of the diketide-SNAc (Figure 22) and each potential extender unit, 12-22, 

30.  

 

 
 

Figure 22. Probing the extender unit specificity of the erythronolide B synthase terminal 

module, Mod6TE. Shown boxed are those acyl-CoA’s successfully utilized by holo-

Mod6TE. SNAc = N-acetylcysteamine. Domains in red are likely required for the indicated 

transformation. Wavy line on Mod6TE represents the phosphopantetheine prosthetic arm. 

 

 

In order to generate the expected lactone 31-42 using this simplified PKS system, the 

AT domain presumably must select and charge the ACP with a suitable extender unit, and the 

KS is required to catalyze the Claisen condensation with electrophile. Subsequently, purified 

holo-Mod6TE was incubated with diketide-SNAc and each acyl-CoA (12-22, 30), and the 

extender unit specificity was then determined using an HPLC-based end-point assay (Figure 
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23 and Table 5). As expected, no product was detected when 12 was used as substrate, which 

is a known poor extender for DEBS and Mod6TE.57 In contrast, and also as expected, 31 acyl-

CoA’s 13 and 14 each resulted in production of the corresponding triketide lactone product 

peak (Figure 23 and Table 5). This result confirms that acyl-CoA’s synthesized by the 

engineered MatB variant are catalytically competent with the erythronolide PKS machinery, 

which accepts only the (2S) stereoisomer of 13.58 Remarkably, putative product peaks were 

also identified when propargyl 15, allyl 16, methoxy 21, and azidoethyl 22 were included in 

the reaction, with synthetic conversions ranging from 9-44 %, compared to that with 13. In 

addition to these robust substrates, butyl 18, phenyl 19, and phenylethyl 30 resulted in very 

low (<2%) or trace conversions (Figure 23 and Table 5). Analysis of control experiments that 

lacked either acyl-CoA, holo-Mod6TE, or diketide-SNAc demonstrated that inclusion of 

each component was required for product formation in every case except when native 

extender 13 was used (Appendix B), which provided the triketide lactone 32 in the absence 

of diketide-SNAc due to ‘stuttering’.59,60 In every successful case, product identity was 

confirmed by high resolution LC-MS analysis of the product mixtures (Figure 23 and 

Appendix B). Conversion of 13 and 16 were selected as representative examples, scaled up, 

and the lactones 32 and 35 each purified by semi-preparative HPLC. Subsequent structural 

analysis by 1H NMR (Appendix B) was totally consistent with the expected structures. To the 

best of our knowledge, direct utilization of acyl-CoA’s 16, 18-19, 30, 21, and 22 by a PKS is 

unprecedented and extends the known substrate tolerance of Mod6TE to include substrates 

with heteroatoms (e.g. 21, 22), large bulky substituents (30), and sp/sp2 hybridized carbon 

atoms (e.g. 15, 16). 
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Table 5. Extender unit specificity of Mod6TE variants.  
a See Figure 22 for structures of acyl-CoAs and lactones. 
b Reaction included holo-Mod6TE, diketide-SNAc, and each acyl-CoA (Figure 22). Numbers 

indicate relative product yield with activity toward 13 set to 100. Standard error of assay is 

±23% of the conversion value (determined with 13, n=3). 
c Reaction included holo-ATº–Mod6TE, diketide-SNAc, and each acyl-CoA. 
d Reaction included Sfp, apo-ATº–Mod6TE, diketide-SNAc, and each acyl-CoA (Figure 24). 

Numbers indicate relative product yield with activity toward 13 set to 100. Standard 

deviation of assay is ±28% of the conversion value (determined with 18, n=3). 
e N.D, non-detected. 
f Product could not be confidently quantified by HPLC (minimal detection limit 1.6 %) but 

was detected by MS analysis.  

 

Acyl-CoA/ 

lactone a 

holo-

Mod6TE b 

holo-AT°-

Mod6TE c 

Sfp-acylated 

AT°-Mod6TE d 

12/31 N.De N.De 58 

13/32 100 N.De 100 

14/33 44 N.De 103 

15/34 15 N.De 45 

16/35 36 N.De 82 

17/36 N.De N.De N.De 

18/37 1 tracef 58 

19/38 tracef tracef tracef 

30/42 2 tracef 33 

20/39 N.De N.De N.De 

21/40 9 N.De 21 

21/31 31 N.De 64 
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Figure 23. HPLC and High Res LC-MS analysis of holo-Mod6TE-catalyzed triketide lactone 

formation with natural and non-natural extender units. Compound numbers for the acyl-CoA 

used are shown to the left of each chromatogram. See Figure 22 for reaction. *indicates 

contaminants present in the 18-19, 30 acyl-CoA preparations which were detected under the 

specialized conditions required for HPLC analysis of the corresponding lactones. 

 

 

3.2.2. Role of the AT Domain in Lactone Formation 

 

Intriguingly, self-acylation has been reported in some PKS’s, and has been attributed 

to activity catalyzed by the ACP itself.61,62 Accordingly, in order to determine whether the 

AT domain of Mod6TE was absolutely required for the observed Mod6TE promiscuity, the 

AT active site mutation Ser672Ala was introduced into the Mod6TE gene affording the AT-

null mutant ATº–Mod6TE (Figure 24). The AT-null mutant was then subjected to in vivo 

phosphopantetheinylation, purified, and incubated with each extender unit (12-22, 30) and 

diketide-SNAc. Subsequent analysis of the reaction mixtures by HPLC and LC-MS revealed 
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that as expected,63 introduction of the AT active site mutation failed to support triketide 

lactone formation when extender units 12-17 and 20-22 were used (Table 5). However, low 

abundance molecular ions corresponding to the expected lactone were observed when 18-19, 

30 were used in this assay (Table 5). While the presence of a contaminant trans-AT could in 

principle explain these results, the specificity of known Escherichia coli trans-AT’s are not 

consistent with the activities observed here.64 To further probe the source of 18-19, 30 

formation via the AT-null mutant, ATº–Mod6TE was expressed and purified from an E. coli 

host that lacked Sfp and therefore is not expected to be phosphopantetheinylated. 

Interestingly, incubation of the apo form of ATº–Mod6TE with each extender unit 12-22, 30 

and diketide-SNAc led to trace quantities of lactone when extenders 18-19, 30 were included 

in the reaction mixture (Appendix B). In addition, crude extract prepared from the host E. 

coli strain used to express Mod6TE failed to support formation of 31-42 from extender units 

12-22, 30 (data not shown). Taken together, this set of experiments demonstrates that in the 

case of 18-19, 30, neither a catalytically competent AT or ACP are absolutely required for 

lactone formation. Presumably, the KS of Mod6TE is able to directly utilize 18-19, 30, 

whereby the CoA moiety mimics the ACP-displayed substrate, albeit inefficiently. 
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Figure 24. Bypassing AT specificity of Mod6TE using the broad specificity 

phosphopantetheinyl transferase Sfp to load extender units onto the inactivated AT-null 

(ATº) mutant of Mod6TE. Following successful condensation, the subsequent holo-ATº-

Mod6TE cannot be recharged by Sfp, resulting in single turnover to the lactone. NAc = N-

acetylcysteamine. Domains in red are those likely required for the indicated transformation. 

Wavy line on Mod6TE represents the phosphopantetheine prosthetic arm. 

 

 

3.2.3. Directly Probing Promiscuity of the KS domain 

 

Next, it was established whether the KS domain of holo-Mod6TE limited utilization 

of the acyl-CoA’s that were not detectable substrates for Mod6TE (12, 17, 20). It was 

envisioned that Sfp65 could be used to transfer each extender unit onto the ACP of the apo-

form of ATº–Mod6TE (Figure 24). In this way, AT-specificity is bypassed, and the KS 

specificity directly probed.66-68 The acyl-CoA specificity of Sfp was first determined using an 

end-point MS conversion assay using 12-22, 30 and apo-ACP6 from DEBS. In each case, an 

increase in mass of the ACP was detected that corresponds to the covalent attachment of the 

acylphosphopantetheine moiety (Appendix B). Next, Sfp and the apo-form of ATº–Mod6TE 

were incubated with each extender unit and diketide-SNAc and the product mixtures 

analyzed by HPLC and LC-MS (Table 5 and Appendix B). Conversion of apo-ATº–Mod6TE 

to the corresponding lactone (Figure 24) was easily identified with the established Mod6TE 

substrates 13-16 and 21-22 (as expected from the wild-type holo-Mod6TE data in Figure 23), 
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while 19 produced the phenyl-substituted lactone in trace quantities. Notably, three extender 

units, 12 (in agreement with an earlier study)66 and 18/30, (used very poorly by the wild-type 

holo-Mod6TE), were revealed as robust substrates (33-64% conversion, relative to that of 32) 

for the AT-null mutant/Sfp system, illustrating that the KS domain is able to utilize fully 9 

out of 12 extender units. Although we cannot completely rule out failure of Sfp to load apo-

ATº–Mod6TE in the case of 17 and 20, it seems likely that the KS of Mod6TE cannot 

tolerate β-branched extender units or those possessing a free hydroxyl.  

3.2.4. Promiscuity of the DEBS holo-Mod3TE 

 After revealing remarkable promiscuity of the DEBS Mod6TE, we turned our 

attention to the other modules of the DEBS biosynthetic machinery. Inherent promiscuity of 

the AT6 toward acyl-CoA substrates revealed in our studies was not totally surprising 

considering that there is no in vivo requirement for DEBS AT6 to discriminate against 

substrates larger or bulkier than the natural substrate, 2. This biosynthetic machinery was 

naturally evolved to only discriminate against the smaller substrate 1, which is naturally 

present in the producing organism. In fact, by considering the high sequence and structural 

similarity between AT domains from different modules of the DEBS,46 we expected the ATs 

from other DEBS modules would display similar levels of promiscuity to that of AT6. 

Accordingly, promiscuity of holo-Mod3TE was tested with eight acyl-CoA analogues using 

the previously described assay based on the triketide pyrone production (Figure 22).69 
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Figure 25. HPLC assay of the activity of the DEBS modules 3 and 6 with acyl-CoA’s 

produced by MatB enzymes. 

 

 

 As expected, holo-Mod3TE displayed a similar level of promiscuity compared to that 

of holo-Mod6TE (Figure 25). AT3 was able to recognize six out of eight extender units, with 

no detectable activity toward 18 and 30. The highest activity of the holo-Mod3TE was 

detected toward its natural substrate, 13, with the second best substrate being 21. 

 Although not all the DEBS modules were investigated in these studies, high sequence 

identity and presence of the highly conserved amino acid regions that are responsible for 

acyl-CoA substrate recognition in all the DEBS AT’s makes it likely that the entire DEBS 

machinery is promiscuous, at least with respect to extender unit loading. 

3.2.5. Acyl-CoA Competition Experiments 

 

In an effort to describe the relative level of discrimination between the natural 

extender unit for Mod6TE (13) and the successfully utilized non-native and non-natural 

extenders, Mod6TE-catayzed triketide lactone formation was assayed in the presence of acyl-
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CoA mixtures that included the native extender 13 and either 14, 16, or 22 as competing 

acyl-CoA’s. Several concentrations of 13, 14, 16 and 22 were used in this analysis and are 

likely below the reported KM for the 13. In this way, the resulting product distribution is 

likely to at least approximately reflect relative catalytic efficiencies (kcat/KM) for each 

substrate. Gratifyingly, when 13 was present at 0.3 mM and each non-native extender was 

included at just 5-fold higher concentration, the resulting product mixture contained the 

lactone derived from the non-native extender unit as the major product, as judged by HPLC 

analysis (Figure 26). This fraction was further increased by lowering the concentration of 

both 13 and each non-native extender to 0.12 mM and 0.6 mM, respectively, or by using a 

20-fold excess of 14, 16, or 22, compared to 13 (Figure 26). Clearly, modulating the extender 

unit concentrations in vitro has some capacity to alter the product distribution to favor 

production of triketide lactones derived from non-native extender units when the natural 

extender 13 is also present.  
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Figure 26. Mod6TE-catalyzed triketide lactone formation in the presence of 13 and 

competing extender unit. The yield of each of the two possible lactones in each reaction is 

displayed as a percentage of the total product. Each yield was determined in triplicate 

(standard deviation <10 % of the mean).  

 

3.2.6. Promiscuity of the Fluvirucin AT toward Acyl-CoA and ACP Substrates 

 The fluvirucin PKS is a Type I PKS that consists of a set of domains and modules 

required for the assembly of fluvirucin in a similar fashion to the DEBS PKS. This 

biosynthetic machinery produces fluvirucin B1, a 14-membered macrolactam which 

possesses antifungal and antiviral activities70 (Figure 27). Interestingly, all but one module of 

this PKS contain fully functional KR, DH, and ER domains, which participate in the 

biosynthesis of the fully reduced polyketide, similar to mammalian FAS.70 
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Figure 27. Fluvirucin biosynthesis (top) and predicted AT domains’ specificity (bottom).70 

 

 

 Another interesting feature of the fluvirucin PKS is the various specificities of the AT 

domains: AT2 and AT4 are malonyl-CoA – specific, AT3 is methylmalonyl-CoA – specific, 

and AT1 and AT5 are ethylmalonyl-CoA – specific (Figure 27). Considering the inherent 

promiscuity of the DEBS AT’s toward bigger and bulkier substrates than the natural 

substrate 13, probing the promiscuity of the AT1 and AT5 of the fluvirucin PKS is especially 

interesting. Considering that the wild-type substrate for these AT’s is 14, it was hypothesized 

that an even higher level of promiscuity will be observed for the fluvirucin AT’s compared to 

DEBS AT’s with the substrates larger than 14, because there is presumably no requirement 

for them to discriminate against larger substrates. Accordingly, the specificity profile of the 

fluvirucin AT1 was established with the panel of diverse acyl-CoA substrates produced by 
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engineered MatB enzymes (Figure 28). Intact acylated fluvirucin ACP1 species were 

analyzed by MS and compared to the amount of the leftover non-acylated ACP1 at the end of 

each 30 minutes reaction, giving a percent conversion value for each substrate (Figure 28). 

 As expected, AT1 competely discriminated against the smaller extenders, 12 and 13 

(the low level of activity observed with 12 might be due to ACP1 self-acylation with 

malonate). High to moderate level of activity was observed with 14-16, 19, and 22, with 

activity toward 16 almost 2.5 times higher than toward the wild-type substrate, 14 (Figure 

28). 

 

Figure 28. Specificity of the fluvirucin AT1 toward a variety of the acyl-CoA substrates 

produced by MatB enzymes.  Intact acylated fluvirucin ACP1 species were analyzed by 

FTICR-MS after 1 hour reaction. Standard deviation of these measurements is less than 10%.  

 

 

 Given this inherent promiscuity of the fluvirucin AT toward a variety of the acyl-CoA 

extenders, we decided to probe possible inherent promiscuity of the AT1 and AT5 toward a 

small panel of ACP species from different PKS pathways: fluvirucin ACP1 and ACP5, 
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DEBS ACP6, and kirromycin ACP5 (Figure 29). Again, intact acylated fluvirucin ACP 

species were analyzed by MS and compared to the amount of the leftover non-acylated ACP 

at the end of each 30 minutes reaction, giving a percent conversion value for each substrate. 

Remarkably, both AT1 and AT5 were able to produce acylated ethylmalonyl-ACP species 

with fluvirucin ACP1, ACP5, and DEBS ACP6, while no activity was detected with the 

kirromycin ACP5 (Figure 29). This is the first report of the AT domains with inherent 

promiscuity toward not only acyl-CoA substrates, but also toward the ACP’s from different 

PKS pathways. This unique promiscuity of the fluvirucin AT1 and AT5 makes them valuable 

tools for polyketide combinatorial biosynthesis efforts: given that these AT’s can act in trans, 

they might be used to acylate ACP’s from different PKS’s in order to produce analogues of 

different polyketide natural products. Engineering of the activity of these AT’s toward both 

acyl-CoA and ACP substrate might be required in order to be able to site-selectively install 

unnatural functionalities into the polyketides. 
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Figure 29. Specificity of the fluvirucin AT1 and AT5 toward different ACPs. Intact acylated 

ACP species were analyzed by FTICR-MS. Reactions were incubated for 1 hour. Standard 

deviation of these measurements is less than 10%. 

 

 

3.3. Conclusions 

Several strategies are available for the regioselective modification of polyketides, yet 

the vast majority of these methods are restricted to only a very small number of unique 

extender units. Interestingly, although some evidence is emerging that PKS’s can tolerate at 

least one or two non-native extender units,28 the full synthetic scope of PKS’s remains poorly 

described, and AT domains are usually described as being highly selective, at least in terms 

of discrimination between endogenous extender units. Promiscuous polyketide biosynthetic 

machinery that can tolerate diverse extender units could enable expansion of diversification 

strategies to include a broad range of chemical functionality. Here, the promiscuity of the 

terminal module and TE domain from DEBS was probed using a panel of 12 diverse 

extender unit acyl-CoA’s. Results described in this study demonstrate PKS module turnover 
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of acyl-CoA extender units that (i) are non-native for DEBS (14-16, 18-19, 30, 21-22), (ii) 

are not found in natural biosynthetic systems (15, 30, 21-22) and (iii) contain functional 

handles (15, 16, 22) that could enable downstream diversification of polyketide structure via 

chemoselective ligation. Cumulatively, these results considerably expand the known extender 

unit promiscuity of PKS’s.  

 In an effort to determine whether the substrate tolerance of the KS domain of 

Mod6TE was limiting utilization of the non-substrate extender unit acyl-CoA’s, the AT 

catalytic residue Ser-672 was mutated to alanine by site-directed mutagenesis, and the AT-

null Mod6TE ACP loaded directly using the broad specificity phosphopantetheinyl 

transferase, Sfp. If the KS domain is broadly tolerant to these extenders, then lactone should 

be detected in this assay system given the AT domain is inactivated and this is the usual site 

of extender unit hydrolysis. Our data indicated that the KS domain could not process 17/20, 

but triketide lactone was detected when 12 was used. Thus, the KS domain will likely require 

engineering in the case of extender units that resemble 17/20. In addition, this result reveals 

at least some role of the AT-domain in limiting the promiscuity of Mod6TE, likely through 

hydrolysis of non-native extender units.28 Presumably, the Ser672Ala mutation reduces or 

eliminates any editing function normally displayed the AT domain of Mod6TE, and allows 

loading of 12 (and perhaps 18/30) via Sfp and subsequent condensation by the KS. 

Increasing the effective active site concentration of 12/18/30 via the Sfp-based strategy 

(Figure 24) could also play a role in ‘rescuing’ activity of the AT-null mutant in comparison 

to the wild-type holo-Mod6TE. Although we have yet to directly quantify AT-catalyzed 

loading and/or subsequent hydrolysis, clearly the intact holo-Mod6TE system is sufficiently 
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robust to generate the expected lactone products using most of the extender unit panel. Our 

results concur with a previous proposal that combinatorial biosynthesis efforts could begin to 

focus on non-native extenders that are not hydrolyzed by the AT27, and now further suggest 

that this strategy could be expanded to include non-natural extender units. It is intriguing to 

speculate that given Mod6TE utilizes acyl-CoA extender units with the largest C2 substituent 

(Me, 13) available to the erythromycin producing host, this enzyme does not require 

discrimination against extender units with larger side-chains (e.g. 14-19, 30, and 21-22), and 

thereby lack the hydrolytic editing mechanism that would normally remove the smaller side-

chain of 12. Consequently, other PKS’s that display promiscuity might be revealed by 

probing the extender unit specificity of PKS modules that transfer malonyl-CoA derivatives 

with C2 substituents that are the largest provided by the host organism. The conservation of 

AT and KS active site amino acid sequences among PKS’s71-73 indicates that such extender 

unit promiscuity might not be a feature unique to the erythronolide PKS. 

 Synthetic conversions of the Mod6TE-catalyzed reactions using non-native and non-

natural extenders are comparable to previously reported synthesis of triketide lactones using 

DEBS modules and native extenders, and could be scaled even further to yield ~100mg 

lactone.74 Nevertheless, in vitro biosynthesis of complete polyketide scaffolds using type I 

PKS’s75,76 has yet to match the scale and efficiency of those that involve type II and type III 

PKS’s.77,78 Clearly, extender unit promiscuity is likely to be better harnessed via in vivo 

polyketide diversification strategies. This study therefore provides a platform for expanding 

the scope and utility of such strategies. In particular, KS promiscuity could be coupled with 

inherent40 or engineered acyl-CoA promiscuity of trans-AT’s to affect regioselective 
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polyketide modification. Moreover, emerging methods46 to shift extender unit specificity of a 

given AT domain towards non-native or non-natural extenders could afford PKS modules 

tailored towards specific extender units, including those described here. In lieu of detailed 

kinetic analysis of extender unit specificity, we demonstrated that when Mod6TE was 

supplied with a mixture of 13 and non-native extender unit, the major triketide lactone 

produced was that derived from the non-native substrate when the concentration of the non-

native substrate was present at just five-fold excess over the native substrate, 13 (Figure 26). 

This result indicates that specificity between 13 and other successful extender units might not 

be too high for alteration by enzyme engineering. Additionally, the modulation of extender 

unit concentration should prove very helpful for strategies that harness stringent AT/KS 

domains that have been substituted with promiscuous AT/KS domains, such as those 

described here. The scope and utility of these in vivo strategies could further be expanded by 

generation of polyketide analogues modified with non-natural handles for chemoselective 

ligation chemistry (e.g. from 15, 16, 22). Incorporation of such handles could enable rapid 

downstream diversification of polyketides via semi-synthesis. Interestingly, promiscuous 

activities such as those described here often provide suitable starting points for successful 

directed evolution campaigns or rational redesign. Successful utilization of extender units 

that include azido and alkynyl handles by Mod6TE or other PKS’s suggest various 

strategies79-81 for developing high-throughput screens and selections that could be used to 

identify PKS variants with altered substrate specificities. 

Overall, the results presented here demonstrate that the AT and KS domains of 

Mod6TE, and likely those other PKS’s, are highly tolerant of a broad range of extender unit 
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acyl-CoA’s. By dissecting and probing Mod6TE in vitro by site-directed mutagenesis and 

complementation via Sfp, we determined that the KS is remarkably promiscuous towards 

diverse extender units, while the AT domain may only play a role in substrate discrimination 

when native extender units are employed. The vast majority of polyketide biosynthetic 

diversification strategies have focused on only a very small number of extender units that 

include limited chemical diversity. The remarkable promiscuity described here sets the stage 

for significantly expanding the potential scope and utility of such strategies, particularly 

given the ease with which non-native and non-natural acyl-CoA’s can be generated using 

engineered MatB variants. Future efforts will now focus on harnessing extender unit 

promiscuity using in vitro and in vivo methods. In particular, the KS promiscuity discovered 

here could be harnessed by various precursor directed approaches, and by coupling with 

trans-AT’s that display inherent or engineered acyl-CoA promiscuity. Further, a complete 

description of PKS extender unit promiscuity now provides a guide for future engineering 

efforts which could include rational redesign of selected AT domain specificity and directed 

evolution that could for example utilize ‘click’ handles for high-throughput screens and 

selections. 

Moreover, similar inherent promiscuity of the AT3 and KS3 from the DEBS and 

remarkable promiscuity of the fluvirucin AT1 and AT5 toward acyl-CoA and ACP substrates 

revealed in our studies suggests that PKS promiscuity may be quite common. This 

remarkable promiscuity of the PKS modules will require further engineering programs aimed 

at construction of orthogonal AT mutants in order to be able to control regioselective 

incorporation of the desired functionalities into polyketides.  
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3.4. Experimental Section 

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). Bacterial strain E. coli BL21(DE3) pLysS competent cells was 

from Promega (Madison, WI). Bacterial strain E. coli K207-382 was a gift from Prof. Adrian 

Keatinge-Clay. Plasmids pTL-KS1AT1, pTL-KS5AT5, pTL-ACP1, and pTL-ACP5 from 

fluvirucin PKS were a gift from Prof. Nathan Schnarr. Primers were ordered from Integrated 

DNA Technologies (Coralville, IA). Plasmid pET28a-MatB was as previously described in 

Chapter 2. Diketide-SNAc was synthesized by John B McArthur. Analytical HPLC was 

performed on a Varian ProStar system. Nuclear magnetic resonance spectra were acquired on 

a Varian Mercury-VX NMR instrument operating at 300 MHz. Chemical shifts (δ) in 1H 

NMR spectra are expressed in ppm downfield of tetramethylsilane and were referenced to the 

residual solvent peak.  

MatB-catalyzed synthesis of extender unit acyl-CoA’s 12-22, 30 

Extender units 12-19 and 20-22 were chemo-enzymatically synthesized as previously 

described.40,52 Briefly, reactions were performed in 50 µL reaction mixture containing 100 

mM sodium phosphate (pH 7), MgCl2 (2 mM), ATP (4 mM), coenzyme A (8 mM), malonate 

or analog 1-8, 9-11 (16 mM) and wild-type or mutant MatB (10 µg) at 25 °C. The optimal 

MatB mutant for each conversion was chosen on the basis of steady state kinetic data: WT 

MatB (1,2,9), T207S/M306I (3,5), T207A/M306I (10), T207G/M306I (4,6,8), T207A (7), 

and T207G/M306V (11). To verify >90 % conversion to the corresponding acyl-CoA, 
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aliquots were removed after overnight incubation, and quenched with an equal volume of ice-

cold methanol, centrifuged at 10,000 g for 10 min, and cleared supernatants used for HPLC 

analysis on a Varian ProStar HPLC system. A series of linear gradients was developed from 

0.1% TFA (A) in water to methanol (HPLC grade, B) using the following protocol: 0-32 min, 

80% B; 32-35 min, 100% A. The flow rate was 1 mL/min, and the absorbance was monitored 

at 254 nm using Pursuit XRs C18 column (250 x 4.6 mm, Varian Inc.). Product identity was 

confirmed by LC-MS as described below and as reported earlier. Synthesis of the 2-

phenylethyl analog 30 proceeded with the commercially available 29. MatB mutant 

T207G/M306I was used to convert 29 to 30 and product identity confirmed by LC-MS 

(Calculated mass 958.1855, observed 958.186 ([M+H]1+)). 

Mass spectrometry analysis of MatB-synthesized acyl-CoA’s 

Samples were subjected to negative-ESI LC/MS on a Thermo TSQ Quantum Discovery 

MAX connected to a UV/Vis diode array detector with a Waters BEH C18, 2.1 x 50 mm, 1.7 

µm particle column. A series of linear gradients was developed from water/1 mM ammonium 

formate (pH 5.3) (A) to methanol (B) using the following protocol: 0-10 min, 3-80% B; 10-

11 min, 80-95% B; 11-13 min, 95% B; 13-14 min, 95%-5% B; 14-17.5 min, 5% B.  

DEBS holo-Mod6TE reactions 

DEBS holo-Mod6TE reactions were set up by adding 90 µg DEBS holo-Mod6TE to 35 µl of 

50 mM Tris-HCl (pH 7) containing 2 mM MgCl2, 5 mM diketide-SNAc, and 4 mM each 

acyl-CoA (provided by suitable mutant MatB enzymes, see above). Reactions were incubated 

overnight at room temperature and analyzed by RP-HPLC and mass spectrometry as 

described below. A series of negative controls that lacked ether Mod6TE, each acyl-CoA or 
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diketide-SNAc were also setup and analyzed in the same way. 

RP-HPLC analysis of DEBS holo-Mod6TE reactions 

Each reaction sample was quenched with an equal volume of methanol, centrifuged at 10,000 

g for 10 min, and 25 µl used for HPLC analysis. HPLC analysis was performed on a Varian 

ProStar HPLC system. A series of linear gradients was developed from 0.1% TFA (A) in 

water to 0.1% TFA in acetonitrile (HPLC grade, B) using the following protocol: 0-40 min, 

10-30% B; 40-42 min, 100% B; 42-47 min, 10% B. The flow rate was 1 mL/min, and the 

absorbance was monitored at 290 nm using Pursuit XRs C18 column (250 x 4.6 mm, Varian 

Inc.). For detection of 37-38, 42, the following HPLC protocol was used: 0-40 min, 0-100 % 

B; 40-42 min, 100% B; 42-45 min, 100% A. 

Mass spectrometry analysis of holo-Mod6TE reactions 

For High Res LC-MS analysis of holo-Mod6TE reaction products, reaction mixtures were 

analyzed by positive-ESI LC/MS on a Thermo TSQ Quantum Discovery MAX connected to 

a UV/Vis diode array detector with a 2.1 mm x 50 mm Agilent XDB C-18 1.8 µm column 

(Agilent, Santa Clara CA), using a gradient of 25-95% MeOH in 0.1% formic acid/H2O for 8 

min at 1 ml min–1, with detection at 235 nm (thioester bond) and 290 nm (triketide pyrone). 

For Low Res LC/MS analysis of the Mod6TE reaction products, reaction mixtures were 

analyzed by positive-ESI LC/MS on a Shimadzu Prominence LC-20 connected to a UV/Vis 

diode array detector with a 2.1 mm x 50 mm Kinetex C-18 2.6 µm column (Phenomenex, 

Torrance CA), using the following gradient: 0-4.4 min, 5-99% B; 4-4.9 min, 99% B; 4.9-6 

min, 5% B (A – 0.1% formic acid/H2O, B – 0.1% formic acid/acetonitrile).  
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Scale up and purification of 32 and 35 

DEBS holo-Mod6TE reactions were set up by adding 60 mg DEBS holo–Mod6TE to 14 mL 

of 50 mM Tris-HCl (pH 7) containing 2 mM MgCl2, 10 mM diketide-SNAc, and 4 mM each 

acyl-CoA (provided by suitable mutant MatB enzymes, see above). Reactions were incubated 

for 2 days at room temperature and analyzed by RP-HPLC. The reactions were quenched 

with an equal volume of cold methanol, centrifuged, and decanted from the precipitated 

protein. The reactions were concentrated by lyophilization and then extracted 3x with 

dichloromethane. The solvent was removed under vacuum, and the residue was dissolved in 

2mL 50% methanol and HPLC purified in multiple injections of 200 µl using Pursuit XRs 

C18 column (250 x 4.6 mm, Varian Inc.) and the following protocol: 0-40 min, 10-30% B; 

40-42 min, 100% B; 42-47 min, 10% B. The collected fractions were pooled, concentrated by 

lyophilization, and extracted 3x with dichloromethane. The solvent was removed under 

vacuum. The remaining residue was dissolved in CDCl3, and the 1H-NMR spectrum was 

taken (Appendix B). 1H-NMR 3b (300 MHz, CDCl3): 2.5 (q, J = 7.2 Hz, 2H), 1.97 (s, 3H), 

1.95 (s, 3H), 1.2 (t, J = 7.2 Hz, 3H). 1H-NMR 3e (300 MHz, CDCl3): 5.6 (m, 1H), 5.2 (m, 

2H), 3.1 (m, 2H), 2.5 (q, J= 7.2 Hz, 2H), 1.8 (2, 3H). With purified 32 in hand, a HPLC 

calibration curve was constructed (Appendix B) and used to determine the % conversion 

efficiency of the scaled-up Mod6TE reactions, using the same RP-HPLC conditions as 

described above for analysis of the Mod6TE-catalyzed reactions. Subsequently, the % 

conversion (from diketide-SNAc) of the large scale holo-Mod6TE catalyzed synthesis of 32 

and 35 was 4.1 and 2.3, respectively, and is similar to previously reported optimized yields 

for Mod6TE-catalyzed syntheses.74  
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DEBS holo-Mod3TE reactions 

DEBS holo-Mod3TE reactions were set up and analyzed as described for the holo-Mod6TE. 

Preparation of the Mod6TE S672A mutant 

Mod6TE S672A plasmid was constructed by using the Stratagene QuikChange II Site-

Directed Mutagenesis Kit, as described by the manufacturer using the pET28b/Mod6TE as 

template and the oligonucleotides Mod6TE-S672A-FOR (5’-

TCAGCCGTTATCGGTCATGCTCAGGGCGAAATTGC-3’) and Mod6TE-S672A-REV 

(5’-GCAATTTCGCCCTGAGCATGACCGATAACGGCTGA-3’) (altered codons 

underlined). Construct was confirmed to carry the correct mutation by DNA sequencing.  

Expression and purification of DEBS holo-Mod6TE, holo-ATº–Mod6TE, and holo-

Mod3TE 

DEBS holo-Mod6TE, holo-ATº–Mod6TE, and holo-Mod3TE were over-expressed in E. coli 

K207-3 as an N-terminally His6-tagged fusion proteins as previously described.32  

DEBS holo-ATº–Mod6TE reactions 

DEBS holo-ATº–Mod6TE reactions were set up by adding 90 µg DEBS holo-Mod6TE to 35 

µl of 50 mM Tris-HCl (pH 7) containing 2 mM MgCl2, 5 mM diketide-SNAc, and 4 mM 

each acyl-CoA (provided by suitable mutant MatB enzymes, see above). Reactions were 

incubated overnight at room temperature and analyzed by RP-HPLC and mass spectrometry 

as described for the holo-Mod6TE reactions (Appendix B). 

Expression and purification of DEBS apo-ATº–Mod6TE 

DEBS apo-ATº–Mod6TE was over-expressed from vector pET28b/Mod6TE in E. coli 

BL21(DE3) as an N-terminally His6-tagged fusion protein as previously described.32  
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DEBS apo-ATº–Mod6TE reactions 

DEBS apo-ATº–Mod6TE reactions were set up by adding 1.3 mg DEBS apo-ATº–Mod6TE 

to 40 µl of 50 mM Tris-HCl (pH 8.8) containing 10 mM MgCl2, 5 mM diketide-SNAc, and 

1.6 mM each acyl-CoA (provided by suitable mutant MatB enzymes, see above). Reactions 

were incubated for 3h at room temperature and analyzed by RP-HPLC and mass 

spectrometry as described for the holo-Mod6TE reactions (Appendix B). 

Cloning, expression and purification of DEBS apo-ACP6 

DEBS apo-ACP6 from the Saccharopolyspora erythraea erythromycin biosynthetic gene 

cluster was cloned in pET28a as described83 and over-expressed as the apo-ACP in E. coli 

BL21(DE3) as an N-terminally His6-tagged fusion protein as previously described.84 The 

apo-ACP6 was purified as described for MatB. 

Expression and purification of Sfp 

The phosphopantetheinyl transferase Sfp for in vitro acyl-CoA specificity studies was over-

expressed in E. coli BL21(DE3) as an N-terminally His6-tagged fusion protein as previously 

described.85 Sfp was purified as described for MatB. 

Sfp reactions with apo-ACP6 from DEBS 

Reactions containing 100 mM sodium phosphate (pH 7), MgCl2 (2 mM), ATP (4 mM), 

coenzyme A (4 mM), 1-11, 29 (16 mM) and suitable MatB mutant (10 µg) at a final volume 

of 50 µl were incubated at 25 °C for 24 h, or until conversion to the acyl-CoA was complete 

(as judged by HPLC, see above). The optimal MatB mutant used was as described for the 

MatB-catalyzed acyl-CoA syntheses (see above). The reaction product mixture was added 

directly to 100 µl of 50 mM Tris-HCl (pH 8.8) containing 5 mM DTT, 10 mM MgCl2, 100 
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µg apo-ACP6, and 50 µg Sfp, and incubated at 25 °C for 5 h. For LC-MS analysis of 

acylated ACPs, reaction mixtures were analyzed by positive-ESI LC/MS on a Thermo TSQ 

Quantum Discovery MAX connected to a UV/Vis diode array detector with a 2.1 mm x 75 

mm Poroshell 300SB-C18 5µM column (Agilent, Santa Clara CA), using a gradient of 25-

100% MeOH in 0.1% formic acid/H2O for 5 min at 1 ml min–1 (Appendix B). 

Sfp-catalyzed acylation of DEBS apo-ATº–Mod6TE and triketide lactone formation assay 

Reactions containing 100 mM sodium phosphate (pH 7), MgCl2 (2 mM), ATP (4 mM), 

coenzyme A (4 mM), 1-11, 29 (16 mM) and suitable MatB mutant (10 µg) at a final volume 

of 50 µl were incubated at 25 °C for 24 h, or until conversion to the acyl-CoA was complete 

(as judged by HPLC, see above). The optimal MatB mutant used was as described for the 

MatB-catalyzed acyl- CoA syntheses (see above). 20 µl of the reaction product mixture was 

added directly to 80 µl of 50 mM Tris-HCl (pH 8.8) containing, 10 mM MgCl2, 1.3 mg apo-

ATº–Mod6TE (see above for expression and purification), and 20 µg Sfp, and incubated at 

25 °C for 3 h. Reactions were analyzed by RP-HPLC and LC-MS analysis as described for 

the holo-Mod6TE reactions (Appendix B), except 50 µl of the reaction mixture was used for 

HPLC analysis instead of 25 µl. 

Competition experiments 

Triketide lactone formation catalyzed by holo-Mod6TE was assayed in the presence of 

varying concentrations of 13 and each 14, 16, and 22. Concentrations of 13/non-native 

extender unit were 0.3/1.5 mM, 0.12/0.6 mM, and 0.03/0.6 mM, respectively. Aside from 

extender unit concentrations, assay conditions were the same as that for “DEBS holo-

Mod6TE reactions”, described above, while detection was the same as that for “Sfp-
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catalyzed acylation of DEBS apo-ATº–Mod6TE and triketide lactone formation assay”, 

described above. 

Expression and purification of the fluvirucin ACP1, ACP5, KS1AT1, and KS5AT5 

Fluvirucin ACP1, ACP5, KS1AT1, and KS5AT5 were over-expressed in E. coli K207-3 

(pTL-ACP1 and pTL-ACP5) or BL21(DE3) (pTL-KS1AT1 and pTL-KS5AT5) and purified 

as previously described.70   

Fluvirucin KS1AT1 and KS5AT5 reactions 

An aliquot of ACP (30 µl) was added to 45 µl of 50 mM Tris-HCl (pH 7.5) containing 50 

mM MgCl2 containing 10 µM KS1AT1 or KS5AT5, and 5 mM acyl-CoA (generated by 

suitable mutant MatB). Reactions were incubated at 25 °C for 30 min and analyzed by LC-

FTICR-MS analysis as described below. 

LC-FTICR-MS analysis of fluvirucin KS1AT1 and KS5AT5 reactions 

Reaction mixtures were separated using an Eksigent 1D+ nano-LC system (Eksigent, Dublin, 

CA) utilizing a vented column configuration.86 Analytical and trap columns were packed in-

house with Magic C8 (5 µm particle, 300 Å pore size; Microm BioResources) stationary 

phase to approximately 15 cm and 5 cm, respectively. PicoFrit (75 µm i.d.) and IntegraFrit 

(100 µm i.d.) capillaries were purchased from New Objective (Woburn, MA). LC solvents 

were purchased from Burdick and Jackson (Muskegon, MI). Mobile phase A consisted of 

98% water, 2% acetonitrile, and 0.2% formic acid, and mobile phase B consisted of 98% 

acetonitrile, 2% water, and 0.2% formic acid.  50 ng of total protein was injected and 

desalted at 2 µL/min before switching in-line with the analytical column at a flow rate of 250 

nL/min via a ten-port valve. The gradient held at 30% B for 1 min before ramping to 37%B 
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over the next 19 min. The gradient was then adjusted to 95% B in 1 min, holding there for 

the next 9 min. Finally, the gradient was adjusted to 30% in 1 min and held for an additional 

9 min for re-equilibration.  

Mass measurements were performed on a 7T LTQ-FT-ICR Ultra (ThermoFisher Scientific, 

San Jose, CA) mass spectrometer operating at 50,000FWHM resolving power at m/z=400. Data 

acquisition was set to one broadband scan event in the ICR cell. Spectra were acquired with 

an automatic gain control setting of 1 x 106 ions using one microscan with a maximum 

ionization time of 500 ms. Tube lens voltage was set to 150 V, and the capillary temperature 

was set to 200 °C. 

Determination of monoisotopic masses for intact proteins has been previously described.87,88 

Using a similar approach in this study, monoisotopic masses of identified proteins were 

determined by overlaying the theoretical isotopic distribution of the most abundant charge-

state with the experimental isotopic distribution obtained from summed spectra. A Java-

based algorithm (Isotopic Pattern Calculator, v1.0) provided as freeware from Pacific 

Northwest National Laboratory (Richland, WA) was used in conjunction with the molecular 

formulas of the analytes to generate the theoretical isotopic distributions. Multiply-charged 

spectra were mass transformed to a neutral monoisotopic mass to determine mass 

measurement accuracy. Although the author is aware of possible electrospray ionization 

biases due to differences in hydrophobicity, extracted ion chromatograms corresponding to 

the holo-ACP and acyl-CoA product were generated and integrated for estimating percent 

conversion using the following formula: (Areaacyl-ACP/Areaholo-ACP+Areaacyl-ACP). 
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CHAPTER 4 

Extender Unit Specificity of Trans-AT Enzymes 

4.1. Introduction 

AT domains of typical type I PKSs that are responsible for selecting extender units 

for incorporation into polyketides are an integral part of each PKS module. A variant of this 

arrangement involves a freestanding AT enzyme that is physically separated from the PKS 

and operates in trans. Because several such ‘standalone’ trans-ATs utilize small molecule 

acyl-CoAs, versus ACP-linked extender units, they present interesting possibilities for 

combinatorial biosynthesis of regioselectively modified polyketide analogues.89,90 To date 

however, biochemical studies have only identified three unique trans-AT acyl-CoA 

specificities (12-14), while substrate specificity studies of trans-AT’s and the related 

transacyltransferases from fatty acid biosynthesis90-92 that use acyl-CoA’s as extender units93-

96 have been limited entirely to the commerically available extender substrates 12/13, and 

chemically synthesized 14. These studies have suggested that trans-AT’s are highly stringent 

to their cognate acyl-CoA (e.g. 12-14). Subsequently, in vivo combinatorial biosynthesis 

efforts involving trans-AT’s have been restricted to only conservative alterations to 

polyketide structure, 90 and the true potential of trans-AT’s for regioselective polyketide 

modification is unknown. We therefore used our mutant MatB synthesized acyl-CoA panel to 

fully probe the specificity of three representative trans-AT’s, the malonyl-CoA:ACP 

transacylase (MCAT) from S. coelicolor,92 the malonyl-CoA specific DSZS-AT from the 

disorazole synthase (DSZS),97 and the ethylmalonyl-CoA specific KirCII from kirromycin 

biosynthesis95 (Figure 30).  



 

74 

 
 

Figure 30. Natural products disorazole A1, actinorhodin, and kirromycin involve the trans-

ATs DSZS, MCAT, and KirCII, respectively.  Contribution of each trans-AT to the final 

product structure is highlighted red.  

 

It was hypothesized that KirCII would display some promiscuity towards acyl-CoA’s 

that have C2-substitutions larger than the ethyl side-chain of 14 for two reasons: Firstly, both 

MCAT and DSZS-AT utilize 12 and discriminate significantly against 13, and are therefore 

unlikely to accept extender units with even larger side-chains. Secondly, in the natural 

kirromycin producer strain, KirCII does not accept 12/13 as substrates, but there is 

presumably no requirement for KirCII to discriminate against malonate extender units with 

C2-substituents larger that of 14.  

 

4.2. Results and Discussion 

4.2.1. Discovery of the First Promiscuous Trans-AT 

To test our hypothesis, each trans-AT was expressed in E. coli as hexahistidine-

tagged proteins and purified by nickel-affinity chromatography. For MCAT and DSZS-AT, 

ACP6 from the deoxyerythronolide PKS (ACP6DEBS) was used as the acceptor substrate,97 



 

75 

while ACP5 from kirromycin biosynthesis (ACP5Kir) was used as the cognate carrier protein 

for KirCII95 (Figure 31).  

 

 
 

 

Figure 31. Reaction scheme for each representative trans-AT with the corresponding natural 

acyl-CoA extender unit. 

 

 

Carrier proteins were converted to their holo-ACP’s in vivo by Sfp-mediated 

phosphopantetheinylation, and subsequently purified by metal chelation chromatography, 

ensuring removal of Sfp, which is not His6-tagged. Complete conversion to the holo enzyme 

was confirmed by LC-MS analysis. The extender unit specificity of each trans-AT was 

determined using an end-point assay. Briefly, each trans-AT was incubated with the 

corresponding fully-activated holo-ACP and acyl-CoA (12-22). Acylation of the ACPs and 

percent conversions were determined by FTICR mass spectrometry (MS) -based assay of 

intact proteins present in the reaction mixtures (Figure 32 and Appendix C). Negative 

controls that lacked each trans-AT were also analyzed in the same way, in order to identify 

possible background acylation (Figure 32 and Appendix C). A high level of stringency was 

chosen for the confirmation of trans-AT substrates, whereby acyl-CoA’s were only 
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considered substrates when the conversion from holo-ACP was completely dependent on the 

presence of trans-AT (Figure 32 and Appendix C).  
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Figure 32. In vitro analysis of MCAT, DSZS and KirCII extender unit specificity. LC-

FTICR-MS analysis of successful trans-AT catalyzed conversions of holo-ACP to acyl-ACP. 

Each spectrum represents the 13C distribution of the indicated charge state. Each boxed set of 

spectra shows reactions in the presence (upper) and absence (lower) of each trans-AT with 

the indicated acyl-CoA. Each conversion is corrected using the background acylation rate 

determined in the absence of trans-AT.  Acyl-CoA’s are considered substrates for the trans-

AT only when the background rate in the absence of trans-AT is zero. The estimated error of 

these measurements is ±25% of the conversion based on the reaction of KirCII with 16, 

which was performed in triplicate. MMA = mass measurement accuracy.  
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Subsequently, out of 11 extender units tested, only malonyl-CoA 12 led to the 

identification of the corresponding acylated-ACP (Figure 33 and Appendix C) when MCAT 

or DSZS were used in these assays. Although the specificity of MCAT or DSZS has not 

previously been probed beyond 12/13, this stringent malonyl specificity is not completely 

surprising, given the requirement of these enzymes to at least discriminate against 

methylmalonyl-CoA. In stark contrast to MCAT and DSZS, KirCII utilized 4 out of 11 acyl-

CoA extender units, including the propargyl (15), allyl (16), and azidoethyl (22) analogues, 

in addition to the established natural substrate (14).  

For each successful reaction (involving acyl-CoA’s 12, 14, 15, 16, and 22), control 

reactions that lacked trans-AT failed to produce an intact mass corresponding to acyl-transfer 

(Figure 33 and Appendix C), ruling out self-acylation by the ACP or trans-acylation by a 

contaminant. Although the KirCII-catalyzed acylation of ACP5Kir with 19 was greater than 

background, we cannot rule out the possibility that 19 does not require the trans-AT, given 

the error of these measurements (Figure 33). Notably, this discovery stands as the first 

example of a polyspecific trans-AT that can utilize extender unit acyl-CoA’s other than 12-

14, and demonstrates for the first time trans-AT based utilization of extender units not found 

in natural biosynthetic pathways (15, 16, 22).  
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Figure 33. In vitro analysis of MCAT, DSZS and KirCII extender unit specificity. Relative 

specificity of DSZS, MCAT, and KirCII towards each extender unit. Activity of each wild-

type trans-AT toward the natural extender unit is set to 100%. Each conversion is corrected 

using the background acylation rate determined in the absence of trans-AT.  Acyl-CoA’s are 

considered substrates for the trans-AT only when the background rate in the absence of trans-

AT is zero. The standard deviation of these measurements is ±25% of the conversion based 

on the reaction of KirCII with 15, which was performed in triplicate.  

 

4.2.2. Active Site Occupancy Studies 

 The current gap in our knowledge of the mechanistic basis for AT substrate 

processing and discrimination toward acyl-CoA extenders is a significant barrier for PKS 

pathway engineering. Strict substrate specificity observed for MCAT and DSZS might be a 

result of rapid hydrolysis of the loaded acyl group off the AT active site, inability to pass the 

substrate to the ACP (faulty protein-protein interactions), rapid hydrolysis of the acyl unit 

from the ACP, a combination of these mechanisms, or even a mechanism no one has yet 

hypothesized. Understanding the multiple steps of AT catalysis is likely to help to reprogram 

PKS’s to successfully incorporate unnatural functionalities into polyketides. Previously, Prof. 

Sherman’s group at the University of Michigan used FTICR-MS to monitor active site 
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occupancy of the pikromycin PKS PikAIV in order to establish key mechanisms of acyl-CoA 

unit selection and processing.28 The authors observed differential rates of hydrolysis of the 

acyl unit upon acyl-CoA loading, with the AT domain being the major site of hydrolysis (70-

80%) and the ACP and TE hosting the remaining 20-30% of hydrolytic activity.28 The 

authors hypothesized that a relatively constrained AT active site allows hydrolysis of smaller 

extender units but not larger ones, and suggested that the use of rare extender units lacking 

evolved selectivity may be a viable strategy for polyketide diversification.28 However, the 

study was limited to only four extender units and just one cis-AT. We decided to investigate 

the role of the hydrolytic editing and protein-protein interactions in modular PKS substrate 

recognition using a panel of eleven extender units synthesized by engineered MatB enzymes. 

Two representative trans-AT domains were chosen that possess opposite levels of 

promiscuity: very specific toward 13 DSZS, and promiscuous KirCII. Shan Randall from 

Prof. Muddiman’s group at NCSU developed and conducted the LC-MS/MS active site 

occupancy experiments described in section 4.2.2. Briefly, trans-AT reactions were incubated 

for a given amount of time (0-30 min) and then digested by a proteolytic enzyme of choice. 

Loaded and unloaded peptide fragments were monitored by LC-MS/MS (Figure 34), and 

abundance of each was used to calculate the percent occupancy. 
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Figure 34. LC-MS/MS method for the active-site occupancy analysis. 

 

 

 In our previous studies based on monitoring the percent acylation of the intact ACP 

species we discovered that only 4 acyl-CoA’s are being successfully transferred to the ACP5 

during KirCII reaction (Figure 35, pink bars). Surprisingly, 9 out of 11 extenders are loaded 

on the KirCII active site as determined by LC-MS/MS in the absence of the ACP5 (Figure 

35, blue bars). Interestingly, substrates with different side chains (for example, methyl 13 and 

butyl 18) were loaded with almost the same efficiency (Figure 35). 
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Figure 35. MS analysis of the KirCII promiscuity toward acyl-CoA substrates. Blue bars 

represent percent occupancy as determined by LC-MS/MS analysis of active site occupancy. 

Pink bars represent percent conversion of the holo-ACP5 to acyl-ACP5 catalyzed by KirCII 

as determined by LC-MS analysis of the intact ACP species. In both cases, KirCII reaction 

time was 30 min.   

 

 

 While acylated ACP6 species were detected by MS in the DSZS reactions only in 

case of 12, LC-MS/MS analysis of active site occupancy revealed the previously unknown 

ability of DSZS to recognize and load on its active site seven other acyl-CoA extenders 

(Figure 36). Clearly, this data demonstrates that the first step of AT catalysis, recognition of 

acyl-CoA substrate and acylation of the AT active site, is not the main mechanism of the AT 

selectivity towards acyl-CoA extenders. Both KirCII and DSZS displayed high percent active 

site acylation with most of the acyl-CoA’s tested, while only transferring a few of them to the 

corresponding ACP. 
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Figure 36. MS analysis of the DSZS promiscuity toward acyl-CoA substrates. Blue bars 

represent percent occupancy as determined by LC-MS/MS analysis of active site occupancy. 

Pink bars represent percent conversion of the holo-ACP6 to acyl-ACP6 catalyzed by DSZS 

as determined by MS analysis of the intact ACP species. In both cases, DSZS reaction time 

was 30 min. 

 

 

 To gain insight into hydrolytic removal of the acyl group from the AT active site we 

performed site occupancy studies in a similar fashion as described above, but with trans-AT 

reactions conducted in the presence of both acyl-CoA and ACP, and acylation of both trans-

AT and ACP monitored by LC-MS/MS over time (Figure 37). For KirCII, ethylmalonyl-CoA 

14, allylmalonyl-CoA 16, and methylmalonyl-CoA 13 were used as representative examples 

of the natural, good, and poor substrates, respectively (as determined from our previous 

studies). As expected, acylation of both KirCII and ACP active sites with 14 and 16 was high 

over the time tested (5-20 min). Interestingly however, while the acylation of the KirCII 

active site with 13 was detected at above 20% over the time tested, no ACP5 active site 

acylation with 13 was detected in the same reaction (Figure 37). This result means that most 
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likely the non-natural substrates are not being transferred to the ACP due to faulty protein-

protein interactions or/and changes in the AT active site geometry of the non-cognate acyl-O-

seryl intermediate that prevents the second step of catalysis, rather than rapid hydrolysis of 

the non-cognate acyl group from the AT active site.  

 

 

 
 

Figure 37. LC-MS/MS analysis of the KirCII promiscuity toward acyl-CoA substrates in the 

presence of ACP5. Active site occupancy was monitored for both KirCII and ACP in the 

same reaction. 

 

 

 Unfortunately, attempts to monitor DSZS and ACP6 active site acylation in one 

reaction at the same time were not successful. However, we were able to monitor the DSZS 

active site acylation with different acyl-CoAs in absence of ACP6 (Figure 38). Interestingly, 

all five substrates were loaded onto the DSZS active site, and no significant hydrolysis of 

them from DSZS was observed for up to 60 min reaction time (Figure 38). In some cases, 

DSZS active site occupancy even increased over time with unnatural substrates. This 

suggests that as in the case of KirCII, DSZS selectivity toward the acyl-CoA substrate is 

most likely a result of the faulty protein-protein interactions between DSZS and ACP. 
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Figure 38. LC-MS/MS analysis of the DSZS promiscuity toward acyl-CoA substrates in 

absence of ACP6. Active site occupancy was monitored for DSZS only. 

 

 

4.3. Conclusions 

Our data suggests that the tolerance of some trans-AT’s towards non-natural extender 

units may be considerably higher than previously presumed. Since KirCII utilizes 

ethylmalonyl-CoA, the acyl-CoA with the largest C2-substituent available to the producing 

host, natural selection did not require this enzyme to discriminate against extender units with 

larger side-chains. Consequently, probing the extender unit specificity of other trans-AT’s 

and PKS modules that transfer malonyl-CoA derivatives with C2-substituents that are the 

largest provided by the host organism might also reveal similar promiscuity. Whereas such 

candidate trans-AT’s are currently very rare, 93,98 PKS’s that for example use the extender 

ethylmalonyl-CoA22,99-101 are unlikely to require discrimination against larger extender units 

(such AT’s would nevertheless require discrimination against 12/13). Any such trans/cis-
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AT’s and the corresponding PKS’s might provide valuable promiscuous machinery for future 

combinatorial biosynthesis efforts.   

Moreover, remarkable promiscuity of the trans-AT’s revealed through our active site 

occupancy studies provides some mechanistic insights into AT’s acyl-CoA selectivity. Since 

editing hydrolysis of the unnatural acyl group from the AT active site is not the key in the 

mechanism of AT’s selectivity, protein-protein interactions between AT and ACP or/and the 

AT active site geometry of the non-cognate acyl-O-seryl intermediate that prevents the 

second step of catalysis might require future engineering in order for alternative substrates to 

be incorporated into polyketides.  

 

4.4. Experimental Section 

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). Bacterial strain E.coli BL21(DE3) pLysS competent cells was 

from Promega (Madison, WI). Primers were ordered from Integrated DNA Technologies 

(Coralville, IA). Plasmid pET28a-MatB was as previously described.102  

Synthesis of acyl-CoA’s by MatB 

Reactions were performed in 50 µL reaction mixture containing 100 mM sodium phosphate 

(pH 7), MgCl2 (2 mM), ATP (4 mM), coenzyme A (4 mM), malonate or analog  1-11, 29 (16 

mM) and wild-type or mutant MatB (10 µg) at 25 °C. Aliquots were removed after 3 h 

incubation, and quenched with an equal volume of ice-cold methanol, centrifuged at 10,000 g 
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for 10 min, and cleared supernatants used for HPLC analysis on a Varian ProStar HPLC 

system. A series of linear gradients was developed from 0.1% TFA (A) in water to methanol 

(HPLC grade, B) using the following protocol: 0-32 min, 80% B; 32-35 min, 100% A. The 

flow rate was 1 mL/min, and the absorbance was monitored at 254 nm using Pursuit XRs 

C18 column (250 x 4.6 mm, Varian Inc.). The malonate analog and the acyl-CoA product 

HPLC peak areas were integrated, and the conversion (%) calculated as a percent of the total 

peak area. Product identity was confirmed by LC-MS. 

Cloning DSZS and MCAT 

The gene for DSZS103 from Sorangium cellulosum was synthesized by GeneScript and 

subcloned into pET28a via NcoI and HindIII restriction sites. The FabD gene coding MCAT 

was PCR amplified from genomic DNA of Streptomyces coelicolor A3(2) using the 

following primers: 5’–CGGATCCATATGCTCGTACTCGTCGCTC–3’ and 5’–

CGGCTCGAGTCAGGCCTGGGTGTGCTCG–3’ (restriction sites underlined). FabD was 

cloned into pET28a via NdeI and XhoI restriction sites. 

Expression and purification of DSZS, MCAT, DEBS holo-ACP6, KirCII, and Kir holo-

ACP5 

DSZS was over-expressed in E. coli BL21(DE3) as a C-terminally His6-tagged fusion protein 

and purified  as previously described.103 MCAT was over-expressed in E. coli BL21(DE3) as 

an N-terminally His6-tagged fusion protein and purified  as previously described.84  Apo-

ACP6 from the Saccharopolyspora erythraea erythromycin biosynthetic gene cluster was 

cloned in pET28a as described104 and over-expressed as the apo-ACP in E. coli BL21(DE3) 

as an N-terminally His6-tagged fusion protein as previously described.84 The kirromycin 
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trans-AT KirCII, harbored in pET52 3C/LIC,105 was over-expressed in Rosetta2(DE3) pLysS 

as an N-terminally His6-tagged fusion protein as previously described.105 DEBS holo-ACP6 

and Kir holo-ACP5 were prepared via in vivo phosphopantetheinylation by co-expression of 

apo-ACP6DEBS or apo-ACP5Kir with Sfp. This was achieved using a two-plasmid system: 

ACP5-pET52 3C/LIC (ampicillin resistant) or ACP6-pET28a (kanamycin resistant) with 

Sfp-pSU20 (chloramphenicol resistant).106 Each ACP/Sfp pair was over-expressed in E. coli 

BL21 (DE3) pLysS grown at 37 °C with shaking at 250 rpm. DEBS holo-ACP6 was purified 

as described for MatB. KirCII and Kir holo-ACP5 were purified as previously described.105 

Trans-AT assays 

DEBS ACP6 and Kir ACP5 were expressed in E. coli and purified to homogeneity as 

completely phosphopantetheinylated holo-ACPs using the B. subtilis PPTase Sfp. An aliquot 

of ACP (30 µl) was added to 45 µl of 50 mM sodium phosphate (pH 6.8) (MCAT) or 50 mM 

sodium phosphate (pH 7.2) (DSZS) or 50 mM Tris-HCl (pH 7.5) containing 50 mM MgCl2 

(KirCII) containing 10 µM KirCII or 10 µM DSZS or 10 µM MCAT, and 5 mM acyl-CoA 

(generated by suitable mutant MatB). Reactions were incubated at 25 °C for 15 min and 

analyzed by LC-FTICR-MS analysis as described below. 

LC-FTICR-MS analysis of trans-AT reactions 

Reaction mixtures were separated using an Eksigent 1D+ nano-LC system (Eksigent, Dublin, 

CA) utilizing a vented column configuration.86 Analytical and trap columns were packed in-

house with Magic C8 (5 µm particle, 300 Å pore size; Microm BioResources) stationary 

phase to approximately 15 cm and 5 cm, respectively. PicoFrit (75 µm i.d.) and IntegraFrit 

(100 µm i.d.) capillaries were purchased from New Objective (Woburn, MA). LC solvents 
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were purchased from Burdick and Jackson (Muskegon, MI). Mobile phase A consisted of 

98% water, 2% acetonitrile, and 0.2% formic acid, and mobile phase B consisted of 98% 

acetonitrile, 2% water, and 0.2% formic acid.  50 ng of total protein was injected and 

desalted at 2 µL/min before switching in-line with the analytical column at a flow rate of 250 

nL/min via a ten-port valve. The gradient held at 30% B for 1 min before ramping to 37%B 

over the next 19 min. The gradient was then adjusted to 95% B in 1 min, holding there for 

the next 9 min. Finally, the gradient was adjusted to 30% in 1 min and held for an additional 

9 min for re-equilibration.  

Mass measurements were performed on a 7T LTQ-FT-ICR Ultra (ThermoFisher Scientific, 

San Jose, CA) mass spectrometer operating at 50,000FWHM resolving power at m/z=400. Data 

acquisition was set to one broadband scan event in the ICR cell. Spectra were acquired with 

an automatic gain control setting of 1 x 106 ions using one microscan with a maximum 

ionization time of 500 ms. Tube lens voltage was set to 150 V, and the capillary temperature 

was set to 200 °C. 

Determination of monoisotopic masses for intact proteins has been previously described.87,88 

Using a similar approach in this study, monoisotopic masses of identified proteins were 

determined by overlaying the theoretical isotopic distribution of the most abundant charge-

state with the experimental isotopic distribution obtained from summed spectra. A Java-

based algorithm (Isotopic Pattern Calculator, v1.0) provided as freeware from Pacific 

Northwest National Laboratory (Richland, WA) was used in conjunction with the molecular 

formulas of the analytes to generate the theoretical isotopic distributions. Multiply-charged 

spectra were mass transformed to a neutral monoisotopic mass to determine mass 
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measurement accuracy. Although the author is aware of possible electrospray ionization 

biases due to differences in hydrophobicity, extracted ion chromatograms corresponding to 

the holo-ACP and acyl-CoA product were generated and integrated for estimating percent 

conversion using the following formula: (Areaacyl-ACP/Areaholo-ACP+Areaacyl-ACP). 

DSZS active site occupancy studies 

15 µL of acyl-CoA (4 mM, ~60 nmol), 3.75 µL of 10x buffer, 3.75 µL of DSZS (~350 

pmol), 15 µL of water were allowed to react at room temperature in a Vivacon 30 kDa 

molecular weight cutoff (MWCO) filter (Sartorius Stedim Biotech, Goettingen, Germany). 

To quench the reaction, solutions were centrifuged at 11,000 x g, for 10 min.  50 µL of 100 

mM NH4HCO3 was added to the MWCO filter and centrifuged at 11,000 x g for 10 min.  

This step was repeated one more time.  Flow-through was discarded and 1 µg of GluC 

protease (New England Biolabs) in 100 mM NH4CO3 was added to the MWCO filter. TCEP 

pH 7.5 was added to give a final concentration of 2 mM for a total reaction volume of ~45 

µL. Protein digestion was allowed to proceed for 40 min at 37 °C.  Samples were centrifuged 

for 10 min at 11,000 x g to elute the peptides.  All reactions for all time points were 

performed and analyzed in triplicate. Eluted peptides were analyzed using nLC-MS/MS with 

a Q Exactive mass spectrometer (Thermo Fisher, San Jose, CA) and nLC II (Proxeon).  

Analytical columns (15 cm) and traps (5 cm) were packed in-house with Magic C18Q (5 µm 

particle, 200 Å pore size: Microm BioResources, Auburn, CA) using PicoFrit (75 µm i.d.) 

and IntegraFrit (100 µm i.d.) capillary, respectively, (New Objective, Woburn, MA).  Mobile 

phase was comprised of acetonitrile, water, and formic acid with mobile phase A having the 

ratio 2:98:0.2, respectively, and mobile phase B having the ratio 98:2:0.2, respectively.  
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Gradient elution was employed starting at 10% B and increasing to 35% B over 38 min.  The 

gradient was adjusted to 95 % B for 10 min and re-equilibrated to 10 % B for 10 min. Each 

reaction was analyzed separately with two blank injections between each reaction to 

minimize analyte carryover.  Data-dependent acquisition was employed utilizing up to 8 

MS/MS acquisitions for every MS acquisition. All data were analyzed manually by searching 

for all potential m/z values corresponding to predicted peptide sequences. Peptide sequences 

were verified using MS/MS data and modifications were localized with amino acid 

resolution.  Quantitative values were obtained based on the extracted ion chromatograms 

from the modified and unmodified species.   

KirCll active site occupancy studies 

5 µL of acyl-CoA (8 mM, ~40 nmol), 3.75 µL of 10x buffer, 10 µL of KirCll (~20 pmol), 1 

µL of ACP5 (~230 pmol), and adding water to bring reaction volume to 37.5 µL. For 

reactions without ACP5, water was substituted for ACP5. Reactions were carried out in a 30 

kDa MWCO filter at room temperature and quenched by centrifugation at 11,000 x g for 5 

min.  For digestion, 1 µg of trypsin (Sigma) in 100 mM NH4CO3 was added the MWCO 

filter.  TCEP pH 7.5 was added to a final concentration of 2 mM with a total reaction volume 

of 35 µL.  Protein digestion was allowed to proceed for 30 min at 37 °C.  Peptides were 

eluted by centrifugation for 10 min at 11,000 x g.  If ACP5 was used in the reaction, an 

aliquot of this peptide mixture was retained for LC-MS/MS analysis.  For screening KirCll, 

the peptide solution was further digested by adding 1 µg of GluC and allowing the digestion 

to proceed an additional 30 min at 37 °C.  The solution was then placed in a new MWCO 

filter and centrifuged at 11,000 x g for 10 min to isolate the peptides from any intact GluC. 
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Samples were frozen at -20 °C until LC-MS/MS analysis.  KirCll and ACP5 peptides from 

the same reaction were analyzed separately using LC-MS/MS.  All reactions were performed 

and analyzed in triplicate.  Eluted peptides were analyzed using nLC-MS/MS with a Q 

Exactive mass spectrometer (Thermo Fisher, San Jose, CA) and nLC II (Proxeon).  

Analytical columns (15 cm) and traps (5 cm) were packed in-house with Magic C18Q (5 µm 

particle, 200 Å pore size: Microm BioResources, Auburn, CA) using PicoFrit (75 µm i.d.) 

and IntegraFrit (100 µm i.d.) capillary, respectively, (New Objective, Woburn, MA).  Mobile 

phase was comprised of acetonitrile, water, and formic acid with mobile phase A having the 

ratio 2:98:0.2, respectively, and mobile phase B having the ratio 98:2:0.2, respectively.  

Gradient elution was employed starting at 10% B and increasing to 35% B over 38 min.  The 

gradient was adjusted to 95 % B for 10 min and re-equilibrated to 10 % B for 10 min. Each 

reaction was analyzed separately with two blank injections between each reaction to 

minimize analyte carryover.  Data-dependent acquisition was employed utilizing up to 8 

MS/MS acquisitions for every MS acquisition. All data were analyzed manually by searching 

for all potential m/z values corresponding to predicted peptide sequences. Peptide sequences 

were verified using MS/MS data and modifications were localized with amino acid 

resolution.  Quantitative values were obtained based on the extracted ion chromatograms 

from the modified and unmodified species.   
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CHAPTER 5 

Regioselective Polyketide Diversification via Engineered Polyketide Synthases 

5.1. Introduction 

 The enormous structural diversity of polyketide natural products is generated from a 

small number of relatively simple molecular building blocks, the side chains of which result 

in structural features that typically cannot be varied by semi-synthesis. AT domains that are 

an integral part of any PKS module control recognition and incorporation of these malonate 

building blocks into the polyketide scaffold.28,45,47 Countless studies revealed that AT 

domains from different PKS pathways discriminate between substrates naturally present in 

the cell.47,54,107 However, the recently discovered remarkable tolerance of the DEBS AT6 

toward a broad panel of acyl-CoA extenders69 suggested a new direction in engineered 

biosynthesis of polyketide derivatives through the incorporation of unnatural building blocks. 

Considering the small number of successful attempts to produce polyketide analogues via 

swapping AT domains with different acyl-CoA specificity between different PKS’s,66,108 

direct manipulation of AT specificity to alter their substrate scope by the mutagenesis of 

selected amino acids remains the most attractive strategy for polyketide diversification due to 

the minimal perturbation of the contact protein interfaces within the PKS. The AT 

engineering strategy presented herein relies on focused single amino acid mutations of the 

AT regions responsible for recognition of the extender units in combination with an acyl-

CoA substrate competition assay to directly establish substrate preference of each individual 

AT mutant without performing complicated kinetic analysis. This strategy was successfully 

applied to generate a panel of DEBS AT mutants with orthogonal specificities toward acyl-
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CoA substrates, which are the key tools for regioselective diversification of the polyketide 

structures. Furthermore, these orthogonal AT enzymes were used for the chemo-enzymatic 

synthesis of regioselectively modified analogues of 10-dml and reduced narbonolide, 

precursors of the 12- and 14-membered macrolide natural products, methymycin and 

pikromycin.109  

 

5.2. Results and Discussion 

5.2.1. Engineering a Panel of Orthogonal AT Enzymes 

 Previous structural studies of AT domains from different PKS’s revealed several 

conserved amino acid regions that are responsible for acyl-CoA substrate recognition.45,110,111 

The detailed study of Sundermann et al. describes several conserved critical residues in 

methylmalonyl-CoA – specific AT domains that the authors identified through sequence 

alignments and molecular modeling.46 Alteration of one of these residues resulted in 

increased production of the erythromycin analogue compared with the wild-type enzyme, 

although productivity of this system was not sufficient to isolate the analogue for structural 

characterization.46 We decided to employ a similar approach for identification of the key 

DEBS AT6 amino acid residues and generated an amino acid sequence alignment of the AT 

domains from the fluvirucin PKS (Fluv_AT1 and Fluv_AT5), the erythromycin PKS 

(DEBS_AT3 and DEBS_AT6), the pikromycin PKS (PikAIII_AT), the kirromycin PKS 

(KirCII), the disorazole PKS (DSZS), and the actinorhodin PKS (MCAT) with different 

substrate specificities (Figure 39). Moreover, we decided to give a more thorough 

investigation to some of the residues identified by Sundermann et al., given that the authors 
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were monitoring the total production of the erythromycin analogue after the action of the 

entire DEBS machinery, and some of the mutations with the desired specificity shift but 

deleterious effect on overall enzymatic activity might have been simply overlooked. We 

hypothesized that mutation of the AT active site residue may lower total yield of the product, 

in addition to the desired specificity shift, but that the overall activity of the AT might be 

subsequently restored through further mutagenesis at other residues.  

 We focused our attempts on four amino acid residues of the DEBS AT6: I620, L652, 

Y723, and S725 (Figure 39, residues highlighted with black arrows). Four saturation libraries 

were constructed using defined mutagenic oligonucleotides that included on average 8 

different amino acid residues at each saturated position (Figure 40). These residues included 

an assortment of amino acids with various charges, polarity, and size. Although not all 

possible 20 amino acids were substituted at each position, the chosen set of mutants provides 

a significant degree of structural diversity. In order to truly assess the AT specificity, a stop 

codon was incorporated before the TE gene of the DEBS holo-Mod6TE (wild-type and the 

mutants), providing holo-Mod6, so that the TE would not express and possibly limit 

processing of the unnatural substrate. As expected, the TE domain was not required to test 

the specificity of the AT6 as the ACP-bound intermediates of our competition assay self-

cyclize to form an aromatic product after successful AT catalyzed acyl transfer and KS 

catalyzed condensation, as described below. 
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Figure 39. Identification of AT mutagenesis sites. A CLUSTAL W multiple sequence 

alignment of AT domains from the fluvirucin PKS (Fluv_AT1 and Fluv_AT5), the 

erythromycin PKS (DEBS_AT3 and DEBS_AT6), the pikromycin PKS (PikAIII_AT), the 

kirromycin PKS (KirCII), the disorazole PKS (DSZS), and the actinorhodin PKS (MCAT) 

with different substrate specificities reveals a number of potentially important positions in 

DEBS_AT6 (noted with black arrows). V295A mutation identified by Sundermann et al. is 

noted with a green arrow. 

 

 



 

97 

 To directly probe the substrate specificity of the AT6 mutants, a competition assay 

was developed based on the previously described pyrone production assay.69 In order to 

carefully assess specificity shifts of each individual AT6 mutant, a mixture of the two acyl-

CoA substrates, natural (13) and unnatural (15), was added to the reaction at the same time, 

and the ratio of the two products (32 and 34) produced was determined for each mutant 

(Figure 40). Three-fold excess of 15 was used compare to 13, in order to allow detection of 

even very low amounts of the unnatural product 34 (Figure 40). The power of this approach 

is that the ratios of the two products produced is directly determined by the ratios of the 

enzymes’ kcat/KM values for the two substrates. Given that currently there are no convenient 

and easy methods for kinetic studies of PKS enzymes, our competition assay is especially 

valuable since it prevents specificity shifts from being overlooked in the case of mutants with 

lower overall activity. Since the product ratio is determined by the kcat/KM ratio at all 

substrate concentrations, regardless of each KM, reactions can be performed at high substrate 

concentrations to maximize product formation. If reactions were performed with a single 

substrate at such high concentrations, significant KM changes would be overlooked. We are 

hoping to find mutant AT’s that can selectively incorporate building blocks from a mixture, 

and this assay allows us to screen for precisely that activity. 

 Four holo-Mod6 mutant libraries were screened against 13 and 15 using the 

competition assay (Figure 40). Some of the mutants (I620N, I620D, I620H, Y723S, S725F, 

and S725R) completely lost their activity with both substrates and there was no 32 or 34 

detected (Figure 40). It is likely that these two residues are important for general catalytic 
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activity of the AT enzyme. Most of the mutants produced a mixture of 32 and 34, with the 

ratio between two products closely matching the one for the WT enzyme (Figure 40).  

 

 

 

 

 

Figure 40. Screening of the holo-Mod6 mutant libraries. HPLC-based competition assay 

(top) was used to screen the libraries. Production of 32 and 34 was monitored for each holo-

Mod6 mutant (bottom). 
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 Remarkably, mutant L652R produced 32 exclusively, albeit at low levels. However, 

this decrease in overall activity can probably be optimized through further mutagenesis. 

Another mutant, Y723R, almost completely discriminated against 13, while remaining active 

toward 15 (Figure 40). The preparation and testing of this particular mutant has been 

described by Sundermann et al.46 However, the authors tested this and other mutants for 

overall production of natural and propargyl erythronolide and dismissed this mutant without 

noting any useful properties because of low overall yield of erythromycin A. This perfectly 

demonstrates the value of the competition assay, as we were able to find mutants with 

notable specificity shifts missed by the Sundermann screening. 

 Encouraged by these results, we decided to further investigate the specificity of these 

two mutants, L652R and Y723R, by conducting the competition experiment with a small 

panel of unnatural acyl-CoA’s produced by our previously engineered MatB enzyme.52 

Remarkably, while the WT holo-Mod6 produced a mixture of products in each reaction, 

L652R mutant completely discriminated against the unnatural extenders producing methyl 

pyrone 32 exclusively (Figure 41). Mutant Y723R displayed shift in specificity toward 

unnatural acyl-CoA substrates compared to the WT holo-Mod6 (Figure 41). Residual activity 

was detected with the wild-type substrate, 13 (Figure 41), but this could be eliminated 

through further engineering or minimized by adjusting the concentrations of the acyl-CoA’s 

in future combinatorial biosynthesis experiments.  
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Figure 41. Specificity studies of the holo-Mod6 enzymes with acyl-CoA analogues using 

HPLC-based competition assay.  

 

 These two Mod6 AT mutants, L652R and Y723R, were able to discriminate against 

acyl-CoA substrates that are recognized by the wild-type enzyme. Next, we investigate how 

these mutations affected the performance of DEBS3, a single polypeptide containing Mod5, 

Mod6, and the TE domain. Ultimately, the properties of standalone modules are unimportant 

if the modules are incapable of working together. 
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5.2.2. Chemo-Enzymatic Synthesis of Polyketide Analogues 

 Chemo-enzymatic synthesis is a powerful approach for the generation of natural 

products due to its lower number of steps and increased yields compare with the traditional 

chemical synthesis.112,113 Recently a successful chemo-enzymatic platform that combines 

chemically synthesized thiophenol activated pentaketide (pentaketide-TP) substrate and the 

final two monomodular type I PKSs of the pikromycin pathway was described by Hansen et 

al.109 (Figure 42). Additionally, DEBS Mod6 was shown to be active toward the pikromycin 

pentaketide.112 In collaboration with Prof. Sherman at the University of Michigan, we 

initiated a chemo-enzymatic program for regioselective modification of 10-dml and reduced 

narbonolide analogues using the pikromycin pentaketide-TP substrate.  
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Figure 42. Chemo-enzymatic synthesis of 10-dml and narbonolide from pentaketide-TP and 

methylmalonyl-CoA catalyzed by PikAIII and PikAIV. 

 

 In the first step, we decided to introduce the mutations we discovered into the final 

DEBS module, Mod6TE, that has been cloned with the N-terminal PikAIV docking domain 

(even though it might not be required for the recognition of the pikromycin pentaketide-TP 

by DEBS Mod6TE, we were hoping that its presence might improve the overall activity of 

DEBS ery6 in these studies). We also prepared the DEBS Mod6TE double mutant, 

V754A/Y756R, which combines our Y756R mutation with the V754A mutation that 
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performed the best in production of the unnatural erythronolide as described by Sundermann 

et al.46, hoping that this double mutant will completely discriminate against the natural 

substrate 13. Accordingly, the WT and mutant holo-Mod6TE enzymes were assayed with the 

pentaketide-TP and a mixture of 13 (0.5 mM) and 15 (3 mM) for the production of the 10-

dml products, 43 and 44 (Figure 43). Remarkably, while the WT holo-Mod6TE produced a 

mixture of 43 and 44, holo-Mod6TE L685R mutant produced 43 exclusively (Figure 43). 

Holo-Mod6TE V754A mutant also produced a mixture of products corresponding to 

installation of methylmalonyl-CoA or propargylmalonyl-CoA, although with a higher 

amount of the unnatural 10-dml 44. Holo-Mod6TE Y765R mutant almost completely 

discriminated against 13, while holo-Mod6TE double mutant, V754A/Y756R, produced 44 

exclusively (Figure 43).  
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Figure 43. Specificity profiles of the DEBS holo-Mod6TE enzymes with the pikromycin 

pentaketide-TP and a mixture of the acyl-CoA substrates. Production of 43 and 44 was 

monitored for each enzyme by high res LC-MS. 

 

  Given that all the mutants performed in these competition assays as expected, we 

then prepared a panel of DEBS3 di-domain mutants with different combinations of mutations 

in AT5 and AT6 (Figure 44). It is important to note that as determined in previous studies by 

the Sherman group, the KS of DEBS module 6 has higher activity toward the pentaketide-TP 

compare to the KS from DEBS module 5. Therefore, even though the pentaketide is a natural 

substrate for the module 5 of the pikromycin PKS during biosynthesis, pentaketide-TP is 

frequently incorrectly loaded directly onto module 6 (so called “module skipping”).  

 To test the efficiency of the mutations in a context of the whole DEBS module, all of 

the DEBS3 mutants were assayed against the mixture of the 13 and 15 with the pentaketide-

TP, monitoring ratios of the wild-type and unnatural 10-dml and narbonolide products for 

each enzyme (Figure 44). As expected, inherent promiscuity of WT DEBS3 enzyme 
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produced a mixture of 43 and 44, along with the 45 (even though production of 46 and 47 

would also be expected, in the format of this competition experiment the production of the 

unnatural reduced narbonolide might be below the detection limit). DEBS3 mutants that 

included the methylmalonyl-CoA – specific mutation L2136R in module 6 did not produce 

any of the unnatural 10-dml 44, as expected (Figure 44). DEBS3 mutants that contain the 

V2205A mutation described by Sunderman et al.46 in module 6 produced a mixture of 43 and 

44, although 44 was produced at higher amounts compared with the WT DEBS3 (Figure 44). 

Remarkably, DEBS3 mutants that contain Y2207R or V2205A/Y2207R mutation in module 

6 almost completely discriminated against 13, producing mostly propargyl-10-dml 44 (Figure 

44). Interestingly, mutations introduced in AT5 did not change the ratio of the 10-dml 

products compared with the WT enzyme, which is likely due to the “module skipping” effect 

discussed above. 

 

 

 

 

 



 

106 

 

 

Figure 44. Competition assay using wild-type and mutant DEBS3 enzymes.  
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 Remarkably, the expected differences in specificities of the mutants were 

demonstrated by the production of the reduced narbonolide products. While the WT DEBS3 

produced 45 exclusively under these conditions, AT6 Y2207R produced almost equal 

amounts of the wild-type reduced narbonolide 45 and mono-propargyl analogue 46/47, and 

AT6 V2205A/Y2207R double mutant produced even higher ratio of the 46/47 and 45 (Figure 

44). No di-propargyl analogue 48 was detected in these reactions, even though it might be a 

consequence of the detection limit of the method. When either one of the propargylmalonyl-

CoA – tolerant mutations or their combination was introduced into the AT5 of DEBS3, 

higher ratio of the mono- propargyl analogue 46/47 and wild-type 45 was detected compared 

with the WT DEBS3, although the yields for these products were decreased (Figure 44). 

 When orthogonal mutations were introduced into both modules of the DEBS3, the 

yields of the narbonolide products decreased significantly, with the only mono-propargyl 

analogue 46/47 detected in case of the AT5 L671R AT6 V2205A/Y2207R mutant (Figure 

44, the last four mutants on the bar chart). However, these mutants behaved as expected 

according with the specificity profiles of the individual mutations, and the AT5 L671R AT6 

V2205A/Y2207R mutant produced exclusively unnatural products (44 and 46/47). 

Accordingly, this mutant was chosen for further investigation of its activity toward a small 

panel of unnatural acyl-CoA substrates (Figure 45). 
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Figure 45. Competition assay of the DEBS3 enzymes with a panel of unnatural acyl-CoA 

substrates. Each pie chart represents percent product distribution for each separate reaction of 

the DEBS3 enzyme (wild-type or mutant) with a mixture of the natural and unnatural 

substrate (ethyl-, propyl-, allyl-, or propargylmalonyl-CoA).  
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 Again, the competition assay was used to compare specificity profiles of the WT 

DEBS3 and the AT5 L671R AT6 V2205A/Y2207R mutant. A mixture of the natural 

substrate, methylmalonyl-CoA, and unnatural substrate (ethyl-, propyl-, or allylmalonyl-

CoA) was added to the reaction mixture, and production of the 10-dml and reduced 

narbonolide products was monitored by high res LC-MS (Figure 45). When ethylmalonyl-

CoA was used as an unnatural substrate, WT DEBS3 enzyme produced a mixture of 43 and 

49 and a mixture of 45 and 52/53 (with dominant amounts of 43 and 45). In contrast, the AT5 

L671R AT6 V2205A/Y2207R mutant produced mostly unnatural products 49 and 52/53, 

although small amounts of 43 and 45 were detected in the reaction (Figure 45). When 

propylmalonyl-CoA was used as an unnatural substrate, WT DEBS3 enzyme did not produce 

any detectable amounts of the unnatural products, while the AT5 L671R AT6 

V2205A/Y2207R mutant produced exclusively unnatural 10-dml 50 (although it failed to 

produce 55/56 under these reaction conditions). When allylmalonyl-CoA or 

propargylmalonyl-CoA was used as an unnatural substrate, WT DEBS3 enzyme produced a 

mixture of the natural and unnatural products, while the AT5 L671R AT6 V2205A/Y2207R 

mutant produced modified 10-dml (51 or 44, respectively), and was able to support 

production of mono-propargyl reduced narbonolide 46/47 as described earlier (Figure 45). 

  Even though the introduced mutations seem to deleteriously affect the overall 

activity of the enzyme as shown by decreased yields in these reactions (data not shown), they 

are clearly able to support selective biosynthesis of the unnatural products. This overall 

decrease in yields might be mitigated in the future by further engineering, and also through 

the use of the natural DEBS pentaketide substrate.  
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5.3. Conclusions 

 The most successful PKS AT engineering programs rely on the minimal invasion of 

the PKS, either through direct mutagenesis of the selected amino acids within cis-AT 

domain, or complementation of an inactivated cis-AT with an engineered trans-AT enzyme. 

We used sequence-guided mutagenesis followed by an elegant competition assay to create a 

panel of the orthogonal DEBS3 AT enzymes for regioselective polyketide modification. The 

competition assay that we developed allows us to determine relative kcat/kM ratios for the 

wild-type and mutant enzymes in a single step and assess a true specificity shift for each 

individual mutant. Using this simple approach, we demonstrated that promiscuity of the PKS 

domains can be manipulated and engineered for a specific goal.  

 Orthogonal DEBS AT mutants were successfully used in a chemo-enzymatic 

platform for production of regioselectively modified 10-dml and reduced narbonolide 

products, revealing that they can support the synthesis of the full-length natural product even 

when a non-cognate pentaketide substrate is used. We expect these results to be transferrable 

to an in vivo setting, even though the in vitro yields might need to be optimized first through 

further engineering programs. 

 Ultimately, true combinatorial production of the erythronolides is still a distant goal, 

but the work presented here provides a notable starting point. If in vitro reactions could be set 

up with mutants of each of the six modules, and each mutant is strictly selective toward a 

single substrate, a small combination of molecular parts will yield incredible molecular 

diversity. This diversity would be limited by the number of orthogonal mutants that could be 

engineered for each position. Just four variants for each position would provide access to 
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4096 erythronolides. I have provided the groundwork for such a platform. Further 

advancements in the Williams lab, particularly high and ultra-high throughput screens for 

PKS AT domains, will decrease the time it takes to meet this goal. 

 

5.4. Experimental Section 

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). Bacterial strain E.coli BAP1 pRARE competent cells, plasmid 

pET24a-Mod6TE, and plasmid pET24a-DEBS3 were a gift from Prof. Sherman, UM. 

Primers were ordered from Integrated DNA Technologies (Coralville, IA). Plasmid pET28a-

MatB was as previously described.102 Plasmid pBP130114 was a gift from Prof. Pfeifer, Tufts 

University. E. coli K207-3 strain was a gift from Prof. Keatinge-Clay, UTexas. Pikromycin 

pentaketide-TP substrate109 was synthesized by Douglas A. Hansen, UM. Diketide-SNAc 

substrate was synthesized by John McArthur, NCSU.  

Synthesis of acyl-CoAs by MatB 

Reactions were performed in 50 µL reaction mixture containing 100 mM sodium phosphate 

(pH 7), MgCl2 (2 mM), ATP (4 mM), coenzyme A (4 mM), malonate or analog  1-11, 29 (16 

mM) and wild-type or mutant MatB (10 µg) at 25 °C. Aliquots were removed after 3 h 

incubation, and quenched with an equal volume of ice-cold methanol, centrifuged at 10,000 g 

for 10 min, and cleared supernatants used for HPLC analysis on a Varian ProStar HPLC 

system. A series of linear gradients was developed from 0.1% TFA (A) in water to methanol 
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(HPLC grade, B) using the following protocol: 0-32 min, 80% B; 32-35 min, 100% A. The 

flow rate was 1 mL/min, and the absorbance was monitored at 254 nm using Pursuit XRs 

C18 column (250 x 4.6 mm, Varian Inc.). The malonate analog and the acyl-CoA product 

HPLC peak areas were integrated, and the conversion (%) calculated as a percent of the total 

peak area. Product identity was confirmed by LC-MS. 

Cloning Mod6 

The gene for Mod6 was PCR amplified from pBP130 plasmid114 using the following primers: 

5’ – ACCGACCATATGGTCGGCGCAGCAGAGGCGG – 3’ and 5’ - ACCGAGAAGCTT 

TCAGAGCTGCTGTCCTATGTGGTCGGCC – 3’ and subcloned into pET28a-TE via NdeI 

and HindIII restriction sites (the gene for TE was PCR amplified from pBP130 plasmid114 

using primers 5’- ACCGACAAGCTTGACAGCGGGACTCCCGCCC – 3’ and 5’ – 

ATGGACCTCGAGTCACGAATTCCCTCCGCCCAGCC – 3’ and subcloned into pET28a 

via HindIII and XhoI restriction sites), restriction sites underlined.  

Holo-Mod6 saturation mutagenesis  

I620X, L652X, Y723X, and S725X libraries were prepared using the ‘round the horn‘ site-

directed mutagenesis method, using pET28a-Mod6 as template. Each subsequent ligation 

reaction was transformed directly into E.cloni 10G electrocompetent cells (Lucigen). 

Individual transformants from each library were sequenced to ensure successful 

incorporation of mutations. Plasmids for successful mutants were used to transform chemical 

competent E. coli K207-3 strain for protein expression.  
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Holo-Mod6TE and DEBS3 Site-directed mutagenesis 

Holo-Mod6TE and DEBS3 mutants were prepared using KOD Hot Start DNA Polymerase 

Kit (EMD Millipore, Billerica, MA), using pET24a-Mod6TE and pET24a-DEBS3 DNA as 

template. Each mutant was used to transform E. coli BAP1 pRARE strain for protein 

expression. 

Expression and purification of holo-Mod6, holo-Mod6TE, and holo- DEBS3 wild-type and 

mutant enzymes 

Wild-type and mutant holo-Mod6, holo-Mod6TE, and holo-DEBS3 enzymes were over-

expressed in E. coli K207-3 as the N-terminally (holo-Mod6) or C-terminally (holo-Mod6TE 

and holo-DEBS) His6-tagged fusion proteins and purified as previously described.69  

Holo-Mod6 competition assay 

Holo-Mod6 reactions were set up by adding 50 µg wild-type or mutant holo-Mod6 to 35 µl 

of 50 mM Tris-HCI (pH 7) containing 2 mM MgCl2, 5 mM diketide-SNAc, 0.5 mM 13, and 

1.5 mM unnatural acyl-CoA (provided by suitable mutant MatB enzymes, see above). 

Reactions were incubated overnight at room temperature and analyzed by RP-HPLC as 

described below. A series of negative controls that lacked ether Mod6, each acyl-CoA or 

diketide-SNAc were also setup and analyzed in the same way. 

RP-HPLC analysis of holo-Mod6 competition assay reactions 

Each reaction sample was quenched with an equal volume of methanol, centrifuged at 10,000 

g for 10 min, and 25 µl used for HPLC analysis. HPLC analysis was performed on a Varian 

ProStar HPLC system. A series of linear gradients was developed from 0.1% TFA (A) in 

water to 0.1% TFA in acetonitrile (HPLC grade, B) using the following protocol: 0-40 min, 
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10-30% B; 40-42 min, 100% B; 42-47 min, 10% B. The flow rate was 1 mL/min, and the 

absorbance was monitored at 290 nm using Pursuit XRs C18 column (250 x 4.6 mm, Varian 

Inc.).  

Holo-Mod6TE and holo-DEBS3 competition assay with pentaketide-TP substrate 

Pentaketide-TP substrate reactions were set up as described previously,109 except 0.5 mM 13 

and 3 mM unnatural acyl-CoA were used as extender units. Pentaketide-TP was used at 1 

mM final concentration.  

Mass spectrometry analysis of holo-Mod6TE and holo-DEBS3 competition assay reactions 

with pentaketide-TP substrate 

For high resolution LC-MS analysis of reaction products, 5 uL injection reaction mixtures 

were analyzed by positive-ESI LC/MS on a Thermo LTQ Orbitrap XL connected to a 

photodiode array detector with a 2.1 mm x 50 mm Acquity UPLC BEH C18 1.7 µm column 

(Waters) heated to 40 ºC, using an ACN:H2O (95:5) (B) in 0.1% formic acid/H2O 

(A) gradient (0-2.0 min at 10% B; 2.0-10.0 min at 10-75% B; 10.0-12.0 min at 75% B; 12.0-

12.5 min at 75-10% B; 12.5-16.0 min at 10% B) at 0.200 ml min–1, with detection from 199 

to 499 nm. 
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CHAPTER 6 

Directed Evolution of the Natural Product Sulfotransferase LipB 

6.1. Introduction 

 While most structural diversity is introduced into polyketides through the events 

catalyzed by PKS’s, additional diversity is introduced into polyketides structures via a series 

of modifications catalyzed by tailoring enzymes (for example, glycosyltransferases, 

oxidoreductases, methyltransferases, etc.) that act after the assembly of the polyketide 

scaffold.115 Modification of promiscuity of these stand-alone tailoring enzymes through 

directed evolution represents a powerful strategy for combinatorial production of polyketide 

analogues.     

Critical to the success of directed evolution is the design and implementation of a 

suitable high-throughput screen (HTS) or selection in order to identify those rare variants that 

are improved in some way.116 With regard to modification of natural products for example, 

the development of a simple HTS based upon glycosylation of a fluorescent surrogate 

acceptor substrate117 yielded mutant glycosyltransferases with incredible promiscuity for the 

glycodiversification of small molecule therapuetics.118 In another example, an agar-based 

diffusion assay was used to improve the activity of the acyltransferase LovD for the semi-

synthesis of simvastitin by directed evolution.119 Additionally, a well-established HTS for 

cytochrome P450s was harnessed to identify variants for the regioselective deprotection of 

monosaccharide substrates.120 Yet, HTSs or selections are not available for many enzymes 

that modify or synthesize natural products, and this limits the scope of evolutionary methods 

for overcoming stringent substrate specificity. 
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 One group of enzymes that modify natural products for which HTSs for directed 

evolution are not available is the sulfotransferases (STases). Exemplary sulfated natural 

products include micafungin, a clinically approved antifungal drug, the unusual high 

solubility of which is ascribed to sulfation.121 Other prominent classes of sulfated natural 

products include the chlorosulfolipids,122 antibacterial sulfated glycopeptides,123 protein 

tyrosine kinase inhibitors such as the sulfated steroids halistanol,124 trypsin inhibitors such as 

the cyclic depsipeptide micropeptin 90,125 potent antifungals such as the sulfated 

polyhydroxypolyene amphidinol,126 sulfated terpenes with various anti-microbial 

activities,127,128 and sulfated hydroquinones that inhibit HIV reverse transcriptase129 (Figure 

46).      

 

 

 

Figure 46. Therapeutically important sulfated natural products. 
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In addition, the fatty acyl nucleoside antibiotics comprise several members which are 

sulfated, including the A-90289s, 130 and the liposidomycins (Figure 47). Related members of 

this family such as caprazamycin are potent inhibitors of bacterial translocase I, 131 and 

represent exciting targets for the development of new antibiotics to overcome resistance to 

current antibiotics.132  

 

 

Figure 47. Examples of sulfated nucleoside antibiotics. Although the published structure of 

liposidomycin B-1 indicates sulfation at the 2” position, this in fact more likely to occur at 

the 2’-position.127 
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Recently, the sulfotransferase responsible for the installation of sulfate into 

liposidomycin B-I from the producing organism Streptomyces sp. SANK 60405 was 

identified by gene deletion and characterized in vitro, revealing the unusual preference for p-

nitrophenol sulfate (pNPS) as the sulfate donor (Figure 48).133 Moreover, it was found that 

LipB could also utilize the readily available uridine as sulfate acceptor, in place of the 

presumed desulfo-natural acceptor.133 While STases usually use 3’phosphoadenosine-

5’phosphosulfate (PAPS) as a sulfate donor, the discovery that LipB utilizes pNPS raises the 

unique possibility to use production of the well-known chromophore p-nitrophenol (pNP) to 

screen the activity of a natural product STase (Figure 48).  

 

 

Figure 48. Reaction scheme of the LipB sulfotransferase with uridine and pNPS. 

 

 

Here, we report the validation of a HTS for the directed evolution of LipB. The 

motivations for potentially engineering the specificity of LipB by directed evolution are two-

fold. Firstly, to product new liposidomycin analogues by fermentation and precursor directed 
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biosynthesis, it is likely that the promiscuity of LipB needs to be enhanced, since sulfation is 

used as a self-resistance strategy that leads to the in vivo inactivation of liposidomycins, as 

well as that of the A-90289s. Secondly, it may be possible to employ evolutionary methods 

to further improve the specificity of LipB to more distantly related acceptors, in order to 

produce libraries of sulfated natural product analogues for drug discovery, particularly if a 

HTS could eventually be adapted to an ultrahigh-throughput format.  

 

6.2. Results and Discussion 

6.2.1. A High-Throughput Screen for Directed Evolution of LipB 

For directed enzyme evolution, enzyme variants are usually expressed from 

Escherichia coli (E. coli) within wells of a microtitre plate, and crude cell extracts prepared 

in situ for enzyme assay. As a first step toward validating the proposed HTS, we set out to 

replicate the activity of purified LipB, which would be free of any potentially contaminating 

enzyme activities that might otherwise contribute to or reduce LipB activity in crude extracts. 

Accordingly, we sub-cloned the gene for LipB from pET30-lipB into pET28a, which would 

be a more convenient vector for subsequent random mutagenesis. The protein was purified to 

homogeneity by metal affinity chromatography (data not shown) and the enzyme activity 

determined by low-throughput high-performance liquid chromatography (HPLC). Incubation 

of purified LipB with both pNPS and the surrogate acceptor uridine resulted in the 

production of a new product peak, as detected by HPLC (Figure 49A). Product identity was 

confirmed by mass spectrometry. We noted that a low level (<5% the pNP production rate 

with uridine) of pNPS hydrolysis was observed when uridine was omitted from the reaction 
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mixture, consistent with LipB-catalyzed hydrolysis in the absence of acceptor. With 

confirmation that the activity of LipB could be reconstituted in vitro, we next established the 

linear range of detection of pNP in a microtitre plate by spectrophotometry. As anticipated, 

pNP could be easily detected at >10 nmols under our assay conditions, and the absorbance 

response was linear within this range (Figure 49B). Next, the activity of purified LipB was 

determined by following the absorbance at 405 nm over time. Gratifyingly, the production of 

pNP could easily be detected above background levels measured in the absence of enzyme 

(Figure 49C). Repeating this assay with various amounts of LipB established that the rate of 

pNP production was linearly dependent on the total LipB content when up to 45 µg protein 

was used (Figure 49D). We estimated that aliquots of crude cell extract used for our directed 

evolution experiments would likely contain <10 µg LipB, as judged by SDS-PAGE (data not 

shown). We note that at the highest amount of LipB tested (45 µg), the rate of pNP 

production corresponds to <1% total conversion of uridine to sulfated product, which in turn 

would correspond to a kcat of <1 min-1 (assuming saturation). Although low, this likely 

accurately reflects the level of activity expected for enzymes from secondary metabolism, 

especially considering the use of a surrogate acceptor substrate (uridine) in our assay. 
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Figure 49. HPLC assay of the purified LipB enzyme. (A) HPLC assay of purified wild-type 

(WT) LipB: (a) p-nitrophenol sulfate (pNPS), uridine, pNP in the absence of LipB. (b) 

Reaction quenched at time 0. (c) Overnight reaction in the absence of uridine. (d) Overnight 

reaction with uridine and pNPS. (B) Linear detection range of pNP in a 96-well microplate. 

Each point represents the average of triplicate experiments. (C) Spectrophotometric progress-

curve of the purified WT LipB reaction measured at 405 nm. (D) Relationship between LipB 

concentration and rate of pNP production, measured spectrophotometrically. 

 

 

Next, we turned our attention to validating the HTS using crude cell extracts. 

Accordingly, extracts were prepared from small scale cultures of E.coli BL21(DE3) that 

harbored either pET28a-lipB or pET28a, as positive and negative controls, respectively, 

using lysozyme and freeze-thaw treatment. Subsequent colorimetric assay for pNP 

production revealed that activity of LipB could be easily distinguished from the negative 
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control lacking over-expressed LipB in crude extracts (Figure 50A). In addition, activity was 

completely dependent on the presence of both uridine and pNPS, as assays that lacked either 

or both substrates showed levels of activity that could not be distinguished from that with 

extracts prepared using the negative control.  

 To further establish this assay was reliable for high-throughput screening in 

microplate format, we next assayed the activity of a total of 96 samples each of positive and 

negative controls by inoculating colonies of the respective E.coli strain into individual wells 

of a microplate. We used a robotic liquid handling device to carry out all the liquid transfer 

steps of the cell culturing, crude extract preparation, and assay set-up. Colorimetric assay for 

pNP product resulted in a standard deviation of ~20 % for the extracts containing LipB 

(Figure 50B), perfectly adequate for directed evolution experiments. Indeed, every positive 

well produced a higher level of activity than any negative control well, even provided the 

activity of LipB in crude cell extracts is rather low. Cumulatively, this data demonstrates that 

LipB activity can be faithfully detected in crude extracts prepared in microtitre plates by our 

colorimetric assay. 
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Figure 50. (A) Activity of LipB in crude cell extract. (B) Activities of wild-type (WT) LipB 

and pET28a colonies, plotted in descending order. Solid horizontal lines indicate mean 

activity for pET28a-LipB and pET28a culture; dashed horizontal lines indicate 1 standard 

deviation ± the mean. 

 

 

The HTS was then used to characterize the activities of a small number (200 colonies) 

of LipB variants created by error-prone PCR. The random mutagenesis conditions were 

adjusted to achieve a mutagenesis rate of 3.5 nucleotides per gene, corresponding to 1-2 

amino acid mutations per gene product. The activities of ~200 library members are shown in 

Figure 51, displayed in descending order. In contrast to the data presented for the control 

strains (Figure 50A/B), the library contained mutants with a broad range of activities, and as 

might be expected, several library members (~50%) did not display any detectable activity 

with uridine and pNPS, as defined by Figure 51. Although a portion of the library displayed 

equal or higher activity compared to wild-type (WT) LipB, variants with significantly higher 

activity (e.g. greater than 2 standard deviations higher than the WT activity) were not 

identified. 
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Figure 51. Activities of clones from a library of LipB variants produced by error-prone PCR, 

plotted in descending order. Solid horizontal lines indicate mean activity for pET28a-LipB 

and pET28a clones; dashed horizontal lines indicate 1 standard deviation ± the mean. 

  

While assays for determining the activity of STases involved in detoxification of 

xenobiotics have been described,134 to the best of our knowledge this study reports for the 

first time, a HTS adapted for use towards directed evolution of a STase, whereby crude 

bacterial extracts provide the mutant enzyme. Crucially for directed evolution, this HTS is 

easy to perform, and several thousand colonies can be processed in a week. Furthermore, the 

ability of LipB to utilize pNPS as a sulfate donor makes this assay system unique with 

respect to the prospect of creating promiscuous STases for the modification of natural 

products by directed evolution. 

 The HTS described here allows screening with a broad range of substrates not limited 

to uridine or the presumed natural sulfate acceptor desulfo-liposidomycin. This feature is 

particularly important given our motivations for developing the HTS. We carried out a 
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number of assays using both purified LipB and enzyme expressed in crude cell extracts in 

order to demonstrate the validity of the proposed HTS. In addition, we also demonstrated the 

utility of our HTS by screening the activity of ~200 mutant LipBs created by error-prone 

PCR. Mutant LipBs with significantly improved activity were not identified in this small 

library. Indeed, screening several thousand mutants is usually required to identify such 

improvements.118,119 

6.2.2. Determination of Substrate Specificity of the Purified LipB 

LipB utilizes uridine as the sulfate acceptor in place of the presumed desulfo-natural 

substrate, and pNPS as the sulfate donor. To further explore the wild-type LipB acceptor 

specificity, the remaining canonical mononucleotides along with dinucleotides and 

substituted uridine analogues were tested as substrates, but no reaction was observed (Figure 

52). This suggests that LipB is specific to the uracil base. To probe the regiospecificity of 

sulfate incorporation both 2’- and 3’-deoxyuridine were individually tested for activity with 

LipB. While no reaction was observed with 2’-deoxyuridine under conditions with excess 

enzyme, a new peak was observed with 3’deoxyuridine as a substrate, which indicates that 

the sulfate transfer most likely occurs at the 2’-hydroxyl.  

 With uridine as an acceptor substrate, the sulfate donor specificity of LipB was also 

explored. LipB was incubated with 3’-phosphoadenosine-5’-phosphosulfate (PAPS), the 

universal sulfate donor in eukaryotes for nonaryl alcohol acceptors: however, no reaction was 

observed. Incubation of LipB with pNPS and uridine resulted in 90% conversion. 

Surprisingly, 59% conversion occurred when 4-methylumbelliferyl sulfate and 35% when 3-

carboxyumbelliferyl sulfate were used as the donors. This might be useful in generating a 
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new ultra-high throughput screen for LipB activity based on the fluorescence of the alcohol 

product. 

 

 

Figure 52. Substrate specificity of LipB. Activity of WT LipB toward a panel of small 

molecule acceptors and sulfate donors determined by HPLC assay. Percent conversion is 

shown (inactive substrates are not shown).  

 

 

6.2.3. Preliminary Steady-State Kinetic Study of LipB 

To provide insight into the kinetic mechanism of the LipB sulfotransferase, enzyme 

assays were carried out as described in Experimental Section, and initial velocities were 

fitted to the Michaelis-Menten equation using SigmaPlot (Figure 53).  
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Figure 53. Steady state kinetic analysis of LipB enzyme.  

 

 

The low specificity constants of LipB for both uridine and pNPS (Table 6) might be 

explained by the fact that it is a secondary metabolism enzyme, which are known to be 

relatively slow. Moreover, the catalytic activity of the enzyme observed in this study might 

be reduced because the sulphate acceptor – uridine – is not a natural substrate for LipB, but 

rather a surrogate for the natural desulfo-liposidomycin acceptor.  

 

 

Table 6. Steady state kinetic analysis of LipB enzyme.  

 

 

 

 

From the kinetic study of LipB an interesting trend was observed: the ratio of 

apparent Michaelis constant to apparent maximum velocity remains constant as the 

concentration of the fixed substrate (uridine) is changed (Figure 54, Table 7).   

 
kcat (min-1) KM (mM) kcat/KM (min-1.mM-1) 

pNPS 0.85±0.05 0.92 ± 0.15 0.93 

uridine 1.54±0.11 2.93 ± 0.3165 0.53 
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Figure 54. Double-reciprocal plots of rate versus substrate concentration with pNPS as the 

variable substrate. Reactions were carried out at 25 °C in 100 mM sodium phosphate buffer, 

pH 8. Uridine was present at concentrations 0.2mM, 0.4mM, and 0.8 mM. 

 

 

Table 7. Apparent Michaelis constanst and apparent maximum velocity values for each of 

the reaction series with variable uridine concentration.  

 
Concentration of uridine (mM) Vmax (nmols/min) KM (mM) KM / Vmax 

0.2 0.23±0.01 0.20±0.03 0.87 

0.4 0.38±0.04 0.37±0.13 0.97 

0.8 0.74±0.09 0.71±0.20 0.96 

 

  

 

This observation gave an insight into the mechanism of LipB. Most of the 

sulfotranserases, including arylsulfate sulfotransferase, utilize ping pong mechanism to 

catalyze the transfer of sulfate group.135 For example, the effect of varying the concentration 

of p-nitrophenyl sulfate on the rate of formation of p-nitrophenol at several fixed 

concentrations of tyramine was investigated in case of phenolsulfate sulfotransferase and 

resulted in double-reciprocal plots forming a series of parallel lines135 (Figure 55). 
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Figure 55. Double-reciprocal plots of rate versus substrate concentration with pNPS as the 

variable substrate. Kinetic study of phenol sulfotransferase.135 

 

 

These preliminary observations in kinetics of LipB sulfotransferase support the 

conclusion that the enzyme reaction proceeds according to a ping pong bi bi mechanism.136  

Ping pong mechanism involves the initial sulfation of the enzyme by pNPS, generating an 

enzyme-sulfate intermediate. Then, the first product, pNP, leaves the active site of the 

enzyme, followed by the binding of acceptor substrate, uridine. Finally, the enzyme-bound 

sulfate group is transferred to acceptor substrate, generating the second reaction product 

(Figure 56).  
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Figure 56. Proposed kinetic mechanism for natural product sulfotransferase LipB.   

 

  

It is not surprising in case of phenol sulfotransferase that the enzyme utilizes a ping 

pong type of mechanism since the donor substrate and the product have similar structural 

features and would be expected to be accommodated by the same active site. However, LipB 

uses an aliphatic sulfate acceptor and aromatic alcohol donor that have distinct structures. 

Since we have demonstrated that LipB also accepts aromatic alcohol acceptors (Figure 52), it 

might suggest that the enzyme has evolved in nature to work on aliphatic alcohols in nature 

to help bacteria producing antibiotic lyposidomycin survive. Moreover, since the ping pong 

mechanism forces LipB to stabilize two very different transition states within the same active 

site, combinations of amino acids that improve the overall catalytic activity might be very 

rare. 

6.2.4. Application of the Developed HTS for Screening of a LipB Mutant Library 

 

Our high-throughput screen for LipB activity was used to screen a LipB mutant 

library that was prepared by error-prone polymerase chain reaction using pET28a-LipB as a 

template. The library was designed so that it had approximately one amino acid mutations 

per gene, since on average any single mutant is more likely to be improved than any double 

or triple mutant. After screening about five thousand colonies of the mutant library two 

improved members were identified. The first mutant was found to be 124% more active than 
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the WT-LipB toward uridine and pNPS. The second mutant was 280% improved toward the 

same substrates compared to the WT-LipB (Figure 57). 

 

 

                      
 

Figure 57. Activity of the identified LipB mutants toward uridine and pNPS compared to the 

WT-LipB. The error of these measurements is less than 20%. 

 

Mutant # 1 and the wild-type LipB proteins were expressed on a large scale and 

purified to homogeneity. The purified proteins were used to study their activity toward 

different sulfate acceptors: aliphatic uridine and 3’-deoxyuridine and aromatic 3-

carboxyumbelliferone. Improved activity of the mutant # 1 toward all of the substrates 

compared to the WT-LipB was observed (Figure 58). 
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Figure 58. Activity of the pure mutant # 1 and wild-type LipB proteins toward different 

sulfate acceptors. The standard deviation of these measurements is less than 10%. 

 

 

Interestingly, DNA sequencing revealed a mutation at the same position for both of 

the mutants: mutant # 1 contained a Gly169Ala mutation, and mutant #2 contained a 

Gly169Glu mutation. This clearly indicates that Gly169 position is important for LipB 

enzyme activity.  

6.2.5. Development of an Ultrahigh-Throughput Droplet-Based Assay for LipB Activity 

The unusual catalytic mechanism of LipB sulfotransferase may restrict its 

“evolvability” because binding of one transition state is likely to reduce binding of the other. 

Therefore, it is beneficial to screen larger LipB mutant libraries in an ultrahigh-throughput 

fashion, since hits are likely to be rare.  

 Our proposed strategy for ultrahigh-throughput screening (UHTS) for LipB activity is 

based on the in vitro compartmentalization (IVC), a technique developed by Griffiths and 

Tawfik.137-139 IVC uses water-in-oil-in-water (w/o/w) double emulsions as cell-like 
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compartments in vitro with no more than one gene per droplet (Figure 59). When the gene is 

transcribed and translated, its products stay together with the encoding gene inside the 

droplet, providing a physical linkage between genotype and phenotype.  

 

 

                      
 

Figure 59. In vitro compartmentalization (IVC) uses water in oil in water (w/o/w) double 

emulsions to mimic the cell compartments. 

 

 

Most IVC strategies use fluorescence-activated cell sorting (FACS) to interrogate 

multiple fluorescent parameters of individual droplets containing a reaction product in an 

ultrahigh-throughput fashion, and collect those with the desired properties. FACS is a flow 

cytometry – based technique, where a suspension of particles is arranged in a thin stream of 

fluid that passes through a fluorescence measuring station. After measurement, a vibrating 

mechanism breaks the stream into individual particles, and an electrical charging device 

places a charge on droplets that fit the sorting criteria. Then droplets are separated by an 

electrostatic deflection system based on charge.140 

 The development of an UHTS requires overcoming a significant number of 

challenges. First, a procedure for w/o/w double emulsion formation needs to be developed 
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and optimized to allow the generation of monodisperse compartments containing a single 

internal aqueous phase per oil droplet. Next, a suitable fluorogenic substrate for LipB that 

can stay in droplets for several hours needs to be determined. Then LipB needs to be 

expressed in an active form within the droplets. The genotype-phenotype link must be 

proven, and amplification of small amounts of DNA from broken emulsions needs to be 

optimized. Finally, a model selection needs to be performed and the enrichment factor of the 

screen needs to be determined. 

 Acceptably monodisperse w/o/w emulsions typically containing only a single internal 

aqueous phase per oil droplet were formed via a procedure modified from Griffiths et al. by 

the Williams Lab (Figure 60).   

 

 

                                               
 

Figure 60. Overlaid differential interference contrast and confocal epifluorescence 

micrographs of w/o/w emulsions.  

 

 

During the analysis of LipB substrate specificity it has been demonstrated that the 

enzyme utilizes 3-CUBS as a sulfate donor with production of 3-CUB, which is a fluorescent 
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molecule (Figure 61-62). It has been determined by Williams Lab that this polar small 

molecule is well retained in w/o/w emulsions for several hours. Thus, this fluorogenic 

reaction was chosen to serve as a basis for the proposed screen.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 61. Flurogenic reaction catalyzed by LipB. Enzyme utilizes 3-carboxyumbelliferyl 

sulfate (3-CUBS) us a sulfate donor with the production of 3-carboxyumbelliferone (3-CUB), 

which is a fluorescent molecule.  

 

 

 

 

                                                                                                                                                                                        

Figure 62. HPLC analysis of the fluorogenic reaction catalyzed by LipB. LipB uses 3-CUBS 

as sulfate donor for sulfation of uridine with production of fluorescent 3-CUB.  
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Next, the purified LipB enzyme was incubated with 3-CUBS and uridine (or pNP) “in 

bulk” for a different length of time, compartmentalized and FACS-sorted (Figure 63). When 

no enzyme was added (negative control), the mean fluorescence value was 50 a.u. The 

overnight reaction with uridine as the acceptor yielded a value of 1086 a. u., and the two hour 

reaction with p-nitrophenol gave a value of 221 a. u. Thus, the fluorogenic reaction catalyzed 

by LipB can be detected in w/o/w emulsions by FACS.         

             

 

 
 

 

Figure 63. Histograms representing reactions with the purified LipB protein. i) Negative 

control with no enzyme added ii) Overnight reaction with 3-CUBS, uridine, and 10 µg 

enzyme iii) 2 hours reaction with 3-CUBS, pNP, and 10 µg enzyme. The y axis represents 

the counts, which is the number of events for any one x value. The x axis represents relative 

coumarin fluorescence in logarithmic scale. 

 

 

Then in vitro expression of the LipB gene was demonstrated by incubating 3-CUBS, 

uridine, wild-type or mutant LipB gene, and PURExpress In Vitro Protein Expression kit 

(NEB) components for two hours at 30 °C. The populations containing the wild-type or 

mutant LipB gene and the reaction components are shifted relative to the no DNA control 

ii) 

 

i) 

iii) 
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(Figure 64). This suggests that LipB can be efficiently expressed into active enzyme within 

droplets. Moreover, the fluorescent signal produced by reaction containing the mutant LipB 

gene is clearly distinguishable from the one produced by wild-type protein.  

 

 

                                       
 

Figure 64. Histograms representing the fluorogenic reaction catalyzed by LipB expressed 

from the gene using an In Vitro Transcription and Translation kit.  i) Negative control with 

no LipB gene added ii) 2 hours reaction with 3-CUBS, uridine, and wild-type LipB DNA iii) 

2 hours reaction with 3-CUBS, uridine, and mutant LipB DNA. 

 

 

 To provide an evidence for a strong genotype-phenotype link, meaning that the 

fluorophore would not transfer from one droplet to another, primary emulsions (water in oil) 

containing no fluorophore were mixed with primary emulsions containing 3-CUB. This 

mixture was then incubated for 1-2 hours at 30 °C to mimic the conditions of gene 

expression. After incubation, the mixture was emulsified to the secondary (w/o/w) emulsion, 

analyzed via FACS, and compared to positive and negative controls (Figure 65). The results 

indicate that the fluorophore does not significantly diffuse into other droplets. Although this 

i) 

ii) 

 

iii) 
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is highly suggestive of a strong genotype-phenotype link, a mock selection must be 

performed in order to prove that the screen can be used to enrich a population of active 

genes. 

 

 

 
 

Figure 65. Preliminary results of genotype-phenotype link experiment. i) Negative control 

with no fluorophore added ii) positive control containing 3-CUB iii) Mixture of two primary 

emulsions with and without fluorophore, compartmentalized to the secondary emulsion.  

 

 

 Several other steps should be performed before using the proposed screen for sorting 

the mutant libraries. First of all, given a very small amount of DNA in the droplets collected 

after one round of screening, which is several orders of magnitude less than is recommended 

for PCR, a technique for amplifying trace amounts of DNA has to be developed. Also, even 

though major improvements have been made for the w/o/w formation procedure, further 

i) 

iii) 

ii) 
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optimization will increase the effectiveness of the genotype-phenotype link provided by IVC 

as well as allow more accurate measurements of compartmentalized mutants’ phenotypes. 

  

6.3. Experimental Section 

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

purchased from Sigma (St. Louis, MO). IPTG was from Calbiochem (Gibbstown, NJ). 

Bacterial strain E.coli BL21(DE3) pLysS competent cells was from Promega (Madison, WI). 

Primers were ordered from Integrated DNA Technologies (Coralville, IA). Analytical HPLC 

was performed on a Varian ProStar system. Mass spectra were obtained using electrospray 

ionization on a Thermo TSQ Quantum Discovery MAX connected to a UV/Vis diode array 

detector. For LC-MS analysis, quenched reaction mixtures were analyzed by analytical 

reverse-phase HPLC with a 150 mm x 0.5 mm Zorbax SB-C18 5µm column (Agilent, Santa 

Clara CA) using a gradient of 2% acetonitrile in 0.2% formic acid/H2O and 98% acetonitrile 

in 0.2% formic acid/H2O at 15µl/min, with detection at 254 nm (see below for HPLC 

gradient). 

Cloning of LipB into pET28a 

The gene for LipB from Streptomyces sp. SANK 60405 was amplified from pET30-LipB133 

using the oligonucleotides LipB-for (5’-GCGTGCCATATGGTCCGGACGAGAAC-3’) and 

LipB-rev (5’-AGC CGCAAGCTTTCAGCGCACCCGCGC-3’) and ligated into pET28a via 

the NdeI and HindIII restriction sites (underlined).  The DNA sequence was confirmed by 

sequencing. The deposited lipB gene sequence contains an erroneous N-terminal extension 
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(MTV), corresponding to an incorrectly located start codon. The corrected sequence was 

deposited at NCBI (Accession no. BAJ05878.2). 

Mutant library construction 

The random mutant library was prepared via error-prone PCR using the Stratagene 

GeneMorph II Random Mutagenesis Kit, as described by the manufacturer, using 1 µg of 

pET28a-LipB as template. The primers used for amplification of the lipB gene were LipB-for 

and LipB-rev. Amplified product was digested with NdeI and HindIII, purified by agarose 

gel electrophoresis (0.8% w/v agarose), extracted using the QIAquick Gel Extraction Kit 

(QIAgen, Valenica, CA), and ligated into similarly treated pET28a. The ligation mixtures 

were transformed into chemically competent NovaBlue cells and single colonies used to 

prepare plasmid for DNA sequencing, which revealed that the library had the desired 

mutation rate of 3.5 nucleotide mutations per gene. In addition, restriction digestion analysis 

of randomly selected clones indicated that 90% of the library members contained gene insert. 

Subsequently, all the transformants from this library were pooled and cultured overnight. 

Plasmid was prepared from this culture and used to transform chemical competent 

Escherichia coli BL21(DE3)pLysS, which was screened as described below. 

Expression and purification of LipB protein  

Escherichia coli BL21(DE3) pLysS competent cells were transformed with the plasmid 

pET28a-LipB and positive transformants were selected on LB agar supplemented with 30 

µg/mL kanamycin and 25 µg/mL chloramphenicol. A single colony was transferred to 3 mL 

LB supplemented with 30 µg/mL kanamycin and 25 µg/mL chloramphenicol and grown at 

37 °C and 250 rpm for 10 h. Then, a 0.5 mL aliquot was transferred to 50 mL LB 
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supplemented with 30 µg/mL kanamycin and 25 µg/mL chloramphenicol and incubated at 37 

°C and 250 rpm overnight, then 5 mL of the culture was used to inoculate 500 mL LB 

supplemented with 30 µg/mL kanamycin and 25 µg/mL chloramphenicol. The 500 mL 

culture was incubated at 18 °C and 250 rpm and protein expression induced at OD600 ~0.6 by 

the addition of isopropyl β-D-thiogalactoside (IPTG) to a final concentration of 0.1 mM. 

After incubation at 18 °C and 250 rpm for 14 h, cells were collected by centrifugation at 

5,000 g for 20 min, and resuspended in 20 mL of 100 mM Tris-HCl pH 8.0 containing 300 

mM NaCl 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 500 mM imidazole].  The purified 

protein was concentrated using an Amicon Ultra 30,000 MWCO centrifugal filter (Millipore 

Corp., Billerica, MA) and stored as 10% glycerol stocks at -80 °C. Protein purity was 

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

Assay Kit from Bio-Rad. 

HPLC assay 

In vitro enzyme assays were performed in 300 µL reaction mixture containing 50 mM 

sodium phosphate (pH 8), uridine (1.5 mM), p-nitrophenylsulfate (2 mM), and LipB (9 

mg/mL) at 25 °C. Aliquots were removed and quenched with an equal volume of ice-cold 

methanol, centrifuged at 10,000 g for 10 min, and cleared supernatants used for HPLC 

analysis. A series of linear gradients was developed from 0.1% TFA (A) in water to methanol 
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(HPLC grade, B) using the following protocol: 0-8 min, 100% A; 8-18 min, 60% B; 18-25 

min, 95% B; 25-32 min, 95% B; 32-35 min, 100% A. The flow rate was 1 mL/min, and the 

absorbance was monitored at 260 nm using Pursuit XRs C18 column (250 x 4.6 mm, Varian 

Inc.). The expected sulfated uridine was characterized by LC-MS, C9H12N2O9S calculated 

323.03 [M-H]-, observed 323.8. 

Expression of LipB protein in 96-deep-well microtiter plate 

An Eppendorf epMotion liquid handling machine (Hauppauge, NY) was used for liquid 

transfer steps. Individual colonies of BL21(DE3)pLysS pET28a-LipB or BL21(DE3)pLysS 

pET28a were used to inoculate wells of a round-bottomed 96-deep-well plate (VWR) 

containing 1 mL LB medium supplemented with 30 µg/mL kanamycin and 25 µg/mL 

chloramphenicol. Culture plates were tightly sealed with AeraSeal™ breathable film 

(Research Products International Corp.) and incubated at 37 °C and 350 rpm for 18 h. 100 µL 

of each culture was transformed to a freshly prepared deep-well-plate containing 1 mL of LB 

medium supplemented with 30 µg/mL kanamycin and 25 µg/mL chloramphenicol. The 

freshly inoculated plate was incubated at 37 °C and 350 rpm for 3 h, at which point protein 

expression was induced with 1 mM IPTG. The plate was incubated for 18 h at 20 °C and 350 

rpm. Cells were harvested by centrifugation at 5,000 g for 10 min and resuspended in 250 uL 

of 100 mM Tris-HCl pH 8.0 buffer containing 300 mM NaCl and 10 mg/mL of lysozyme. 

The plates were then subjected to a single cycle of freeze/thaw and the cell debris collected 

by centrifugation at 5,000 g for 10 min, and 50 µL of each cleared extract used for the 

reaction.  
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Colorimetric assay 

For the high-throughput screening reaction, 50 µL of cleared extract was added to 250 µL 50 

mM sodium phosphate buffer (pH 8) containing uridine (1.8 mM) and p-nitrophenylsulfate 

(2.4 mM). Upon mixing, the absorbance at 405 nm was measured using a BioTek Hybrid 

Synergy 4 plate reader (Winooski, VT) and incubated for up to 6 h and the absorbance 

measurements repeated. Alternatively, assays were also performed using various amounts of 

pure LipB. 

Determination of kinetic parameters 

Enzyme assays were carried out in a total volume of 200 µl 50 mM sodium phosphate (pH 8) 

and 50 µg pure enzyme. Kinetic parameters kcat and KM were determined with pNPS, keeping 

uridine concentration constant (1.5 mM) and with uridine, keeping pNPS concentration 

constant (2 mM). Each experiment was performed in triplicate. The incubation time of assays 

was 1 hour, at which time product formation was still linear with respect to time. Aliquots 

were removed and quenched with an equal volume of ice-cold methanol, centrifuged at 

10,000 g for 10 min, and cleared supernatants used for HPLC analysis. Concentration of 

product formed was determined as described above, and initial velocities were fitted to the 

Michaelis-Menten equation using SigmaPlot. 

Preparation of water-in oil-in water double emulsions 

Primary and secondary emulsions were prepared according to Mastrobattista et al.141 with the 

following modifications: the Track-Etch polycarbonate filters used for preparation of the 

primary (w/o) and secondary (w/o/w) emulsions were with average pore size of 8 and 12 µm, 

respectively.  
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Preparation of in vitro transcription/translation (IVT) mix 

A 25 µL coupled IVT mixture (PURExpress In Vitro Protein Synthesis Kit, NEB, Ipswich, 

MA), containing 20 ng wild-type or mutant LipB DNA and supplemented with 0.1 mM 

IPTG, 1.5 mM uridine, and 2 mM 3-CUBS, was prepared on ice according to the 

manufacturer’s protocol. Emulsified IVT mixtures were placed at 30 ºC for 1-2 hours to 

allow in vitro transcription and translation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

145 

CHAPTER 7 

Summary and Future Work 

 Engineered biocatalysts are key tools for polyketide diversification. This work 

describes enzyme engineering programs that have been successfully applied to a variety of 

enzymes from primary and secondary microbial metabolism aimed at construction of 

combinatorial biosynthesis platform for polyketide diversification. Two new HTSs were 

developed for MatB and LipB enzymes, which allow rapid and reliable identification of the 

improved variants from mutant libraries created with random or site-directed mutagenesis. 

Structure-guided mutagenesis and HTS resulted in remarkably promiscuous mutants of the 

MatB enzyme that served as catalysts for the production of important chemical biology tools 

for probing the promiscuity of various PKSs. These engineered MatB enzymes provided 

access to novel substrates possessing a variety of functionalities for polyketide biosynthesis 

that were not accessible before. For the first time, inherent promiscuity of different PKS 

domains, including cis- and trans-AT’s, have been reported, and important promiscuity 

determinants of PKS biosynthesis were dissected through a simple pyrone production assay 

using extender units produced by the engineered MatB enzymes. Important mechanistic 

insight in AT catalysis and acyl-CoA substrate selectivity has been gained through 

monitoring active site acylation of trans-AT’s and ACP’s, revealing that future combinatorial 

biosynthesis efforts should focus on improving protein-protein interactions between AT’s 

and ACP’s in order to incorporate unnatural functionalities into polyketides. 

 Structure-guided mutagenesis and a simple HPLC-based competition assay screen 

were used to create a panel of orthogonal AT mutants with different specificities toward acyl-
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CoA substrates. These enzymes are the key tools for controlling regioselective incorporation 

of functionalities in polyketides. Moreover, mutations discovered in DEBS AT’s are likely to 

have similar effect on specificity of the AT domains from other PKSs because of highly 

conserved amino acid regions, and very likely can be used for diversification of other 

polyketides. The competition assay I developed proved useful for determining AT substrate 

specificity shifts. However, this assay is inherently low throughput and is ill-suited as the 

primary screen for AT engineering. Ultrahigh- throughput screens for PKS activity would 

allow screening of heavily mutated AT’s, perhaps with each active site residue 

simultaneously saturated with mutations. Such a library would be mostly inactive, but an 

ultra-high throughput screen could enrich such a library to just the active mutants. Other 

members of the Williams Lab are pursuing such screens in two ways. The first uses yeast 

surface displayed enzymes which select azide modified substrates. The loaded substrates are 

labeled with fluorescent click probes, and the cells are subsequently sorted by fluorescence 

activated cell sorting. This could be used to engineer AT catalyzed acylation of ACP’s with 

malonyl-CoA’s bearing an azido group, or it could be used to engineer KS catalyzed self-

acylation from an ACP.  The other screen uses coupled enzyme biosensors to detect NADP+ 

production. Since KR reduction must follow successful AT and KS catalysis, such a screen 

could theoretically be used to engineer the KR, AT, and KS domains. 

 The knowledge gained through the studies described in this work serve as a basis for 

future combinatorial biosynthesis platforms for polyketide diversification. Discovery of the 

previously unreported remarkable promiscuity of PKS machinery corrects decades of 

incorrect presumptions of polyketide biosynthesis, and sets the stage for future combinatorial 
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biosynthesis efforts. Future engineering efforts should focus on the creation of a bigger panel 

of AT domains with orthogonal acyl-CoA specificities, ideally providing access to a highly 

selective AT for each extender unit that is currently available through engineered MatB 

mutants. These acyl-CoA – specific AT enzymes will then be used to control polyketide 

diversification in vivo, allowing production of pure compounds through fermentation and 

isolation of each product. Successful production of the polyketide analogues in vivo might be 

monitored by biosensors with fluorescence output, and biosensors might be engineered for 

each polyketide product with different structural features (Figure 66). Further expansion of 

MatB promiscuity toward unnatural malonates via directed evolution and saturation 

mutagenesis will increase the number of functionalities with different properties (for 

example, halogens) that would be useful for improving medicinal properties of polyketides 

after successful incorporation into their scaffolds.  
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Figure 66. Polyketide synthetic biology. 

 

  

Despite the advancements made toward understanding PKS selectivity, true 

combinatorial production of polyketides will be difficult. Ideally, reactions would be set up 

with an extender unit and corresponding selective module for each step. However, modules 

are not naturally expressed as independent polypeptides; the DEBS modules are expressed as 

pairs (DEBS1, DEBS2, and DEBS3). Future work for combinatorial biosynthesis of 

polyketides should focus not only on generating modules with altered specificity, but also on 

breaking the paired modules into separately expressed proteins which still efficiently interact. 

In order to assay polyketide analogues, they must be fully decorated by tailoring 

enzymes. For erythromycin, full decoration can be achieved by feeding the erythronolide into 

a natural producer. However, it is unreasonable to expect all of these tailoring enzymes to be 
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promiscuous enough to work on the highly diverse erythronolides we plan to produce with 

DEBS. Tools for engineering these enzymes must be developed first. The complex mixture 

of erythronolides we would predict to be produced from a mixture of non-natural extender 

units and promiscuous PKS machinery could provide the perfect tool for engineering these 

decorating enzymes.  
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Appendix A 

Amino acid alignment of MatB from R. trifolii (GenBank AAC83455.1) and S. 

coelicolor (GenBank CAB86109.1). Positions of Ser-207 and Met-306 are highlighted red 

and blue, respectively.  
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Steady state kinetic analysis of WT and mutant MatB enzymes. 

 

 
 

 

 

kcat=2.44±0.38 s-1 

KM=0.12±0.06 mM kcat=1.86±0.15 s-1 

KM=1.49±0.25 mM 

kcat=2.53±0.06 s-1 

KM=0.19±0.02 mM 

kcat=3.52±0.50 s-1 

KM=0.07±0.05 mM 

kcat=0.61±0.08 s-1 

KM=1.12±0.30 mM 

kcat/ KM =0.005 mM-1 s-1 

R2=0.9968 

kcat=2.80±0.19 s-1 

KM=0.17±0.04 mM 

kcat=3.38±0.23 s-1 

KM=0.30±0.09 mM 
kcat=2.42±0.06 s-1 

KM=0.09±0.01 mM 

kcat=1.99±0.14 s-1 

KM=0.36±0.14 mM 

 

kcat=0.85±0.04 s-1 

KM=0.24±0.04 mM 

kcat=1.72±0.08 s-1 

KM=2.00±0.33 mM 
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kcat=6.11±0.62 s-1 

KM=0.14±0.04 mM 

kcat=2.47±0.23 s-1 

KM=0.05±0.02 mM 

kcat=0.62±0.12 s-1 

KM=1.72±0.64 mM 
kcat=1.41±0.23 s-1 

KM=0.93±0.52 mM 

kcat=1.10±0.14 s-1 

KM=2.19±0.67 mM 

kcat=2.11±0.23 s-1 

KM=0.63±0.23 mM 

kcat=4.16±0.60 s-1 

KM=0.25±0.11 mM 

kcat=1.89±0.14 s-1 

KM=0.09±0.02 mM 

kcat=4.49±0.50 s-1 

KM=0.21±0.06 mM 

kcat=5.30±0.82 s-1 

KM=0.13±0.07 mM 
kcat=0.68±0.08 s-1 

KM=0.49±0.21 mM 

kcat=1.28±0.08 s-1 

KM=0.58±0.11 mM 

kcat=2.22±0.10 s-1 

KM=0.05±0.01 mM kcat=2.13±0.20 s-1 

KM=0.06±0.02 mM 

kcat/ KM =0.03 mM-1 s-1 

R2=0.9942 
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kcat=2.05±0.30 s-1 

KM=0.44±0.13 mM 

kcat=3.42±0.69 s-1 

KM=0.55±0.28 mM 

kcat=4.91±0.52 s-1 

KM=0.17±0.05 mM 

kcat=1.38±0.14 s-1 

KM=0.31±0.11 mM 

kcat=0.60±0.09 s-1 

KM=0.66±0.35 mM 

kcat=1.45±0.12 s-1 

KM=3.57±0.72 mM 

kcat=0.92±0.15 s-1 

KM=0.22±0.13 mM 

kcat=0.47±0.03 s-1 

KM=0.63±0.13 mM 

kcat/ KM =0.01 

R2=0.9939 

kcat/ KM =0.08 

R2=0.9727 

kcat/ KM =0.004 mM-1 s-1 

R2=0.9926 

kcat=1.89±0.15 s-1 

KM=0.53±0.14 mM 
kcat=3.15±0.46 s-1 

KM=0.61±0.26 mM 

kcat=1.60±0.19 s-1 

KM=0.12±0.05 mM 

kcat/ KM =0.06 mM-1 s-1 

R2=0.9731 
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kcat=0.31±0.02 s-1 

KM=2.28±0.49 mM 

kcat=3.44±0.31 s-1 

KM=0.24±0.08 mM 

kcat=0.29±0.02 s-1 

KM=0.12±0.03 mM 

kcat=2.78±0.33 s-1 

KM=0.41±0.22 mM 

kcat=0.56±0.04 s-1 

KM=2.90±0.57 mM 

kcat=1.12±0.15 s-1 

KM=0.48±0.23 mM 
kcat=0.18±0.01 s-1 

KM=2.05±0.34 mM 

kcat=1.20±0.19 s-1 

KM=0.49±0.23 mM 

kcat=1.16±0.04 s-1 

KM=0.67±0.10 mM 

kcat=2.86±0.14 s-1 

KM=0.52±0.10 mM 

kcat=1.55±0.12 s-1 

KM=0.07±0.02 mM 

kcat=2.65±0.14 s-1 

KM=0.10±0.02 mM 

kcat/ KM =0.10 mM-1 s-1 

R2=0.9554 

kcat/ KM =0.02 mM-1 s-1 

R2=0.9959 

kcat=1.60±0.14 s-1 

KM=0.40±0.11 mM 
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kcat=1.22±0.10 s-1 

KM=0.45±0.16 mM 

kcat=2.01±0.25 s-1 

KM=0.23±0.09 mM 

kcat=0.62±0.12 s-1 

KM=0.80±0.38 mM 
kcat=1.14±0.10 s-1 

KM=0.56±0.14 mM 

kcat=5.39±0.29 s-1 

KM=0.10±0.02 mM 

kcat=0.64±0.02 s-1 

KM=0.74±0.09 mM 

kcat=2.69±0.10 s-1 

KM=0.11±0.02 mM 

kcat=0.17±0.02 s-1 

KM=0.54±0.15 mM 

kcat=0.51±0.06 s-1 

KM=0.82±0.32 mM 

kcat=6.17±0.37 s-1 

KM=0.20±0.05 mM 

kcat=4.33±0.12 s-1 

KM=0.09±0.01 mM 

kcat=1.68±0.17 s-1 

KM=0.35±0.10 mM 
kcat=1.74±0.21 s-1 

KM=0.03±0.02 mM 

kcat=4.27±0.39 s-1 

KM=0.27±0.07 mM 

kcat/ KM =0.004 mM-1 s-1 

R2=0.9934 
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kcat=0.42±0.06 s-1 

KM=1.35±0.54 mM 

kcat=1.26±0.19 s-1 

KM=0.45±0.26 mM 

kcat=0.56±0.04 s-1 

KM=0.38±0.09 mM 

kcat=9.24±2.32 s-1 

KM=0.85±0.40 mM 

kcat=4.54±0.77 s-1 

KM=0.20±0.09 mM 

kcat=8.74±1.02 s-1 

KM=0.04±0.02 mM 

kcat=0.31±0.01 s-1 

KM=3.85±0.37 mM 
kcat=0.76±0.06 s-1 

KM=0.47±0.12 mM 
kcat=1.45±0.10 s-1 

KM=0.55±0.18 mM 

kcat=6.44±0.68 s-1 

KM=0.07±0.03 mM 

kcat=0.64±0.06 s-1 

KM=0.39±0.20 mM 

kcat=1.59±0.31 s-1 

KM=1.65±0.98 mM 

kcat=1.80±0.01 s-1 

KM=0.08±0.002 mM 

kcat/ KM =0.02 mM-1 s-1 

R2=0.9763 

kcat/ KM =0.02 mM-1 s-1 

R2=0.9977 
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kcat=0.62±0.08 s-1 

KM=0.30±0.11 mM 

kcat=0.52±0.04 s-1 

KM=0.92±0.26 mM 

kcat=1.25±0.19 s-1 

KM=1.02±0.43 mM 

kcat/ KM =0.02 mM-1 s-1 

R2=0.9938 
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RP-HPLC analysis of wild-type and variant MatB T207G/M306I catalyzed 

reactions using the malonate analogues (i) 1, (ii) 2, (iii) 3, (iv) 10, (v) 9, (vi) 5, (vii) 6, 

(viii) 7, (ix) 11, (x) 4, (xi) 8.  
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Steady state kinetic analysis of wild-type and MatB mutants. 

a Non-detectable. Estimated minimum detection limit is a kcat/Km of 0.004 mM-1 s-1. 

b Saturation was not achieved and kcat/Km was calculated by linear regression analysis of the 

velocity versus substrate concentration plot. 
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Enzyme Parameter 
Malonate analogue 

1 2 3 10 5 6 7 11 4 8 

WT 

 

 

 

kcat (s-1) 
3.52 

±0.50 

2.44 

±0.38 

0.61 

±0.08 
N.Da 

1.86 

±0.15 
N.Da N.Da N.Da N.Da N.Da 

KM (mM) 
0.07 

±0.05 

0.12 

±0.06 

1.12 

±0.3 
N.Da 

1.49 

±0.25 
N.Da N.Da N.Da N.Da N.Da 

kcat/KM (mM-1 s-1) 50.3 21 0.54 N.Da 1.30 N.Da N.Da N.Da 0.005b N.Da 

T207A 

 

 

 

kcat (s-1) 
2.80 

±0.19 

2.53 

±0.06 

2.42 

±0.06 
N.Da 

3.38 

±0.23 
N.Da 

0.85 

±0.04 

1.99 

±0.14 

1.72 

±0.08 
N.Da 

KM (mM) 
0.17 

±0.04 

0.19 

±0.02 

0.09 

±0.01 
N.Da 

0.30 

±0.09 
N.Da 

0.24 

±0.04 

0.36 

±0.14 

2.00 

±0.33 
N.Da 

kcat/KM (mM-1 s-1) 16.5 13.3 26.9 N.Da 11.3 N.Da 3.54 5.53 0.86 N.Da 

T207G 

 

 

 

kcat (s-1) 
2.11 

±0.23 

4.16 

±0.60 

4.49 

±0.50 
N.Da 

2.47 

±0.23 
N.Da 

1.41 

±0.23 

1.89 

±0.14 

1.10 

±0.14 

0.62 

±0.12 

KM (mM) 
0.63 

±0.23 

0.25 

±0.11 

0.21 

±0.06 
N.Da 

0.05 

±0.02 
N.Da 

0.93 

±0.52 

0.09 

±0.02 

2.19 

±0.67 

1.72 

±0.64 

kcat/KM (mM-1 s-1) 3.34 16.6 21.4 N.Da 49.5 0.03b 1.52 21.1 0.50 0.36 

T207S 

 

 

 

kcat (s-1) 
2.22 

±0.10 

2.13 

±0.2 

6.11 

±0.62 
N.Da 

5.30 

±0.82 
N.Da 

0.68 

±0.08 

1.28 

±0.08 

1.45 

±0.12 
N.Da 

KM (mM) 
0.05 

±0.01 

0.06 

±0.02 

0.14 

±0.04 
N.Da 

0.13 

±0.07 
N.Da 

0.49 

±0.21 

0.58 

±0.11 

3.57 

±0.72 
N.Da 

kcat/KM (mM-1 s-1) 44.4 35.5 43.6 0.004b 40.80 N.Da 1.39 2.21 0.41 N.Da 

M306I 

 

 

kcat (s-1) 
1.60 

±0.19 

2.05 

±0.3 

4.91 

±0.52 
N.Da 

3.42 

±0.69 
N.Da N.Da N.Da N.Da N.Da 

KM (mM) 
0.12 

±0.05 

0.44 

±0.13 

0.17 

±0.05 
N.Da 

0.55 

±0.28 
N.Da N.Da N.Da N.Da N.Da 

kcat/KM (mM-1 s-1) 13.4 4.7 29 N.Da 6.20 N.Da N.Da 0.08b 0.01b N.Da 

 

M306V 

 

 

 

kcat (s-1) 
1.38 

±0.14 

0.60 

±0.09 

0.92 

±0.15 
N.Da 

0.47 

±0.03 
N.Da N.Da N.Da N.Da N.Da 

KM (mM) 
0.31 

±0.11 

0.66 

±0.35 

0.22 

±0.13 
N.Da 

0.63 

±0.13 
N.Da N.Da N.Da N.Da N.Da 

kcat/KM (mM-1 s-1) 4.45 0.91 4.2 N.Da 0.75 N.Da N.Da 0.06b N.Da N.Da 

T207A/ 

M306I 

 

kcat (s-1) 
1.89 

±0.15 

3.15 

±0.46 

2.65 

±0.14 

0.31 

±0.02 

1.60 

±0.14 
N.Da 

1.20 

±0.19 

1.55 

±0.12 
N.Da N.Da 

KM (mM) 0.53 0.61 0.10 2.28 0.40 N.Da 0.49 0.07 N.Da N.Da 
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 ±0.14 ±0.26 ±0.02 ±0.49 ±0.11 ±0.23 ±0.02 

kcat/KM (mM-1 s-1) 3.6 5.16 26.5 0.14 4 0.02b 2.47 22.1 0.10b N.Da 

T207A/ 

M306V 

 

 

kcat (s-1) 
1.16 

±0.04 

2.86 

±0.14 

3.44 

±0.31 

0.18 

±0.01 

0.29 

±0.02 

0.56 

±0.04 

1.12 

±0.15 

2.78 

±0.33 

1.14 

±0.10 
N.Da 

KM (mM) 
0.67 

±0.10 

0.52 

±0.10 

0.24 

±0.08 

2.05 

±0.34 

0.12 

±0.03 

2.90 

±0.57 

0.48 

±0.23 

0.41 

±0.22 

0.56 

±0.14 
N.Da 

kcat/KM (mM-1 s-1) 1.73 5.5 14.3 0.09 2.4 0.19 2.34 6.8 2.04 N.Da 

T207G/ 

M306I 

 

 

kcat (s-1) N.Da 
0.62 

±0.12 

5.39 

±0.29 
N.Da 

4.33 

±0.12 

2.01 

±0.25 

1.22 

±0.10 

2.69 

±0.10 

0.64 

±0.02 

0.51 

±0.06 

KM (mM) N.Da 
0.80 

±0.38 

0.10 

±0.02 
N.Da 

0.09 

±0.01 

0.23 

±0.09 

0.45 

±0.16 

0.11 

±0.02 

0.74 

±0.09 

0.82 

±0.32 

kcat/KM (mM-1 s-1) N.Da 0.78 53.9 0.004b 48 8.7 2.71 24.5 0.86 0.62 

T207G/ 

M306V 

 

 

kcat (s-1) N.Da 
0.17 

±0.02 

6.17 

±0.37 
N.Da 

4.27 

±0.39 

1.68 

±0.17 

0.56 

±0.04 

1.74 

±0.21 
N.Da 

0.42 

±0.06 

KM (mM) N.Da 
0.54 

±0.15 

0.20 

±0.05 
N.Da 

0.27 

±0.07 

0.35 

±0.10 

0.38 

±0.09 

0.03 

±0.02 
N.Da 

1.35 

±0.54 

kcat/KM (mM-1 s-1) N.Da 0.31 30.9 N.Da 15.8 4.8 1.48 58 0.02b 0.32 

T207S/ 

M306I 

 

 

kcat (s-1) 
1.26 

±0.19 

9.24 

±2.32 

8.74 

±1.02 

0.31 

±0.01 

6.44 

±0.68 
N.Da 

0.76 

±0.06 

4.54 

±0.77 

1.45 

±0.10 
N.Da 

KM (mM) 
0.45 

±0.26 

0.85 

±0.40 

0.04 

±0.02 

3.85 

±0.37 

0.07 

±0.03 
N.Da 

0.47 

±0.12 

0.20 

±0.09 

0.55 

±0.18 
N.Da 

kcat/KM (mM-1 s-1) 2.8 10.9 218.5 0.08 92 0.02b 1.62 22.7 2.64 N.Da 

T207S/ 

M306V 

 

 

kcat (s-1) 
0.64 

±0.06 

1.59 

±0.31 

1.80 

±0.01 
N.Da 

0.62 

±0.08 
N.Da 

0.52 

±0.04 

1.25 

±0.19 
N.Da N.Da 

KM (mM) 
0.39 

±0.20 

1.65 

±0.98 

0.08 

±0.002 
N.Da 

0.30 

±0.11 
N.Da 

0.92 

±0.26 

1.02 

±0.43 
N.Da N.Da 

kcat/KM (mM-1 s-1) 1.64 0.96 22.5 N.Da 2.1 N.Da 0.57 1.23 0.02b N.Da 
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HPLC/ESI-MS analysis of acyl-CoA’s produced by MatB catalyzed ligations. 

b See Chapter 2.4 for HPLC conditions. 

c Percent conversions were determined by HPLC and calculated by dividing the integrated 

area of the acyl-CoA product by the sum of the integrated area of the product plus the 

integrated area of the remaining CoA.  

d Calculated mass of acyl-CoA product  

e  Observed mass of acyl-CoA product 

f Non-detected. Estimated minimal detection limit is 0.2 % conversion. 

g [M-H]-1  

h [M-CO2-2H]-2 

i [M-2H]-2 

j [M-CO2-H]-2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

178 

 

 

 

 

 

 

 

 

 

 

malonate/ 

acyl-CoAa 

Product 

retention time 

(mins)b 

Conversion rate (%)c m/z  

(Da)d 

m/z 

(Da)e 

WT 
T207G/ 

M306I 

1/12 14.36 91±6 24±1 
852.11g 

403.55h 

852.11g 

403.57h 

2/13 16.80 85±8 45±5 
866.12g 

410.56h 

866.09g 

410.55h 

3/14 19.25 42±2 91±3 
880.13g 

417.57i 

880.10g 

417.55i  

10/21 14.40 1.54±0.02 14±2 
882.12g 

418.55h 

882.12g 

418.56h 

9/20 12.41 19±0.5 N.Df 
868.10g 

411.54h 

868.10g 

411.58h 

5/16 20.52 81±5 89±2 
892.13g 

423.57h 

892.10g 

423.55h 

6/17 21.67 N.Df 86±4 
894.15g 

446.57i 

894.15g 

446.57i 

7/18 25.73 N.Df 92±6 
908.17g 

431.58h 

908.17g 

431.59h 

11/22 19.61 N.Df 86±3 
921.14g 

460.06i 

921.14g 

460.06i 

4/15 17.72 60.5±11 91±5 
890.12g 

422.55h 

890.12g 

422.56h 

8/19 24.99 N.Df 62±7 
928.13g 

884.14j 

928.11g 

884.14j 
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Appendix B 

High resolution LC-MS analysis of holo-Mod6TE reactions. 

 

Reaction with 12  

 
Reaction with 13 

 
 
 
 
 
 
 
 

[M+H]+

1 
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Reaction with 14 

 
Reaction with 15 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

[M+H]+

1 

[M+H]+

1 
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Reaction with 16 

 
Reaction with 17 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

[M+H]+

1 
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Reaction with 18 

 
Reaction with 19 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

[M+H]+

1 

[M+H]+

1 
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Reaction with 30 

 
Reaction with 20 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

[M+H]+

1 
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Reaction with 21 

 
Reaction with 22 

 
 
 
 

 

 

 

 

 

 

[M+H]+

1 

[M+H]+

1 
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RP-HPLC and High-Res LC-MS analysis of holo-Mod6TE-catalyzed formation 

of triketide lactones. 

a See Figure 22 for structures of acyl-CoAs and products. 

b HPLC retention time.  

c Relative conversions were determined by HPLC and calculated by dividing the integrated 

area of the product from the non-natural acyl-CoA by the integrated area of the product from 

13. Minimum detection limit is 1.6 % conversion.  

d Calculated mass of triketide pyrone product, [M+H]+. 

e Observed mass of triketide pyrone product, [M+H]+.  

f N.D, non-detected. 

 

 

 

 

 

Acyl-CoA/ 

producta 

Product retention 

time (mins)b 

Relative 

conversion rate 

(%)c 

Calculated  

massd 

Observed  

masse 

12/31 N.Df N.Df 155.0703 N.Df 

13/32 26.29 100 169.0859 169.0858 

14/33 31.88 44 183.1016 183.1012 

15/34 29.31 15 193.0859 193.0861 

16/35 34.23 36 195.1016 195.1011 

17/36 N.Df N.Df 197.1172 N.Df 

18/37 23.72 1 211.1329 211.1329 

19/38 N.Df trace 231.1016 231.1044 

30/42 25.96 2 259.1302 259.1333 

20/39 N.Df N.Df 171.0652 N.Df 

21/40 26.44 9 185.0808 185.0805 

22/41 37.32 31 224.1030 224.1027 
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RP-HPLC analysis of holo-Mod6TE negative control reactions using the 

extender units (i) 12, (ii) 13, (iii) 14, (iv) 15, (v) 16, (vi) 17, (vii) 18, (viii) 19, (ix) 30, (x) 

20, (xi) 21, (xii) 22.  

Panel (a) are negative control reactions that lacked holo-Mod6TE. Panel (b) are 

negative control reactions that lacked diketide-SNAc. * indicates contaminants present in the 

18-19, 30 acyl-CoA preparations which were detected under the specialized conditions 

required for HPLC analysis of the resulting lactones.  
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RP-HPLC and Low Res ESI-MS analysis of holo-Mod6TE negative control 

reactions that lack diketide-SNAc.  

a See Figure 22 for structures of acyl-CoAs and products. 

b HPLC retention time/Low Res LC-MS retention time. 

c Calculated mass of triketide pyrone product, [M+H]+. 

d Relative conversions were determined by HPLC and calculated by dividing the integrated 

area of the product in the absence of diketide-SNAc by the integrated area of the same 

product in the presence of diketide-SNAc.  

e Observed mass of triketide pyrone product, [M+H]+. 

f N.D, non-detected. 

 

 

 

 

 

 

 

 

Acyl-CoA/ 

producta 

Product 

retention time 

(mins)b 

Relative 

conversion rate 

(%)c 

Calculated  

massd 

Observed  

Masse 

12/31 N.Df N.Df 155.07 N.Df 

13/32 26.29 7.1f 169.08 169.10 

14/33 N.Df N.Df 183.10 N.Df 

15/34 N.Df N.Df 193.08 N.Df 

16/35 N.Df N.Df 195.10 N.Df 

17/36 N.Df N.Df 197.1011 N.Df 

18/37 N.Df N.Df 211.13 N.Df 

19/38 N.Df N.Df 231.10 N.Df 

30/42 N.Df N.Df 259.13 N.Df 

20/39 N.Df N.Df 171.06 N.Df 

21/40 N.Df N.Df 185.08 N.Df 

22/41 N.Df N.Df 224.10 N.Df 
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1H-NMR of the methyl triketide pyrone 32. 
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1H-NMR of the allyl triketide pyrone 35. 
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HPLC calibration curve of the methyl triketide pyrone 32. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

y = 42.734x
R² = 0.9997

0

20

40

60

80

100

0 0.5 1 1.5 2 2.5

P
e

a
k
 a

re
a

 (
m

A
U

.M
in

)

Methyl triketide pyrone (mM)



 

192 

RP-HPLC analysis of holo-ATº-Mod6TE reactions using the diketide-SNAC and 

each extender unit (i) 12, (ii) 13, (iii) 14, (iv) 15, (v) 16, (vi) 17, (vii) 18, (viii) 19, (ix) 30, 

(x) 20, (xi) 21, (xii) 22.  Mass ions consistent with the expected triketide lactone were not 

observed for 12-17 and 20-22 (data not shown). For 18, 19, and 30, very low abundance mass 

ions (211.10, 231.10 and 259.10 respectively, data not shown) were observed that were in 

agreement with the expected lactone. * indicates contaminants present in the 18-19, 30 acyl-

CoA preparations which were detected under the specialized conditions required for HPLC 

analysis of the resulting lactones.  
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RP-HPLC analysis of the conversion of apo-ATº-Mod6TE to triketide lactone 

using each extender unit in the absence of Sfp (i) 12, (ii) 13, (iii) 14, (iv) 15, (v) 16, (vi) 

17, (vii) 18, (viii) 19, (ix) 30, (x) 20, (xi) 21, (xii) 22. For 18, 19, and 30, very low abundance 

mass ions (211.10, 231.10 and 259.10 respectively, data not shown) were observed that were 

in agreement with the expected lactone.* indicates contaminants present in the 18-19, 30 

acyl-CoA preparations which were detected under the specialized conditions required for 

HPLC analysis of the resulting lactones.  
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LC-MS analysis of Sfp-catalyzed acylation of apo-ACP6 from DEBS. A control 

reaction (M) that lacks any acyl-CoA is included to demonstrate identification of acylated 

ACP is dependent on the presence of extender unit. A series of negative controls that lacked 

Sfp are included (N-Y) and illustrate that Sfp is absolutely required to acylate the ACP.  

 
A) Sfp loading of DEBS apo-ACP6 with 12 produced by WT-MatB 

 

Deconvoluted spectra: 

 
Deconvoluted spectra, expanded on target peak: 

 
Component m/z: 

 

malonyl-ACP6 

malonyl-ACP6 

+Na+ 

+2Na+ 
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Component charge state: 

 
 

B) Sfp loading of DEBS apo-ACP6 with 13 produced by WT-MatB 

 

Deconvoluted spectra: 

 
Deconvoluted spectra, expanded on target peak: 

 
 
 
 
 
 
 
 

methylmalonyl-

ACP6 

methylmalonyl-

ACP6 

+Na+ 
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Component m/z: 

 
Component charge state: 

 
 
 
 

C) Sfp loading of DEBS apo-ACP6 with 14 produced by MatB T207S/M306I 

 

Deconvoluted spectra: 

 
 
 
 
 

ethylmalonyl-ACP6 
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Deconvoluted spectra, expanded on target peak: 

 
Component m/z: 

 
Component charge state: 

 
  

ethylmalonyl-ACP6 

+Na+ 

+2Na+ 
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D) Sfp loading of DEBS apo-ACP6 with 15 produced by MatB T207G/M306I 

 

Deconvoluted spectra: 

 
Deconvoluted spectra, expanded on target peak: 

 
Component m/z: 

 

propargylmalonyl-ACP6 

propargylmalonyl-ACP6 

+Na+ 
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Component charge state: 

 
 

E) Sfp loading of DEBS apo-ACP6 with 16 produced by MatB T207S/M306I 

 

Deconvoluted spectra: 

 
Deconvoluted spectra, expanded on target peak: 

 
 
 
 
 
 
 

allylmalonyl-ACP6 

allylmalonyl-ACP6 

+Na+ 

+2Na+ 
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Component m/z: 

 
Component charge state:  

 
 
 
 

F) Sfp loading of DEBS apo-ACP6 with 17 produced by MatB T207G/M306I 

 

Deconvoluted spectra: 

 
 
 
 
 
 

isopropylmalonyl-ACP6 
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Deconvoluted spectra, expanded on target peak: 

 
Component m/z: 

 
Component charge state: 

 
  

isopropylmalonyl-ACP6 

+Na+ 

+2Na+ 
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G) Sfp loading of DEBS apo-ACP6 with 18 produced by MatB T207A 

 

Deconvoluted spectra: 

 
Deconvoluted spectra, expanded on target peak: 

 
Component m/z: 

 

butylmalonyl-ACP6 

butylmalonyl-ACP6 

+Na+ 
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Component charge state:

 
 

H) Sfp loading of DEBS apo-ACP6 with 19 produced by MatB T207G/M306I 

 

Deconvoluted spectra: 

 
Deconvoluted spectra, expanded on target peak: 

 
 
 
 
 
 
 
 

phenylmalonyl-ACP6 

phenylmalonyl-ACP6 

+Na+ 
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Component m/z: 

 
Component charge state: 

 
 

I) Sfp loading of DEBS apo-ACP6 with 30 produced by MatB T207G/M306I 

  

Deconvoluted spectra: 

 
 
 
 
 
 
 
 

ethylphenylmalonyl-ACP6 
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Deconvoluted spectra, expanded on target peak: 

 
Component m/z: 

 
Component charge state: 
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J) Sfp loading of DEBS apo-ACP6 with 20 produced by WT MatB  

 

Deconvoluted spectra: 

 
Deconvoluted spectra, expanded on target peak: 

 
Component m/z: 

 
 
 
 
 
 
 

hydroxymalonyl-ACP6 

hydroxymalonyl-ACP6 

+Na+ 
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Component charge state: 

 
 
 
 

K) Sfp loading of DEBS apo-ACP6 with 21 produced by MatB T207A/M306I 

 

Deconvoluted spectra: 

 
Deconvoluted spectra, expanded on target peak: 

 
 
 
 
 

methoxymalonyl-ACP6 

methoxymalonyl-ACP6 

+Na+ 
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Component m/z: 

 
Component charge state: 

 
 

L) Sfp loading of DEBS apo-ACP6 with 22 produced by MatB T207G/M306V 

 

Deconvoluted spectra: 

 
 
 
 
 
 
 
 

azidoethylmalonyl-

ACP6 
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Deconvoluted spectra, expanded on target peak: 

 
Component m/z: 

 
Component charge state: 

 
  

azidoethylmalonyl-

ACP6 +Na+ 

+2Na+ 

+3Na+ 
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M) Negative control containing Sfp and DEBS apo-ACP6, in the absence of 

acyl-CoAs 

 

 

 
 

N) Negative control containing DEBS apo-ACP6 and 12 produced by WT-

MatB, in the absence of Sfp 
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O) Negative control containing DEBS apo-ACP6 and 13 produced by WT-

MatB, in the absence of Sfp 
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P) Negative control containing DEBS apo-ACP6 and 14 produced by MatB 

T207S/M306I, in the absence of Sfp 

 

 

 
 

Q) Negative control containing DEBS apo-ACP6 and 15 produced by MatB 

T207G/M306I, in the absence of Sfp 
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R) Negative control containing DEBS apo-ACP6 and 16 produced by MatB 

T207S/M306I, in the absence of Sfp 
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S) Negative control containing DEBS apo-ACP6 and 17 produced by MatB 

T207G/M306I, in the absence of Sfp 

 

 

 
T) Negative control containing DEBS apo-ACP6 and 18 produced by MatB 

T207A, in the absence of Sfp 
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U) Negative control containing DEBS apo-ACP6 and 19 produced by MatB 

T207G/M306I, in the absence of Sfp 
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V) Negative control containing DEBS apo-ACP6 and 30 produced by MatB 

T207G/M306I, in the absence of Sfp 

 

 

 
 

W) Negative control containing DEBS apo-ACP6 and 20 produced by WT 

MatB, in the absence of Sfp 
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X) Negative control containing DEBS apo-ACP6 and 21 produced by MatB 

T207A/M306I, in the absence of Sfp 
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Y) Negative control containing DEBS apo-ACP6 and 22 produced by MatB 

T207G/M306V, in the absence of Sfp 
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ESI-MS analysis of Sfp-catalyzed acylation of DEBS apo-ACP6 using acyl-CoAs 

12-22, 30.  

a See Figure 22 for structures of acyl-CoAs. 

b Calculated (calc) mass for ACP6DEBS covalently modified with acylphosphopantetheine 

moiety of the corresponding acyl-CoA substrate. The calculated mass is adjusted to include 

loss of N-terminal methionine (-130.194 Da) 

c Observed (obs) mass for ACP6DEBS covalently modified with acylphosphopantetheine 

moiety of the corresponding acyl-CoA substrate. Detected masses were not observed in 

control reactions that omitted Sfp.  

d [acyl-ACP6DEBS]calc – [apo-ACP6DEBS]calc  

e  [acyl-ACP6DEBS]obs – [apo-ACP6DEBS]obs  

f [M+H]+ 

g [M-CO2+H]+ 
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acyl-CoAa 
acyl-ACP6DEBS 

calculated Mass (Da)b 

acyl-ACP6DEBS 

observed mass (Da)c 

predicted 

mass 

increase 

(Da)d 

observed 

mass 

increase 

(Da)e 

12 11,715.99f 11,715.91f 426.01 426.18 

13 11,730.01f 11,730.13f 440.03 440.40 

14 11,744.02f 11744,16f 454.04 454.43 

15 11,754.01f 11,753.95f 464.03 464.22 

16 11,756.02f 11,756.02f 466.04 466.29 

17 11,758.04f 11,757.95f 468.06 468.22 

18 11,772.05f 11,772.10f 482.07 482.37 

19 11,748.01g 11,747.98g 458.03 458.25 

30 11,820.05f 11,820.09f 530.07 530.11 

20 11,731.99f 11,732.00f 442.01 442.27 

21 11,746.00f 11,746.03f 456.02 456.30 

22 11,785.02f 11,785.08f 495.04 495.35 
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RP-HPLC analysis of the conversion of apo-ATº-Mod6TE to triketide lactone 

using each extender unit and Sfp (i) 12, (ii) 13, (iii) 14, (iv) 15, (v) 16, (vi) 17, (vii) 18, 

(viii) 19, (ix) 30, (x) 20, (xi) 21, (xii) 22. Reactions included apo-ATº-Mod6TE, Sfp, and 

diketide-SNAc. * indicates contaminants present in the 18-19, 30 acyl-CoA preparations 

which were detected under the specialized conditions required for HPLC analysis of the 

resulting lactones.  
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LC-MS analysis of the conversion of apo-ATº-Mod6TE to triketide lactone using 

each extender unit and Sfp. 

a See Figure 22 for structures of acyl-CoAs and products. Acyl-CoA is transferred to apo-

ATº-Mod6TE via Sfp. 

b HPLC retention time.  

c Relative conversions were determined by HPLC and calculated by dividing the integrated 

area of the product from the non-natural acyl-CoA by the integrated area of the product from 

13. Minimum detection limit is 1.6 % conversion.  

d Calculated mass of triketide pyrone product, [M+H]+. 

e Observed mass of triketide pyrone product, [M+H]+.  

f N.D, non-detected.  

 

 

 

 

 

 

 

 

 

 

 

 

Acyl-CoA/ 

producta 
Product retention time (mins)b 

Relative 

conversion rate (%)c 

Calculated  

massd 

Observed  

masse 

12/31 26.15 58 155.07 155.10 

13/32 26.29 100 169.08 169.10 

14/33 31.88 103 183.10 183.10 

15/34 29.31 45 193.08 193.10 

16/35 34.23 82 195.10 195.10 

17/36 N.Df N.Df 197.11 N.Df 

18/37 23.72 58 211.13 211.10 

19/38 N.Df N.Df 231.10 231.10 

30/42 25.96 33 259.13 259.13 

20/39 N.Df N.Df 171.06 N.Df 

21/40 26.44 21 185.08 185.10 

22/41 37.32 64 224.10 224.10 
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Appendix C 

FT-ICR mass spectrometry analysis of trans-AT catalyzed reactions.  

a See Figure 8 for structures of acyl-CoAs. 

b ACP6DEBS refers to ACP6 of module 6 from the erythronolide B PKS, ACP5Kir refers to 

ACP5 of module 5 from the kirromycin PKS. 

c Calculated monoisotopic mass.  

d Observed mass of acylated ACP product. 

e Mass error = (Massobs-Masscalcd/Masscalcd) x 106 

f Percent conversion = (Areaacyl-ACP/Areaholo-ACP+Areaacyl-ACP)  

g Reactions were performed in the absence of trans-AT enzyme to identify background 

acylation.  

h Activity ratio = conversion with enzyme/conversion without enzyme. Acyl-CoA is 

considered a substrate only when the acylation in the absence of trans-AT is zero. 

i Non detected. 
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Enzyme/ 

acyl-CoAa Acylated productb 

Calculated 

mass 

(Da)c 

Observed 

mass 

(Da)d 

Mass 

error 

(ppm)e 

Percent 

conversion 

(%)f 

Detected in 

negative 

controlg 

Activity 

ratioh 

DSZS/12 Malonyl-ACP6DEBS 11707.73 11707.68 -4.27 84 N - 

DSZS/13 Methyl-ACP6DEBS 11722.76 N.Di - - - - 

DSZS/14 Ethyl-ACP6DEBS 11736.77 11736.63 -11.9 1 Y 1.0 

DSZS/21 Methoxy-ACP6DEBS 11738.75 N.Di - - - - 

DSZS/20 Hydroxy-ACP6DEBS 11724.73 N.Di - - - - 

DSZS/16 Allyl-ACP6DEBS 11748.77 N.Di - - - - 

DSZS/17 Isopropyl-ACP6DEBS 11750.79 N.Di - - - - 

DSZS/18 Butyl-ACP6DEBS 11764.80 N.Di - - - - 

DSZS/22 
Azidoethyl-

ACP6DEBS 
11777.77 N.Di - - - - 

DSZS/15 Propargyl-ACP6DEBS 11746.76 N.Di - - - - 

DSZS/19 Phenyl-ACP6DEBS 11740.78 11740.72 -5.11 2 Y 1.2 

MCAT/12 Malonyl-ACP6DEBS 11707.73 11707.68 -4.27 85 N - 

MCAT/13 Methyl-ACP6DEBS 11722.76 N.Di - - - - 

MCAT/14 Ethyl-ACP6DEBS 11736.77 N.Di - - - - 

MCAT/21 Methoxy-ACP6DEBS 11738.75 N.Di - - - - 
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MCAT/20 Hydroxy-ACP6DEBS 11724.73 N.Di - - - - 

MCAT/16 Allyl-ACP6DEBS 11748.77 N.Di - - - - 

MCAT/17 Isopropyl-ACP6DEBS 11750.79 N.Di - - - - 

MCAT/18 Butyl-ACP6DEBS 11764.80 N.Di - - - - 

MCAT/22 
Azidoethyl-

ACP6DEBS 
11777.77 N.Di - - - - 

MCAT/15 Propargyl-ACP6DEBS 11746.76 N.Di - - - - 

MCAT/19 Phenyl-ACP6DEBS 11740.78 11740.70 -6.81 1 Y 1.7 

KirCII/12 Malonyl-ACP5Kir 16664.43 N.Di - - - - 

KirCII/13 Methyl-ACP5Kir 16678.45 N.Di - - - - 

KirCII/14 Ethyl-ACP5Kir 16692.46 16692.51 3.00 15 N - 

KirCII/21 Methoxy-ACP5Kir 16694.44 N.Di - - - - 

KirCII/20 Hydroxy-ACP5Kir 16680.42 N.Di - - - - 

KirCII/16 Allyl-ACP5Kir 16704.46 16704.49 1.80 15 N - 

KirCII/17 Isopropyl-ACP5Kir 16706.48 N.Di - - - - 

KirCII/18 Butyl-ACP5Kir 16720.49 N.Di - - - - 

KirCII/22 Azidoethyl-ACP5Kir 16733.46 16733.45 -0.60 2 N - 

KirCII/15 Propargyl-ACP5Kir 16702.45 16702.48 1.80 8 N - 

 


