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Abstract 

Type III polyketide synthases (PKS) catalyze different cyclization reactions of linear 

polyketide intermediates to produce polyketides with distinct ring structures. The mechanisms 

of pyrone and resorcinol ring formation in type III PKSs remain unknown, despite many years 

of research on this family of enzymes. Compounds, thought to be intermediates in these 

enzyme reactions, have been synthesized and used to probe the enzyme mechanisms. To study 

the mechanism of resorcinol ring formation catalyzed by STS and ArsB, triketo acids and 

9-phenyl-3,5,7-trioxo-8-nonenoic and 3,5,7-trioxoeicosanoic (16a and 16b) and their structural 

analogs were synthesized. STS failed to produce any cyclized products from the synthetic 

compounds. ArsB also failed to convert 3,5,7-trioxoeicosanoic acid 16b to 5-tridecylresorcinol 

14b. Instead, ArsB facilitated the production of 6-tridecylresorcylic acid 11b from the 

synthetic 16b and hindered the decarboxylation of 11b to 14b. These effects were also 

observed with ArsC, another acyl-CoA utilizing PKS that does not catalyze the resorcinol ring 

formation. Furthermore, the triketo acid 16b and its analogs inhibited the ArsB activity. These 

results indicate that neither 16b nor 11b is an intermediate and that aldol cyclization of the 

linear tetraketide thioester intermediate (15) precedes the hydrolysis of 15 in the ArsB 

catalyzed resorcinol ring formation. 

3,5-Dioxooctanoic acid 32a was also synthesized in order to probe the lactonization 

mechanism in type III PKSs such as PpASCL and AthPKSA. It has been suggested that diketo 

acids are synthesized by these enzymes, released, and then lactonized in solution. The results 

of this study show that even prolonged incubation of 32a in buffer failed to result in any 

pyrone formation. Also, the enzymes were unable to convert the 32a to 4-hydroxy-6-tridecyl-

2-pyrone 33a, which led to the conclusion that pyrone formation is most likely an enzymatic 

process, occurring via direct lactonization of a CoA thioester. 



ii 
 

Acknowledgement 
 

I would like to thank my supervisors, Dr. Dae-Yeon Suh and Dr. Andrew G. H. Wee, 

for their advice and encouragement during my research. They have helped shape my 

inquisitive nature into something useful and meaningful. I would also like to thank the 

members of my supervisory committee, Dr. Lynn Mihichuk and Dr. Brian Sterenberg for 

for their useful insight and guidance during the course of my degree. I am grateful to all 

the members of the Suh and Wee research groups, for experimental assistance, and helpful 

discussions. I would especially like to thank my colleagues Erika Smith, Nicole Fergus, 

and Rhys Daku for their academic and personal support. I am very thankful to have 

developed such wonderful friends as we progressed through our programs together. 

Research can be difficult and will undoubtedly try your patience, and without these 

colleagues it would have been that much more difficult. 

I would like to thank my mother, Wanda Posehn and my father, Dean Posehn. Your 

love, support, encouragement, and patience throughout my life allowed me to believe I 

could accomplish anything I set my mind to. To all my family and friends who provided 

support and encouragement I am very grateful to have you in my life. Many of them 

simply gave blank stares and polite nods while I regaled them of tales of instable 

compounds and inactive enzymes, but it was always clear that they cared very much about 

what I had to say, even though they claimed to not have understood a word of it. 

This work was supported by the Natural Sciences and Engineering Research 

Council, the Department of Chemistry and Biochemistry, and the Faculty of Graduate 

Studies and Research at the University of Regina. 

  



iii 
 

Table of Contents 

Abstract ............................................................................................................................... i 

Acknowledgement ............................................................................................................. ii 

Table of Contents ............................................................................................................. iii 

List of Abbreviations ........................................................................................................ v 

List of Figures ................................................................................................................. viii 

List of Tables ..................................................................................................................... x 

List of Flowcharts ............................................................................................................ xi 

List of Schemes ................................................................................................................ xii 

1. Introduction ................................................................................................................... 1 

 1.1 Polyketides and polyketide synthases ................................................................. 1 

 1.2 Type III polyketides synthases (chalcone synthase superfamily) ....................... 1 

 1.3 Cyclization modes in type III polyketide synthases ............................................ 4 

 1.4 Mechanism of resorcinol ring formation ........................................................... 13 

 1.5 Mechanism of pyrone formation ....................................................................... 22 

 1.6 Solution chemistry - Overview of cyclizations of linear polyketides ............... 24 

 1.7 Research objectives ........................................................................................... 27 

 1.8 Synthetic strategies for linear polyketides ......................................................... 31 

2. Materials and methods – Biochemical studies.......................................................... 34 

 2.1 Enzymes studied ................................................................................................ 34 

 2.2 Enzyme purification .......................................................................................... 34 

 2.3 Enzyme assays ................................................................................................... 35 

 2.4 HPLC analysis ................................................................................................... 36 

3. Synthesis of putative intermediates of PKS-catalyzed reactions ............................ 37 

 3.1 Preparation of acyl aziridines (29) .................................................................... 38 

 3.2 Preparation of diketo esters (30)........................................................................ 40 

 3.3 Preparation of carboxylate salts (31) ................................................................. 42 

 3.4 Preparation of diketo acids (32) ........................................................................ 43 

 3.5 Preparation of 4-hydroxy-2-pyrones (33) .......................................................... 44 

 3.6 Preparation of triketo esters (TKE, 34) ............................................................. 45 



iv 
 

 3.7 Preparation of triketo acid salt (cin-TKAS, 36a) and triketo acid (cin-TKA, 16a) 

 ........................................................................................................................... 47 

 3.8 Preparation of triketo acid (TKA, 16b) via TFA ............................................... 48 

 3.9 Preparation of cyclic dianion 21 ........................................................................ 49 

 3.10 Synthesis of 5-alkylresorcinol reference compound (14c) .............................. 53 

4. Mechanism of pyrone formation ............................................................................... 54 

 4.1 Reaction of ASCLs with C18-DKAS (31a) and C18-DKA (32a) .................... 54 

5. Resorcinol ring formation by STS ............................................................................. 46 

6. Resorcinol ring formation by ArsB ........................................................................... 59 

 6.1 Compound characterization via TLC staining with Fast Blue B solution ......... 61 

 6.2 HPLC analysis of enzyme reactions with C20-TKA (16b)............................... 64 

 6.3 Inhibition of ArsB reaction by C18-DKAS (31b) and C20-TKA (16b) ........... 75 

 6.4 HPLC analysis of enzyme reactions with cDA (21b) ....................................... 78 

7. Discussion..................................................................................................................... 81 

8. Future Work ................................................................................................................ 83 

9. Conclusion ................................................................................................................... 83 

References ........................................................................................................................ 85 

  



v 
 

List of Abbreviations 

 

C13-RA 6-tridecyl-β-resorcylic acid 

C13-RL 5-tridecylresorcinol 

C15-RL 5-pentadecylresorcinol 

C20-TKA 3,5,7-Trioxoeicosanoic acid 

Ac acetyl 

ARAS alkylresorcylic acid synthase 

ArsB alkylresorcinol synthase B 

ArsC alkylresorcinol synthase C 

AthPKSA Arabidopsis thalania polyketide synthase  

br  broad  

n-Bu normal-butyl 

s-Bu secondary-butyl  

t-Bu tertiary-butyl 

  chemical shift in parts per million downfield from tetramethylsilane 

cDA cyclic dianion 

CHS chalcone synthase 

CoA coenzyme A 

CTAL p-coumaroyl triacetic acid lactone 

DKA diketo acid 

DKAS diketo acid salt 

d  doublet   

Et  ethyl 



vi 
 

EtOAc ethyl acetate 

HPLC high performance liquid chromatography 

HRMS high resolution mass spectrometry 

IR infrared 

IPTG Isopropyl β-D-1-thiogalactopyranoside 

J  coupling constant in Hz  

m  multiplet  

Me methyl 

MHz megahertz 

MS mass spectrometry 

m/z mass to charge ratio 

NMR nuclear magnetic resonance 

OD optical density 

ORAS oxo-resorcylic acid synthase 

PAGE polyacrylamide gel electrophoresis 

Ph phenyl  

PKS polyketide synthase  

PpASCSL Physcomitrella patens anther-specific chalcone synthase-like 

ppm parts per million 

q  quartet 

RA resorcylic acid 

RL resorcinol 

s  singlet  



vii 
 

SDS sodium dodecyl sulphate 

STCS1a stilbenecarboxylate synthase 

STS stilbene synthase 

t  tertiary (tert) 

t  triplet  

THF tetrahydrofuran 

TFA trifluoroacetic acid 

TFAA trifluoroacetic anhydride 

TKA triketo acid 

TKAS triketo acid salt 

TKE triketo ester 

TLC thin layer chromatography 

 

  



viii 
 

List of Figures 

Figure 1. General reactions performed by CHS.................................................................. 3 

Figure 2. Variety of cyclization modes employed by type III PKSs .................................. 5 

Figure 3. Different cyclization products from various PKSs .............................................. 6 

Figure 4. Cyclization modes of CHS and STS utilizing the same triketo-CoA 

thioester intermediate .............................................................................................. 8 

Figure 5. Reactions of ArsB including derailment products............................................... 9 

Figure 6. Derailment products of CHS ............................................................................. 10 

Figure 7. Different cyclization reactions catalyzed by type III PKSs............................... 12 

Figure 8. Possible mechanisms of resorcinol ring formation ........................................... 14 

Figure 9. Deuterium incorporation study .......................................................................... 16 

Figure 10. Malonyl-CoA analogue (26) and the products detected by Spencer et al 

using LC-MS (2009) ...................................................................................... 19 

Figure 11. Resorcinol ring-formation mechanism – pathway B3 ..................................... 21 

Figure 12. Possible mechanisms for pyrone formation .................................................... 23 

Figure 13. Solution chemistry of the cyclizations of linear triketo acids under 

various conditions .......................................................................................... 25 

Figure 14. Possible outcomes of the reaction of ArsB or STS with triketo ester (34)...... 29 

Figure 15. Common synthetic reaction sequence for linear polyketide synthesis ............ 32 

Figure 16. UV scan of 5-pentadecylresorcinol (C15-RL, 14c) in MeOH ........................ 51 

Figure 17. UV scan of 6-tridecyl-β-resorcylic acid (C13-RA, 11b) in MeOH................. 52 

Figure 18. AtPKSA incubation with 3,5-dioxooctadecanoic acid (C18-DKAS, 31b) ..... 55 

Figure 19. Reaction of STS with cin-TKA (16a) ............................................................. 57 

Figure 20. Structure of Fast Blue B salt ............................................................................ 62 

Figure 21. TLC staining behaviour ................................................................................... 63 

Figure 22. UV scan of HPLC fractions (Rt = 9.2 – 10.3 min), 11b and 14b .................... 65 

Figure 23. C20-TKA 16b  in mobile phase ...................................................................... 67 

Figure 24. C20-TKA 16b in buffer only ........................................................................... 68 

Figure 25. C20-TKA 16b and ArsB time course .............................................................. 70 

Figure 26. Comparison of ArsB, ArsC, and buffer control incubation with 16b ............. 71 

Figure 27. C20-TKA 16b and BSA .................................................................................. 72 



ix 
 

Figure 28. C20-TKA 16b and denatured ArsB (2 h incubation) ...................................... 74 

Figure 29. Inhibition of ArsB with C18-DKAS (31b) ...................................................... 76 

Figure 30. Inhibition of ArsB with stearic acid and C20-TKA (16b) .............................. 77 

Figure 31. Synthetic reactions involving cDA (21), (Harris et al. 1971) .......................... 79 

Figure 32. Incubation of cDA 21b with ArsC, ArsB, and buffer control ......................... 80 

 

 



x 
 

 

List of Tables 

Figure 1. Summary of enzymes, substrates and major products ....................................... 34 

 



xi 
 

List of Flowcharts 

Flowchart 1. Outline of the elimination of various pathways based on experimental 

results with putative intermediate compounds ............................................ 30 



xii 
 

List of Schemes 

Scheme 1. Preparation of N-acyl-2-methylaziridines (29) ............................................... 38 

Scheme 2. Preparation of diketo esters (30) ..................................................................... 40 

Scheme 3. Preparation of diketo acid salts (DKAS, 31) and diketo acids (DKA, 32) ..... 42 

Scheme 4. Preparation of 4-hydroxy-2-pyrones (33) ....................................................... 44 

Scheme 5. Preparation of triketo esters (TKE, 34) ........................................................... 45 

Scheme 6. Preparation of triketo acid salt (TKAS, 36) and triketo acid (TKA, 16) ......... 48 

Scheme 7. Preparation of triketo acid (16) from triketo ester (34) via TFA .................... 48 

Scheme 8. Preparation of cyclic dianion (21) ................................................................... 49 

 

 

 



1 
 

1. Introduction 

1.1 Polyketides and polyketide synthases 

Polyketide natural products are a diverse group of compounds in terms of their 

structure and function
1
. These compounds have shown great importance in medicine due 

to their antibiotic, anticancer, antifungal, and immunosuppressive properties. Polyketide 

synthases (PKSs) are the enzymes responsible for the production of polyketides in plants, 

bacteria, and fungi.
1-2

 Type III PKSs are of particular interest because they are small, 

homodimeric proteins that are multi-functional, catalyzing one or more condensation 

reactions between a starter-CoA (such as p-coumaroyl-CoA, 1) and malonyl-CoA (2). 

These condensation reactions are followed by the cyclization of the resulting linear 

polyketide. 

1.2 Type III polyketide synthases 

Type III PKSs are ubiquitous in plants and responsible for flavanoid biosynthesis. 

Type III PKSs hold diverse biological roles in plants such as providing antimicrobial 

compounds, and forming sporopollenin, the polymer that gives structural integrity and 

dessication resistance to pollen. Earlier type III PKSs could have played roles in allowing 

plants to come to land by synthesizing compounds that provided protection from damage 

caused by UV light, dessication and/or microbial attack. 

Type III PKSs are structurally simple, small, homodimeric proteins of 

approximately 40–45 kDa, with a catalytic triad of Cys164-His303-Asn336 (numbering 

based on Medicago sativa CHS
3
) at the active site. All reactions performed by the type III 
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PKSs take place within a single active site. Structural insight into the reaction mechanism 

of M. sativa CHS indicates the presence of three inter-connected cavities; the CoA 

binding tunnel, a coumaroyl-binding pocket and a cyclization pocket at the active site. 

The type III PKS monomer utilizes the triad within an internal active site cavity, which is 

connected to the surrounding aqueous phase by a narrow CoA-binding tunnel.
4
 

Diversity in the polyketides synthesized by type III PKSs is due to several 

features, one of which is the choice of the starter-CoA substrate. For example, CHS and 

stilbene synthase (STS) both utilize p-coumaroyl-CoA 1 (Figure 1), while 2-pyrone 

synthase (2PS) from Gerbera accepts acetyl-CoA
5
, and biphenyl synthase (BIS) from 

Sorbus aucuparia utilizes benzoyl-CoA as a starter-CoA.
6
  

The choice of starter-CoA already provides great diversity of products but even 

more diversity is achieved by the number of malonyl-CoA molecules that can be 

condensed, from one condensation (benzalacetone synthase)
7
 to seven condensations 

(octaketide synthase).
8
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Figure 1. General reactions performed by CHS.  CHS utilizes p-coumaroyl-CoA 1 as 

a starter-CoA and performs three condensations with malonyl-CoA 2 to give the triketo 

CoA ester intermediate 3. 
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1.3 Cyclization modes in type III polyketide synthases 

In addition to being able to accept a wide variety of starter-CoA molecules and 

perform chain extensions to different degrees, the cyclization modes employed by type III 

PKSs also shows great diversity (Figure 2). Representative natural products produced by 

type III PKS by different cyclization reactions are shown in Figure 3. 

The substrates used for CHS are a molecule of p-coumaroyl-CoA (1) and three 

molecules of malonyl-CoA (2), and the final cyclization product is a chalcone (Figure 4). 

An intramolecular Claisen condensation reaction is employed by CHS to cyclize the 

tetraketide intermediate to give naringenin chalcone 4 (Figure 4). Although STS uses the 

same starter-CoA substrate, performs the same number of condensation reactions and 

generates the same linear tetraketide intermediate (3), it does not give chalcone as the 

final product. STS cyclizes the linear intermediate via an intramolecular aldol 

condensation accompanied by decarboxylation, giving a substituted resorcinol known as 

resveratrol 5 (Figure 4). The mechanism of the resorcinol ring formation catalyzed by 

STS and other type III PKSs has been the subject of much debate, and will be discussed 

further in Section 1.4.  
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Figure 2. Variety of cyclization modes employed by type III PKSs. Lactonization can 

occur after 2 or 3 condensations with malonyl-CoA. Aldol and decarboxylative aldol reactions of 

the tetraketide intermediate lead to substituted resorcylic acids and resorcinols respectively. 

Acylation reaction of the tetraketide leads to acylphloroglucinol products. 
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Figure 3. Different cyclization products from various PKSs. A wide variety of natural 

products can be produced by type III PKSs using various cyclization modes: Claisen 

acylation, lactonization, aldol reaction, and decarboxylative aldol reaction. Bold bonds 

indicate bonds formed during cyclization reaction catalyzed by the PKSs. 
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The amino acid residues responsible for determining the cyclization mode of CHS 

and STS have not been identified. In fact, Noel et al. found that it is the subtle 

displacement of active site residues that creates an “aldol switch” in STS, which allows 

for the thioesterase activity required for that type of cyclization.
9
  

The bacterium Azotobacter vinelandii produces alkyl-2-pyrones (6 and 7) and 5-

alkylresorcinols (8) that can be found localized in the cyst coat (Figure 5).
10

 It is thought 

that these phenolic lipids contribute to the physiology and desiccation resistance of the 

cyst. The enzyme responsible for the production of alkylresorcinols in A. vinelandii is 

known as alkylresorcinol synthase B (ArsB).
10

 ArsB is promiscuous in its choice of 

starter-CoA, accepting chain lengths from C10 to C22. ArsB also produces alkyl-2-

pyrones, particularly when the shorter starter-CoA molecules (C10 to C14) are used, 

suggesting that these chain lengths are not ideal and thus increases the amount of 

derailment products (alkyl-2-pyrones 6 and 7) produced (Figure 5).  

STS and CHS also produce small amounts of tri- and tetraketide pyrones: 

bisnoryangonin 9 (BNY), and 4-coumaroyltriacetic acid lactone 10 (CTAL), respectively, 

when p-coumaroyl-CoA 1 is used as the starter-CoA (Figure 7).
11

 Pyrones are thought to 

be derailment products, and only produced by these enzymes in cases where reaction 

conditions are not optimal, or when a non-ideal starter-CoA is used, similarly to the 

derailment pyrone formation in the ArsB reaction (Figure 5). There are, however, 

enzymes which produce pyrones as their major products, such as 2-pyrone synthase (2PS) 

from Gerbera hybrid,
5
 an alkyl-2-pyrone synthase (ArsC) from Azotobacter vinelandii

10
 

as well as PpASCL, a hydroxyalkyl pyrone synthase from Physcomitrella patens
12

 and 

other anther-specific chalcone synthase-like enzymes (ASCLs).  



8 
 

 

 

 

Figure 4. Cyclization modes of CHS and STS utilizing the same triketo-CoA 

thioester intermediate. CHS cyclizes via a C1C6 intramolecular Claisen 

condensation. STS cyclizes via a C2C7 intramolecular aldol condensation 
accompanied by decarboxylation. 
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Figure 5. Reactions of ArsB including derailment products. ArsB can accept acyl-

CoA molecules of varying lengths, and perform up to three condensations with malonyl-

CoA. Pyrones are generally thought to be derailment products. 
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Figure 6. Derailment products of CHS. CHS produces tri- and tetraketide pyrone 

derailment products bisnoryangonin (9) and p-coumaroyltriacetic acid lactone (10). 
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There is also an enzyme from Hydrangea macrophylla and two from Oryza sativa 

that cyclize a tetraketide intermediate to give resorcylic acid 11 (Figure 7). The enzyme 

from H. macrophylla was classified as a stilbenecarboxylate synthase and named 

STCS1a.
13

 The two enzymes isolated from O. sativa were named alkylresorcylic acid 

synthase 1 (ARAS1) and alkylresorcylic acid synthase 2 (ARAS2), differing from 

STCS1a in that they are alkylresorcylic acid synthases and do not utilize 

phenylpropanoyl-CoA substrates.
14

 Synthesis of a resorcylic acid is similar to the STS-

type cyclization in that they are both intramolecular aldol condensations, but without a 

subsequent decarboxylation step. Another enzyme, oxo-resorcylic acid synthase (ORAS) 

has been found to produce the resorcylic acid ring using a long-chain alkyl-CoA starter 

molecule and four molecules of malonyl-CoA to produce 2'-oxoalkylresorcylic acids.
15

 

Although the mechanism for the formation of the resorcylic acid backbone would seem to 

be STS-like, it is proposed that the reaction mechanism employed by these resorcylic acid 

synthases is different from the typical STS mechanism, as will be discussed in 

section 1.4. 
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Figure 7. Different cyclization reactions catalyzed by type III PKSs. Various type III 

PKSs first condense a starter CoA substrate with malonyl-CoA molecules to give a 

polyketide intermediate. The number of malonyl-CoA molecules most commonly utilized 

is three, and the resultant triketide thioester is cyclized differently to give products with 

diverse ring structures. Alkylresorcylic acid synthase (ARAS), as well as STCS1a, 

catalyzes a C-2C-7 intramolecular aldol reaction, accompanied by the hydrolysis of the 
CoA-thioester, to afford a 6-alkylresorcylic acid (11). Chalcone synthase (CHS) catalyzes 

the C-6C-1 intramolecular Claisen acylation to give a chalcone (12) having a 

phloroglucinol ring, while anther-specific chalcone synthase-like enzymes (ASCL) and 

ArsC, a bacterial type III PKS, catalyze lactonization to produce 2-oxo-2-pyrones (13). 
Stilbene synthases from several plants and ArsB, a bacterial enzyme, also catalyze the 

aldol cyclization; however, during the reaction, decarboxylation occurs along with 

hydrolysis to give 5-substituted resorcinols (14). 
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1.4 Mechanism of resorcinol ring formation 

There has been much debate over the precise mechanism by which STS and other 

enzymes accomplish the decarboxylative aldol condensation.
9, 14, 16

 An overview of the 

possible mechanisms is given in Figure 8. Starting from the triketo CoA-thioester 15, 

pathway A begins with hydrolysis of the CoA-thioester, leaving the free triketo acid 16. 

From 16, cyclization can occur by decarboxylative aldol (pathway A1) or stepwise, with 

the aldol cyclization occurring first (pathway A2), followed by decarboxylation 

(pathways A2.1 or A2.2) or dehydration/aromatization (pathway A2.3). Pathway A2.1 

involves decarboxylation of the β-keto acid 19, giving 24 which will then undergo 

dehydration to give the final substituted resorcinol 14. Pathway A2.2 involves coupled 

decarboxylative dehydration to give 14. Pathway A2.3 dehydrates/aromatizes 21 first, to 

yield the substituted resorcylic acid 11, which then decarboxylates to give 14. 

If the linear triketo CoA-thioester 15 undergoes aldol cyclization first (pathway B), 

then three different pathways can occur from the cyclization product 17: hydrolysis 

(pathway B1), dehydration/aromatization (pathway B2) and dehydration (pathway B3). 

Pathway B1 will give the same intermediate as pathway A2 (19-21) which can undergo 

either β-keto acid decarboxylation followed by dehydration/aromatization (pathway 

B1.1), coupled decarboxylative dehydration (pathway B1.2), or 

dehydration/aromatization followed by decarboxylation (pathway B1.3). The cyclization 

product 17 can also dehydrate/aromatize to give 22, which will undergo hydrolysis to 

give the substituted resorcylic acid 11. Subsequent decarboxylation of 11 will lead to the 

substituted resorcinol 14 via pathway B2. Pathway B3 involves the dehydration of 17, 

followed by hydrolysis to give 25, a β-keto acid, which can then decarboxylate to give 
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14. Thus far, only pathway B2 has been eliminated as a possibility in the context of 

Arachis hypogaea STS.
16

 

 

Figure 8. Possible mechanisms of resorcinol ring formation. a) R = PhCH=CH; 

b) R = CH3(CH2)12; c) R = CH3(CH2)14.  

A1: Hydrolysis, decarboxylative aldol, dehydration/aromatization 

A2.1: Hydrolysis, aldol, β-keto decarboxylation, dehydration/aromatization 

A2.2: Hydrolysis, aldol, coupled decarboxylative dehydration 

A2.3: Hydrolysis, aldol, dehydration/aromatization, decarboxylation 

B1.1: Aldol, hydrolysis, β-keto decarboxylation, dehydration/aromatization 

B1.2: Aldol, hydrolysis, coupled decarboxylative dehydration 

B1.3: Aldol, hydrolysis, dehydration/aromatization, decarboxylation 

B2: Aldol, dehydration/aromatization, hydrolysis, decarboxylation 

B3: Aldol, dehydration, hydrolysis, β-keto decarboxylation.  
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Several pieces of evidence have been compiled throughout the study of STS and 

other resorcinol ring-forming PKSs to help determine the correct pathway. Austin et al. 

have proposed that an “aldol switch” is present in STS.
9
  While studying the X-ray crystal 

structure of pine STS, they found that STS, but not CHS, shows a subtle displacement of 

Thr132 which results in the side chain hydroxyl group coming within hydrogen bonding 

distance of a water molecule that is stabilized by Ser338. They speculate that this active-

site water molecule is crucial to the aldol cyclization specificity of STS. It is thought that 

this hydrogen-bonding network contributes the thioesterase-like activity needed to 

hydrolyse the C1-CoA thioester bond, leaving a free carboxylic acid intermediate, which 

can undergo aldol cyclization in the active site, such as in pathways A1 and A2.  

Shibuya et al. conducted a deuterium incorporation study in 2002, which eliminated 

the possibility of pathway B2 being the correct mechanism.
16

 They were also unable to 

detect any stilbene carboxylic acid among the enzyme reaction products. This would then 

eliminate any pathways that lead to the substituted resorcylic acid 11: pathways A2.3, 

B1.3, and B2 for STS-catalyzed resorcinol ring formation. In order to determine the 

reaction sequence of decarboxylation and aromatization, they provided the enzyme with 

deuterated malonyl-CoA. If aromatization precedes decarboxylation, that is, if 11 is an 

intermediate, then C-4 of the ring will not be deuterated; however the other pathways 

where 11 is not an intermediate present the possibility of three deuterium atoms being 

incorporated into the resorcinol ring (Figure 9). The detection of resveratrol containing 

three deuterium atoms, as well as the lack of stilbene carboxylic acid detection among the 

enzyme reaction products led to the conclusion that decarboxylation must occur before 

aromatization in the STS-catalyzed resorcinol ring formation. This eliminated pathways 
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A2.3, B1.3 and B2 for STS-catalyzed cyclization, but it remains possible that other 

resorcinol ring-forming enzymes, including ArsB, may follow any of these pathways. 

 

 

Figure 9. Deuterium incorporation study. Pathways in which substituted resorcylic 

acid is not an intermediate (for example, pathway A1) would result in the formation of 

the resorcinol ring with three deuterium atoms, whereas pathways that go through 

substituted resorcylic acid (for example, pathway B1.3) results in only two atoms of 

deuterium on the resorcinol ring. 
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In all STS enzymes studied to date, no substituted resorcylic acids (stilbene 

carboxylic acids) have been detected, which is cited as further reason to eliminate 

pathways that lead to 11, in STS-catalyzed reactions. There are, however, enzymes that 

produce substituted resorcylic acids in vitro. In 2003, Eckermann et al. identified and 

expressed an enzyme called STCS1a and found that it produced a substituted resorcylic 

acid from dihydro-4-coumaroyl-CoA (but not with any other substrate) which comprised 

~50% of the products produced.
13

 The authors discussed the possibility that the 

substituted resorcylic acid was formed via the same intramolecular aldol reaction as that 

used by STS, and that this enzyme simply lacked the same decarboxylation capabilities.  

More recently, Funa et al. investigated an enzyme (ORAS) that was found to 

produce pentaketide resorcylic acid from long chain fatty acyl-CoA esters.
15

 They 

observed that prolonged reaction time led to a decrease in resorcylic acid and an increase 

in resorcinol production. They attributed this to the non-enzymatic decarboxylation of the 

resorcylic acid originally produced by the enzyme. During the analysis of the product 

mixture, they found that decarboxylation of the resorcylic acid occurred at the ionization 

step during liquid chromatography-atmospheric pressure chemical ionization mass 

spectrometric analysis. This is an interesting finding which may suggest that resorcylic 

acids are possibly intermediates in the reaction of other resorcinol ring-forming enzymes 

such as ArsB, and have not been identified due to the propensity of the resorcylic acids to 

decarboxylate. However, this possibility is remote as it is unlikely that substituted 

resorcylic acids would not have been observed by thin layer chromatography (TLC) if 

they were indeed produced during the enzyme reactions. Thus, it is more probable that 

ORAS and, ARAS1 and ARAS2 are indeed resorcylic acid synthases and the production 
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of substituted resorcinols by ArsB occurs via decarboxylative aldol condensation, not via 

the decarboxylation of resorcylic acids.  

The deuterium incorporation study of Shibuya et al.
5
 has previously ruled out 

resorcylic acid as a possible intermediate in the STS cyclization mechanism (Figure 9). 

The only enzyme used in this study was the STS from Arachis hypogaea, and it would be 

interesting to know if the same results would be obtained with other resorcinol-producing 

enzymes such as ArsB, as it may be possible that other resorcinol-producing enzymes do 

actually utilize the pathways that include resorcylic acid as an intermediate. Furthermore, 

the various STSs from different plant species have only 60-70% identity to each other, 

and some STSs likely evolved several times independently, so it is also feasible that each 

STS enzyme from different plant species does not necessarily utilize the exact same 

cyclization mechanism.  

Spencer et al. investigated the use of a non-hydrolyzable malonyl-CoA analogue 

(26) as a trapping agent in the STS (P. sylvestris) reaction.
17, 18

 Since the CoA analogue 

cannot be hydrolyzed, once it is incorporated into the growing polyketide chain, the chain 

cannot be extended any further, and the di-, tri-, or tetraketide is offloaded from the 

enzyme. They were able to detect (by LC-MS) a dehydrated, possibly cyclized 

tetraketide-CoA compound 27 (Figure 10) from the non-hydrolyzable malonyl-CoA 

analogue, and more interestingly, the natural tetraketide 28 (Figure 10), which 

corresponds to 23 in pathway B3 (Figure 8), formed from condensations of the malonyl-

CoA present in the enzyme reaction.
18
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Figure 10. Malonyl-CoA analogue (26) and the products detected by Spencer et al. 

using LC-MS (2009).
18

 R = (PhCH=CH). 
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This study could be taken to suggest that the resorcinol ring forming reaction may 

go through pathway B3. Pathway B3 is attractive because it offers a chemically perfect 

way to control the timing of thioester hydrolysis. In pathway B3, the nucleophilic 

water molecule used for the thioester hydrolysis is produced in situ just prior to the actual 

hydrolysis, thereby preventing any premature "derailment" hydrolysis of growing 

polyketide intermediates.  In other pathways, resorcinol-forming enzymes need to keep 

the “aldol switch” off until the final condensation reaction or until aldol cyclization. In 

pathway B3, the tetraketide CoA-thioester (15) must undergo aldol cyclization before the 

aldol switch is turned on and hydrolyzes the thioester bond. The ring structure could be 

the switch trigger. For B3 to be operative, ArsB or STS should be able to catalyze the 

dehydration reaction and at the same time be able to keep the non-aromatic intermediate, 

23 from premature aromatization. Then the resorcinol ring formation will be completed 

by -keto acid decarboxylation of 25 to 14 (Figure 11), as in the decarboxylation of 

various ortho hydroxy phenolic acids catalyzed by bacterial decarboxylases such as 2,3-

dihydroxybenzoic acid decarboxylase from Aspergillus niger.
19

 It is worthwhile to point 

out that in the DpgA-catalyzed ring formation of 3,5-dihydroxyphenylacetyl-CoA in the 

biosynthetic pathway to 3,5-dihydroxyphenylglycine, two enzymes with weak enoyl-CoA 

hydratase activity, DpgB and DpgD, were found to significantly increase the turnover 

rate of DpgA and were implicated to assist the aromatization reaction.
20

 Therefore, it 

appears that DpgA cannot catalyze the dehydration/aromatization efficiently, which in 

turn suggests that non-aromatic species such as 23 can exist as a viable reaction 

intermediate.  
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Figure 11. Resorcinol ring-formation mechanism - pathway B3 a) R = PhCH=CH; 

b) R = CH3(CH2)12; c) R = CH3(CH2)14.  
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1.5 Mechanism of pyrone formation 

Tri- and tetraketide 2-pyrones are generated by most type III PKSs either as major 

products or as derailment products. Two mechanisms have been discussed to account for 

the pyrone formation (lactonization) by type III PKSs. Direct O-acylation of the 

polyketide-CoA thioester (pathway C, Figure 12), in which the enolic oxyanion acts as 

the nucleophile and the CoA unit as the leaving group, has been proposed for the 

mechanism of pyrone formation by Gerbera 2PS,
5
 Streptomyces RppA (a tetrahydroxy-

naphthalene synthase),
21

 and ArsC.
10

 Conversely, hydrolysis of the CoA-thioester 

followed by non-enzymatic acid-catalyzed intramolecular lactonization and dehydration 

(pathway D, Figure 12) was proposed for the derailment pyrone production in type III 

PKS reactions.
22,

 
23

  

It has proven to be difficult to provide direct evidence for pathway C as oligoketide-

CoA thioesters are synthetically inaccessible, mainly because of the intrinsic chemical 

instability of oligoketide thioesters.
24
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Figure 12. Possible mechanisms for pyrone formation. C, O-acylation via enzyme 

catalysis; D, spontaneous lactonization in solution. 
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1.6 Solution chemistry – Overview of cyclizations of linear polyketides 

Cyclizations similar to those performed by the type III PKSs have been investigated 

with synthetic linear polyketides (Figure 13).
25

 Triketo acids can be cyclized to afford the 

resorcinol ring, and in fact the aldol condensation to form resorcylic acid is quite facile in 

many cases. Thermal decarboxylation is then used to give the final substituted resorcinol. 

A wide variety of different compounds have been synthesized by employing different R 

groups on the triketo acids, much like the PKS product diversity created by the wide 

variety of starter-CoAs used. Resorcylic acid formation is found to be spontaneous in pH 

5 solution.
26, 27

 Above pH 5, decarboxylation of the triketo acid competes with the aldol 

condensation reaction.  

Although resorcinols are typically synthesized by thermal decarboxylation of the 

resorcylic acids, they are already found in the product mixture in small amounts, at room 

temperature. Some literature detailing the synthesis of these compounds suggests that the 

ease with which intramolecular aldol condensation occurs may be cause to speculate that 

resorcinol-ring forming PKS enzymes do not catalyze cyclization at all.
26

 If the PKS 

simply formed the linear polyketide and hydrolysed the CoA thioester, the free triketo 

acid could cyclize to give the substituted resorcylic acid (in the active site or in solution) 

and the enzyme may then be responsible for facilitating the decarboxylation in the cases 

where resorcinols are the major products.  
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Figure 13. Solution chemistry of the cyclizations of linear triketo acids under 

various conditions. Treatment with strong acid leads to pyrone products, whereas weak 

acid will yield substituted resorcylic acids (11), which can be heated to give substituted 

resorcinols (14). At neutral pH, substituted resorcylic acids are produced, but 

decarboxylation of the triketo acid also occurs, giving the triketone. Under strongly basic 

conditions (aqueous 2 M KOH) the dianion 21 is produced. 
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Pyrone formation via linear di- and triketo acids is typically accomplished in acidic 

conditions, such as trifluoroacetic acid anhydride in trifluoracetic acid, and a variety of 

other acidic conditions that are not similar to the aqueous buffered solutions typical of in 

vitro enzyme reactions.
28

 The formation of pyrones from triketo acids has not been 

observed to occur spontaneously, and aldol condensation and decarboxylation are more 

likely to occur. Pyrone formation via linear intermediates requires acid, and some of the 

biochemical literature speculated that the “work-up” procedure of adding HCl causes 

pyrone formation,
11, 22, 23, 29

 but no example of this has been found in the organic 

chemistry literature. There has been one example of spontaneous cyclization of di- and 

triketo thioacids to give pyrones.
24

 This would lend support to spontaneous pyrone 

formation from free poly-keto CoA thioesters, but not from the free acids.
24

  

Harris et al. reported the formation of a cyclic dianion (cDA, 21) by the treatment of 

triketo acid with aqueous 1 M KOH (Figure 13).
30

 Any attempts to isolate the protonated 

form of 21 from the reaction mixture resulted in dehydration and aromatization, and only 

resorcylic acid could be isolated. The dianion 21 was reported to be stable in aqueous 

solution in the pH range of 7-13, but nearing neutral pH, dehydration was favoured and it 

was converted to 11.
31
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1.7  Research objectives 

The primary objective of this study is to investigate the cyclization mechanisms in 

type III PKSs, including PpASCL, AtPKSA, STS, and ArsB. Putative intermediates 

mentioned above will be synthesized and then used as probes for the study of enzyme 

reaction mechanisms. The ability or inability of the enzymes under investigation to react 

with these compounds will provide evidence for or against a particular pathway. Careful 

analysis of enzyme products, in comparison with authentic compounds will provide 

further, if not conclusive, evidence of the correct pathway.  

By incubating pyrone-producing enzymes with a synthetic diketo acid, the 

mechanism of pyrone formation can be investigated. It is also possible to rule out the 

proposed spontaneous lactonization in solution by incubating the synthetic diketo acid in 

buffer.  

Performing reactions with resorcinol ring-producing enzymes and triketo esters, 

triketo acids, and a cDA may help to confirm which pathway is operating in the 

resorcinol ring formation of type III PKSs. The ability or inability of these enzymes to 

form cyclized products from the linear polyketo compounds or the cyclic dianion may 

shed light on which of these compounds is an actual intermediate in the mechanism. 

There are limitations to the utility of the synthetic esters, as they are not CoA-

thioesters. As such, they may not be accepted by the enzyme and negative results are, 

therefore, difficult to interpret. The triketo methyl ester was chosen to allow a greater 

likelihood of being accepted into the enzyme active site, as it is the smallest and least 
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intrusive R group available. Along pathway B it is possible that a cyclized product could 

result from a linear triketo ester (Figure 14).  

The cyclic dianion 21 seen along pathways A2 and B1 can be synthesized and used 

as a probe as well. If the cDA is converted to resorcinol, this provides evidence of 

pathway A2 or B1 being correct (Flowchart 1 and Figure 8). 
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Figure 14. Possible outcomes of the reaction of ArsB or STS with triketo ester (34). 

STS: R = PhCH=CH, ArsB: R = CH3(CH2)12. 

 

  



30 
 

 

 

 

Flowchart 1. Outline of the elimination of various pathways based on experimental 

results with putative intermediate compounds. 
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1.8 Synthetic strategies for linear polyketides 

The synthesis of linear polyketide compounds has been investigated for many years, 

and many strategies have been developed.
25

 In general, two main types of strategies are 

employed: an already existing ring structure, typically a pyrone is opened,
25, 32, 33

 or a 

biomimetic approach is used.
27, 34

 In a biomimetic type of synthesis, sequential acylation 

reactions are performed to introduce another carbonyl unit to the chain, analogous to the 

enzyme condensations with malonyl-CoA. The most common methods
25

 employ the 

general reaction sequence seen in Figure 15. Starting with a β-keto ester, the dianion is 

generated and an acylating agent is added, which preferentially reacts at the terminal 

carbon to result in a diketo ester. The trianion of this ester is then generated, and another 

acylating agent can be added to give the triketo ester.  

Over the years much research has been devoted
27, 35-44

 to establishing the best way 

to generate the poly anions of β-keto compounds, but to date the most successful means 

of generating the dianion involves the use of 1 equivalent of NaH, and 1 equivalent of 

n-BuLi.
38

 The trianion generation requires the use of 1 equivalent of NaH, and 2 

equivalents of s-BuLi or even t-BuLi.
34

 Many acylating agents have been used to add 

carbonyl groups to the chain, including N-methoxy-N-methyl amides,
36

 and more recently 

N-acyl-2-methylaziridines.
39
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Figure 15. Common reaction requence for linear polyketide synthesis. 
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The acylation reactions employing acyl aziridines was chosen for this study in large 

part due to the extensive work done by Lygo, who demonstrated the utility of these 

compounds in the context of polyketide synthesis.
39

 There was no mention in the 

literature as to whether this approach could be extended to the triketo ester system, but 

the encouraging results of Lygo and Beifuss
28

 for the diketo system provided enough 

confidence to proceed. The triketo compounds have been synthesized in the past, and the 

instability of these types of compounds was noted throughout. Thus, the method of 

Beifuss to convert the esters into potassium salts was used in order to allow easy storage 

of the diketo acids.
28

 Again, it was not certain as to whether this method could be 

extended to the triketo system, but this approach seemed promising. 

This field of synthesis has encountered a number of difficulties due to the instability 

of polyketo compounds. Generation of the polyanions is difficult, and has been met with 

a great deal of failure in the past,
38

 and proton transfer is a common problem.
37,

 
45 

Once 

these problems are worked out, there are still roadblocks to overcome, as many di- and 

triketo esters and acids are unstable, and difficult to isolate and purify.
38, 39  
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2. Materials and methods – biochemical studies 

2.1 Enzymes studied  

Table 1. Summary of enzymes, substrates and major products. 

Enzyme Starter-CoAs accepted Major product 

AtPKSA Long chain fatty acyl CoA (C4-C20)
46

 Triketide alkyl-2-pyrone 

PpASCL Long chain fatty acyl CoA (C6-C20)
47

 Triketide alkyl-2-pyrone 

STS Phenylpropanoyl-CoA
48

 Pinosylvin & Resveratrol 

ArsB Acyl CoA (C10-C22)
10

 5-Alkyl resorcinol 

ArsC Acyl CoA (C10-C22)
10

 Tri- & tetraketide alkyl-2-pyrone 

 

2.2 Enzyme purification 

All enzymes studied (STS, ArsB, AtPKSA, PpASCL) were overproduced as His-tag 

proteins to allow single-step purification by Ni
2+

-chelation chromatography to a high 

purity. Due to the instability of some of the compounds during storage, all reactions were 

performed alongside enzyme-free reactions to ensure that any new spots seen on TLC 

were not due to the normal degradation of the substrates in the presence of buffer, and 

heat during incubation.  

The recombinant enzymes were overproduced in E. coli and purified as described 

previously.
22

  E. coli BL21 cells containing the plasmids were grown to OD600 = 0.6, and 

then induced with 1 mM IPTG and incubated for ~20 hours at 22°C. A Ni
2+

-affinity 

chromatography column was pre-equilibrated in starter buffer (20 mM potassium 

phosphate (KPi, consisting of a mixture of monobasic dihydrogen phosphate and dibasic 
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monohydrogen phosphate), pH 7.4, 300 mM NaCl, 5 mM β-mercaptoethanol). Cells were 

resuspended in starter buffer and sonicated (5  10 seconds, with 30 second rest intervals 

on ice). The soluble fraction was applied to the column, and wash steps with starter buffer 

(5  column bed volume) and 80 mM imidazole in starter buffer (6  bed volume) were 

carried out to remove non-His-tag proteins. The enzyme of interest was eluted with 300 

mM imidazole in starter buffer, and the buffer changed to an enzyme assay buffer (100 

mM KPi, pH 7.2 or 7.8) using a 10DG column (Bio-Rad). Protein concentration was 

estimated by sodium dodecyl sulfate (SDS) polyacrylamide gel electrophoresis (PAGE) 

and determined more accurately by the Lowry assay (Bio-Rad). The enzyme purity was 

assessed by SDS-PAGE. 

2.3 Enzyme assays 

Malonyl-CoA, myristoyl-CoA, and cinnamoyl-CoA were purchased from Sigma. p-

coumaroyl-CoA was enzymatically synthesized in the laboratory.
13

 [2-
14

C]malonyl-CoA 

was obtained from NEN/PerkinElmer. 

Authentic resveratrol and naringenin were purchased from Sigma. Authentic 

pinosylvin was purchased from Biofine International Inc.  

Radio labelled enzyme reactions (50–100 µL total volume) containing starter-CoA 

(100 µM), [2-
14

C]malonyl-CoA (9 µM, 53.9 mCi/mmol), malonyl-CoA (41 µM) and 

enzyme (20–30 µg) in enzyme assay buffer (0.1 M KPi, pH 7.8) were incubated at 37°C 

for 30 min and terminated by acidification (7.5 µL of 1 N HCl) when desired. Non-radio 

labelled enzyme reactions containing synthetic putative intermediates in varying 

concentrations, and enzyme (also varying in concentration) in the enzyme assay buffer 
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were also incubated at 37°C. Reaction products were then extracted with ethyl acetate 

(100 µL) and separated by TLC. For RP18 TLC plates (Merck), a solvent system of 

60:40:1 (v/v/v) methanol/water/acetic acid was used, and for silica TLC plates (Merck), a 

solvent system of 20:1 (v/v) CH2Cl2/MeOH or 75:25:1 (v/v/v) toluene/acetone/acetic acid 

was employed. Authentic resveratrol, pinosylvin, and naringenin were used as standards 

to identify reaction products where appropriate. Authentic 4-hydroxy-6-tridecyl-2-pyrone 

(33a) and resorcinol 14b were synthesized (see sections 3.3 and 3.10) and used as 

standards to identify reaction products where appropriate. The radioactive products were 

quantified using an Imaging Plate analyzer (Molecular Dynamics Storm 860, Amersham 

Pharmacia Biotech) and [2-
14

C]malonyl-CoA as a standard for specific activity.  

2.4 HPLC analysis 

HPLC chromatograms were obtained using a Phenomenex Luna 5µ C5 100A 

analytical column (250 x 4.60 mm), a Waters 510 HPLC pump and a Waters 717 plus 

autosampler. The detector used was an Agilent 1100 Series UV monitoring at λmax 

280 nm. Isocratic elution was used: the flow rate was 0.9 mL/min and the mobile phase 

was 800:200:1 (v/v/v) MeCN:H2O:AcOH.  

Reactions to be analyzed via HPLC were run with 100–200 µg of purified enzyme 

(ArsB, ArsC, or BSA) and 0.75 mM of triketo acid 16b in 100 mM KPi buffer (pH 7.8) at 

37 °C. Aliquots were removed at 0 min, 10 min, 30 min, 1 h, 4 h, and 9 h. Each aliquot 

was extracted with EtOAc, dried under vacuum and re-dissolved in mobile phase (150 

µL) and 30 µL was injected for HPLC analysis.  
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3. Synthesis of putative intermediates of PKS-catalyzed reactions 

AtPKSA and PpASCL are alkyl pyrone synthases that utilize acyl-CoAs with long 

alkyl chains as the starter-CoA. As discussed in section 1.5, it has been thought that these 

triketide-2-pyrones could be formed by the spontaneous cyclization of free diketo acids 

following the hydrolysis of the CoA thioester bond by the enzyme. It is also possible that 

the enzymes produce these pyrones enzymatically, either from a free acid or the diketo-

CoA thioester (Figure 12). Although diketo-CoA thioesters are synthetically inaccessible, 

the free acid can be synthesized and used as a mechanistic probe. From the diketo acid, 

the expected product (triketide alkyl-2-pyrone) can also be synthesized and used as a 

reference compound. 

Resorcinol ring formation mechanisms can be investigated in STS by using triketo 

acids (Figure 8) and esters (Figure 14), and so these were synthesized with an acceptable 

R-group (cinnamoyl). Similarly, resorcinol ring formation by ArsB can be investigated 

with triketo acids and esters, employing a long alkyl chain as the R-group. 

Chemicals used in the synthesis were purchased from Aldrich. Melting points were 

taken on an Electrothermal IA9100 digital melting point apparatus and are uncorrected. 

Infrared spectra were obtained using a Perkin Elmer 1600 series FTIR, and only 

diagnostic absorptions are reported. NMR spectra were obtained with a Varian Mercury 

300 MHz NMR spectrometer using CDCl3 as the solvent unless otherwise specified. 

Tetramethylsilane or residual CHCl3 (δH = 0.00 or 7.24) and the CDCl3 (δC = 77.0) 

resonance were used as internal references for 
1
H and 

13
C NMR. HRMS analyses were 

performed by the Department of Chemistry, University of Saskatchewan. Reaction 
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progress was monitored by thin-layer chromatography on Merck silica gel 

60F254 precoated (0.25 mm) on aluminum backed sheets. Air and moisture sensitive 

reactions were conducted under a static pressure of argon. Chromatographic purification 

refers to flash chromatography, performed in Silicycle silica gel 60 (230-400 mesh). 

Petroleum ether and dichloromethane were dried by distillation from calcium hydride. 

THF was dried by distillation from sodium, using benzophenone ketyl as indicator. 

 

3.1 Preparation of acyl aziridines (29):  

 

Scheme 1. Preparation of N-acyl-2-methylaziridines (29). a) R = Me, b) R = 

PhCH=CH, c) R = CH3(CH2)12. 

 

The appropriate acid chloride (1 mmol) was dissolved in dry petroleum ether (5 mL) 

and cooled to −10C. Et3N (1.1 mmol) was added. Immediately after this, freshly distilled 

2-methylaziridine (1 mmol) was added. White fumes and clumps were observed 

immediately after addition, and TLC showed the reaction proceeded very quickly, and 

was often complete within 0.5 h. The reaction was worked up by diluting with diethyl 

ether, filtering through a pad of celite, and evaporating off the solvent. 

N-Acetyl-2-methylaziridine (29a): colourless oil, purified via vacuum distillation 

(65% yield), b.p. 58C, 30 mmHg, (lit
49

: 48C, 20 mmHg); IR (CH2Cl2) 1684 cm
−1

; 

1
H NMR : 1.31 (d, 3H, J = 5.5 Hz, C2-Me), 1.93 (d, 1H, J = 3.4 Hz, H-3trans), 2.12 
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(s, 3H, H-2ʹ), 2.31 (d, 1H, J = 5.8 Hz, H-3cis), 2.45–2.53 (m, 1H, J = 3.4, 5.6 Hz, 

H−2). 

N-Cinnamoyl-2-methylaziridine (29b): Note that the cinnamoyl chloride is not as 

soluble in pet. ether as previous compounds, and so CH2Cl2 needed to be added until 

solids dissolved.
39

 This also resulted in lower yields than expected. Colourless oil, 

purified via flash column chromatography using 7:1 pet. ether: EtOAc, (70% yield); 

IR (CH2Cl2): 1667, 1624 cm
−1

; 
1
H NMR : 1.37 (d, 3H, J = 5.5 Hz, C2-Me), 2.04 (d, 

1H, J = 3.5 Hz, H-3trans), 2.43 (d, 1H, J = 5.8 Hz, H-3cis), 2.52–2.60 (m, 1H, H-2), 

6.62 (d, 1H, J = 16 Hz, H-2′), 7.34–7.39 (m, 3H, H-6′, 8′, 7′), 7.48–7.55 (m, 2H, H-

5′, 9′), 7.67 (d, 1H, J = 16 Hz).  

N-Tetradecanoyl-2-methylaziridine (29c): white solid, purified via flash column 

chromatography using 12:1 pet. ether: EtOAc, (81% yield). m.p.: 32.7–33.1C. IR 

(CH2Cl2): 1686 cm
−1

; 
1
H NMR : 0.85 (t, 3H, J = 7.0 Hz, H-14ʹ), 1.21–1.30 (m, 24H, 

C2-Me & H-4ʹ–13ʹ overlapping signals) 1.56–1.65 (m, 2H, H-3ʹ), 1.89 (d, 1H, J = 3.4 

Hz, H-3trans), 2.28–2.37 (m, 3H, J = 5.9 Hz, H-2ʹ & H-3cis), 2.40–2.49 (m, 1H, H-2). 

HRMS calcd for C17H33NO 267.2562, found 267.2556. 
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3.2 Preparation of diketo esters (30):  

 

NaH (60% dispersion in mineral oil 1.4 mmol) was washed 3 times with hexane and 

dry THF (5 mL) was added. Freshly distilled methyl acetoacetate (1 mmol) was added 

slowly via syringe. Gas evolution was observed and the solution became clearer during 

the addition. The reaction was left to stir for ~1 h, and then cooled in an ice-water bath. 

n-BuLi (1.3 mmol) was titrated and added to the reaction, causing the solution to take on 

a yellow colour. The reaction mixture was stirred for 20 min, and then the N-acyl-2-

methylaziridine (29), (1 mmol) in THF (2 mL) was added via cannula. Once the reaction 

was judged to be complete by TLC, it was quenched with aq. HCl (10%), extracted with 

EtOAc, washed with brine and dried over Na2SO4. The solvent was evaporated and the 

crude material purified via flash column chromatography using pet. ether: EtOAc, ratios 

indicated for each compound below. 

Methyl 3,5-dioxohexanoate (30a): Starting with 44 mg of N-acetyl-2-

methylaziridine (29a), 59.5 mg of product was obtained as a pale yellow oil, 

purified: (7:1), 85% yield; IR (neat): 1734, 1610 cm
−1

; 
1
H NMR shows a mixture of 

enol and keto forms, 
1
H NMR (Signals of minor keto tautomer in square brackets) : 

2.08 and [2.25] (s, 3H, H-6), 3.33 and [3.56] (s, 2H, H-2), 3.74 (s, 3H, OMe), 5.60 (s, 

enol-H-4) and [3.73, s, keto-H-4] and 15.10 (br s, enol-OH) (2H). The ratio of  

Scheme 2. Preparation of diketo esters (30). a) R = Me, Rʹ= Me; b) R = 

PhCH=CH, Rʹ = Me; c) R = CH3(CH2)12, Rʹ = Me; d) R = Me, Rʹ = t-Bu. 



41 
 

enol:keto tautomers was 6:1 and was based on the integration of enol H-6 signal at 

2.08 ppm and keto H-6 signal at 2.25 ppm. 

Methyl 7-phenyl-3,5-dioxo-6-heptenoate (30b): Starting with 86.7 mg of N-

cinnamoyl-2-methylaziridine (29b), 26 mg of product obtained as an orange oil that 

crystallized to solid upon storage. Purified: (7:1), 23% yield; m.p. 44.7–45.9°C (lit
36

: 

52–53°C) Note: unstable on silica gel, requiring fast elution on acid-washed silica 

gel. The silica gel had to be stirred with 1M HCl (~30 min) then washed with an 

equal volume of water (~6 times) until the pH of the eluent was around pH 5.5–6, 

and air dried.
38

 IR (CH2Cl2): 1743, 1638, 1584 cm
−1

; Keto form not seen in this 

instance. 
1
H NMR : 3.46 (s, 2H, H-2), 3.76 (s, 3H, OMe), 5.75 (s,1H, H-4), 6.47 (d, 

1H, J = 16 Hz, H-6), 7.34–7.40 (m, 3H, H-10–12), 7.49–7.54 (m, 2H, H-9, 13), 7.62 

(d, 1H, J = 16 Hz, H-7), 14.83 (br s, 1H, enol-OH).   

Methyl 3,5-dioxooctadecanoate (30c): Starting from 149 mg of N-tetradecanoyl-2-

methylaziridine (29c), 131 mg of product was obtained as a white, waxy solid, 

purified: (10:1), 64% yield; IR (CH2Cl2):  1743, 1603 cm
−1

. 
1
H NMR (Signals of 

minor keto tautomer in square brackets) : 0.88 (t, 3H, J = 6.5 Hz, H-18), 1.18−1.39 

(m, 20H, H-8−17), 1.55−1.65 (m, 2H, H-7), 2.29 (t) and [2.50, t] (2H, J = 7.4 Hz, 

H-6), 3.35 (s) and [3.57, s], (2H, H-2), 3.74 (s, 3H, OMe), 5.59 (s, enol-H-4) and 

[3.60, s, keto-H-4], and 15.13 (br s, enol-OH) (2H). HRMS calcd for C19H34O4 

326.2457, found 326.2459. 

The synthesis of the diketo esters and acids went relatively smoothly, although the 

cinnamoyl diketo ester did prove to be unstable during work-up and purification which 
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resulted in low yields. This experience then helped to explain the low yields once the 

synthesis of the triketo acids and esters were undertaken, and steps were taken to 

minimize the loss of product. Several papers have mentioned purification with “acid-

washed silica gel” to minimize degradation, and we did notice a difference in yields once 

this technique was employed.
38

 It should be noted however that work-up and purification 

must be performed very rapidly,
35, 41

 as it seems that the crude reaction mixture causes 

degradation immediately and it is crucial that the product be purified from the crude 

reaction mixture as soon as possible, or no product at all will be isolated. Interestingly 

enough, once the purified product is isolated, it is not as unstable, and storage is possible. 

The compounds do degrade over time, and another round of quick purification is often 

needed before employing these compounds in enzyme reactions.  

  

3.3 Preparation of carboxylate salts (31):  

  

Scheme 3. Preparation of diketo acid salts (DKAS, 31), diketo acids (DKA, 32). 

a) R = PhCH=CH; b) R =  CH3(CH2)12. 

 

KOH (5.5 mmol) was dissolved in absolute EtOH (1 mL). To this was added a 

solution of diketo ester (30) (1 mmol) in abs EtOH (0.5 mL) via cannula. A precipitate 

was observed after 5 min, and the reaction mixture was left for 12 h at −20C. The salts 
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were filtered with a sintered glass funnel, washed with cold (−10C) absolute EtOH (3  

5 mL) and then cold ether (3  5 mL). 

Dipotassium salt of methyl 7-phenyl-3,5-dioxo-6-heptenoate (31a): Starting from 

25 mg of diketo ester (30b), 22.2 mg of product was obtained as a pale yellow solid 

(71 % yield). 
1
H NMR (D2O): 7.38 (overlapping doublets, 2H, J = 15 Hz, H-6–7), 

7.42–7.53 (m, 3H, H-10–12), 7.69–7.72 (m, 2H, H-9, 13). 

Dipotassium salt of methyl 3,5-dioxooctadecanoate (C18-DKAS, 31b):. Starting 

from 50 mg of diketo ester (30c), 52 mg of product was obtained as a white solid 

(88% yield). IR (KBr disc): 3383, 1616, 1593, 1573, 1455 cm
−1

; 
1
H NMR (D2O): 

0.91 (br s, 3H, H-18), 1.20–1.41 (m, 20H, H-7– H-17), 2.34 (br s, 2H, H-6). 

Note: Since the 
1
H NMR spectra were taken in D2O, they were not very useful for 

structure confirmation due to the exchangeability of the enol H’s. However, the 

characteristic signals of the R groups were present in both compounds. To confirm the 

success of the reaction, and the structure of the product, the free acid was generated as 

described below. 

3.4 Preparation of diketo acids (32):  

The salt 31 (21 mg, 0.05 mmol) was dissolved in H2O (0.5 mL) and brought to 0C. 

HCl (1 M) was added dropwise until a precipitate was observed, the pH of the reaction 

mixture was found to be close to 2. The reaction mixture was extracted with cold 

chloroform, dried over Na2SO4, filtered and evaporated to give the free acid. 



44 
 

3,5-Dioxooctanoic acid (C18-DKA, 32a): The crude product was obtained as a 

white solid. 
1
H NMR : 0.88 (t, 3H, J = 6.9 Hz, H-18), 1.15–1.41 (m, 20H, H-8–17), 

1.51–1.68 (m, 2H, H-7), 2.30 (t, 2H, H-6), 3.41 (s, 2H, H-2), 5.58 (s, 1H, enol-H-4), 

14.77 (br s, enol-OH). 

3.5 Preparation of 4-hydroxy-2-pyrones (33) 

 
Scheme 4. Preparation of 4-hydroxy-2-pyrones (33). a) R = CH3(CH2)12. 

Trifluoroacetic acid (TFA, 2.2 mmol) was added to a suspension of 31a (1 mmol) in 

trifluoroacetic acid anhydride (TFAA) at −20°C. The resulting solution was allowed to 

warm to 0°C and was stirred for 2 h. The mixture was poured into ice water, extracted 

with CH2Cl2, dried over Na2SO4, filtered and concentrated to give the crude product. 

Purification via flash column chromatography (20:1 CH2Cl2: MeOH, Rf = 0.27) gave the 

target pyrone.  

4-Hydroxy-6-tridecyl-2-pyrone (33a): 
1
H NMR : 0.88 (t, 3H, H-13ʹ), 1.19−1.39 

(m, 20H, H-3ʹ−12ʹ), 1.55−1.70 (m, 2H, H-2ʹ), 2.47 (t, 2H, J = 7.5 Hz, H-1ʹ), 5.52 (d, 

1H, 
4
J = 1.8 Hz, H-3), 5.92 (d, 1H, 

4
J = 1.8 Hz, H-5), 9.25 (br s, 1H, enol-OH). 
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3.6 Preparation of triketo esters (TKE,  34):  

 

Scheme 5. Preparation of triketo esters (TKE, 34). a) R = PhCH=CH, Rʹ = Me; 

b) R = CH3(CH2)12, Rʹ = Me; c) R = CH3(CH2)12, Rʹ = t-Bu. 

 

NaH (60% suspension in mineral oil, 1.3 mmol) was washed with hexane and 

suspended in dry THF (7 mL). A solution of methyl 3,5-dioxohexanoate (30a) (115.6 mg, 

1 mmol) in dry THF (5 mL) was added and the reaction mixture was stirred for 10 min. 

s-BuLi (2.5 mmol) was titrated and added at 0C, and an orange/red colour was observed 

during addition. The N-acylaziridine (29) (267.5 mg, 1 mmol) in dry THF (5 mL) was 

added within 20 min and the reaction was allowed to proceed until TLC analysis 

indicated the starting materials were consumed (~30 min). The suspected product was 

seen on TLC as a spot with intermediate polarity to the starting materials (N-acylaziridine 

and diketo ester). The reaction was quenched with 1 M HCl, extracted with EtOAc, 

washed with brine, and the organic layers were dried over Na2SO4. It was found that it 

was necessary to work-up and purify very quickly, as the product is not stable in the 

crude reaction mixture. Also, it was found that the products were not stable on silica gel, 

and had to be purified on acid-washed silica gel. Once purified, the product was more 

stable.  

Methyl 9-phenyl-3,5,7-trioxo-8-nonenoate (cin-TKMeE, 34a): IR (CH2Cl2): 1744, 

1622, 1582 cm
−1

. 
1
H NMR showed characteristic signals corresponding to a complex 

mixture of enol and keto forms. : 3.28, 3.34, 3.37 (s, keto CH2’s), 3.64, 3.69, 3.74, 
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3.76 (s, OMe), 5.37, 5.41, 5.61, 5.71, 5.76 (s, enol CH’s) (6H), 6.45, 6.47, 6.48 (d, 

J = 16 Hz, H-8), 7.34−7.41 (m, H-12−H-14), 7.50−7.55 (m, H-11, H-15), 7.64, 7.77 

(d, J = 16 Hz, H-9). This compound is not very stable, work-up and purification must 

be very fast or no product is obtained at all. Even once purified, storage under argon, 

at −4°C still resulted in some degradation, but major product was still present.  

Methyl 3,5,7-trioxoeicosanoate (C20-TKMeE, 34b): IR (CH2Cl2): 3372, 1727, 

1648, 1611 cm
−1

.
 1
H NMR showed characteristic signals corresponding to a complex 

mixture of enol and keto forms. : 0.88 (t, 3H, H-20), 1.19−1.39 (m, 20H, H-10−19), 

1.52−1.63 (m, 2H, H-9), 2.21, 2.29 (overlapping) and 2.50, 2.53 (overlapping t, 2H, 

H-8), 3.24, 3.36, 3.40, 3.56, 3.61, and 3.68 (s, keto CH2’s), 3.74 (s, 3H, Me), 5.19, 

5.28, 5.55, and 5.68 (s, enol CH’s), 14.15, 14.87, and 15.15 (br s, enol-OH) (6H). 

HRMS calcd for C21H36O5 368.2563, found 368.2561. 

This compound was found to cyclize to the resorcylic ester (35) during storage, and 

an alternate synthetic route to the C13-TKA needed to be developed using a t-Bu ester 

instead of the methyl ester (see section 6 for more detail). 

Methyl 6-tridecyl-β-resorcylate (C13-RE, 35a): 1
H NMR : 0.88 (t, 3H, H-13ʹ), 

1.15–1.35 (m, 20H, H-3ʹ–12ʹ), 1.40–1.63 (m, 2H, H-2ʹ), 2.83 (t, 2H, H-1ʹ), 3.92 (s, 

3H, OCH3) 6.22 (d, 1H, J = 2.5 Hz, H-4), 6.27 (d, 1H, J = 2.5 Hz, H-2), 11.64 (br s, 

2H, aromatic OH).  

The t-butyl diketo ester 30d was synthesized in similar fashion to the previous 

diketo esters (section 3.4), beginning with t-butyl acetoacetate (derived from diketene
50

) 
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instead of methyl acetoacetate. The procedure for the synthesis of t-butyl triketo ester 34c 

was the same as the methyl triketo ester (34b) detailed above. 

tert-Butyl 3,5-dioxohexanoate (30d): Starting with 0.6 g of N-acetyl-2-

methylaziridine (29a), 0.72 g of product was obtained as a clear oil, purified: (pet. 

ether : diethyl ether, 7:1), 61% yield; 
1
H NMR shows a mixture of enol and keto 

forms, 
1
H NMR (signals of minor keto tautomer in square brackets) : 1.45 (s, 9H, 

t-Bu), 2.05 and [2.23] (s, 3H, H-6), 3.22 and [3.33] (s, 2H, H-2), 5.58 (s, enol-H-4) 

and [3.71, s, keto-H-4] and 15.13 (br s, enol-OH) (2H). The ratio of enol:keto 

tautomers was 2:1 and was based on the integration of enol H-6 signal at 2.05 ppm 

and keto H-6 signal at 2.23 ppm.   

tert-Butyl 3,5,7-trioxoeicosanoate (C20-TKtBuE, 34c): Starting from 50 mg (0.25 

mmol) of diketo t-butyl ester (30d), 17 mg (0.041 mmol, 17% yield) triketo ester was 

obtained. 
1
H NMR : 0.88 (t, 3H, H-20), 1.20−1.38 (m, 20H, H-10−12), 1.47 (s, 9H, 

t-Bu), 1.55−1.65 (m, 2H, H-9), 2.21, 2.23, 2.25 (overlapping) and 2.53 (t, 2H, H-8), 

3.15, 3.24, 3.26, 3.40, 3.46, 3.49, and 3.54 (s, keto CH2’s), 5.18, 5.27, 5.55, 5.60, and 

5.67 (s, enol CH’s), 14.12, 14.18, and 15.15 (br s, enol-OH)(6H).  

3.7 Preparation of triketo acid salt (cin-TKAS, 36a) and triketo acid (cin-TKA, 16a): 

The cinnamoyl triketo acid salt and the corresponding free acid were synthesized in 

the same manner (Scheme 6) as the diketo acid salts (31) and diketo acids (32) detailed in 

sections 3.3 and 3.4, respectively.  
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9-Phenyl-3,5,7-trioxo-8-nonenoic acid (cin-TKA, 16a): The crude product was 

obtained as a bright yellow, waxy solid. IR (CH2Cl2): 3343, 1705, 1649, 1608, 1579, 

1573, 1455 cm
−1

.
 1
H NMR showed signals corresponding to mixture of keto and enol 

forms. 3.94 (s, 2H, keto CH2), 6.39, 6.58 (s, 2H, enol CH), 6.77, 6.83 (d, 1H, J = 16 

Hz, H-8), 7.28−7.42 (m, 3H, H-12−H-14), 7.46−7.50 (m, 2H, H-11, H-15), 7.69, 

7.78 (d, 1H, J = 15.8 Hz, H-9). 
 
This compound, like the corresponding ester, 

degrades upon storage and re-purification was needed before being used in enzyme 

reactions. 

3.8 Preparation of triketo acid (TKA, 16b) via TFA: 

 

Scheme 7. Preparation of triketo acid (16) from triketo ester (34) via TFA. 

R = CH3(CH2)12; Rʹ = t-Bu. 

 

The alkyl triketo ester 34c (12.5 mg, 0.03 mmol) was treated with 0.5 mL of a 1:4 

solution of TFA in dry CH2Cl2 at 0°C. The reaction was monitored via TLC and upon 

completion TFA and CH2Cl2 was evaporated under vacuum. The residue was redissolved 

in CH2Cl2 and evaporated a minimum of four times to ensure complete removal of the 

TFA. The crude product was a white-beige solid, Rf = 0.35–0.44 (streaking), 75:25:1 

Scheme 6. Preparation of triketo acid salt (34a) and triketo acid (16a). 

a) R = PhCH=CH, b) R = CH3(CH2)12. 
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(v/v/v) toluene:acetone:AcOH. Solubility of the triketo acid in hexane was low and so 

purification of the product from less polar contaminants was accomplished by washing 

with small amounts of cold hexane.  

3,5,7-Trioxoeicosanoic acid (C20-TKA), 16b: Starting from 10.8 mg (0.026 mmol) 

of triketo t-Bu ester (34c), 7.5 mg (0.021 mmol, 81% yield) of C20-TKA was 

obtained. 
1
H NMR showed characteristic signals corresponding to a complex mixture 

of enol and keto forms. : 0.88 (t, 3H, H-20), 1.19−1.38 (m, 20H, H-10−12), 

1.50−1.68 (m, 2H, H-9), 2.22, 2.27, 2.29 (overlapping) and 2.53 (t, 2H, H-8), 3.31, 

3.42, 3.44, 3.58, 3.46, 3.61, and 3.68 (s, keto CH2’s), 5.20, 5.30, 5.31, 5.55, 5.59, 

5.61, and 5.69 (s, enol CH’s), 14.07, 14.79, and 15.14 (br s, enol-OH)(6H). 

3.9 Preparation of cyclic dianion 21: 

 

Scheme 8. Preparation of cyclic dianion 21. a) R = PhCH=CH, b) R = CH3(CH2)12.  
 

C20-TKA (16b, 12 mg, 0.03 mmol) was dissolved in 1 M aqueous KOH (0.4 mL) at 

0°C resulting in a pale yellow solution. UV λmax 286 nm. Due to the requirement of the 

product to remain in aqueous solution, structure determination via NMR was impractical, 

but UV data for a structurally similar compound (21, R = Ph) was found in the 

literature.
31

 The UV spectra of the reaction mixture revealed a single peak at 286 nm that, 

according to the literature, was indicative of the cDA.
30

 The λmax of 286 nm was 
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diagnostic for cDA as the UV spectra of C13-RA 11b and RL 14b, and 14c (C13 and 

C15) were distinctive. RL 14 shows a peak at 276 nm (Figure 16), and the UV spectrum 

of C13-RA 11b has two peaks at 260 nm and 300 nm (Figure 17). These data are 

consistent with the literature values.
51

 Preliminary investigations revealed that the dianion 

21b was stable in the crude reaction mixture (strongly basic aqueous solution) as well as 

in KPi buffer for a sufficient amount of time (1–2 days). Protonated forms of cDA (19 

and 20 in Figure 8) could not be isolated and so product yield and concentration in 

solution was estimated based on the amount of starting material in the reaction and thus, 

the actual concentration of cDA 21b may be lower than the estimate. The crude reaction 

mixture was diluted with enzyme reaction buffer to a final volume suitable for allowing 

aliquots of dianion solution to be accurately pipetted for use in enzyme reactions.  
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Figure 16. UV spectrum of 5-pentadecylresorcinol (C15-RL, 14c) in MeOH. 
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Figure 17. UV spectrum of 6-tridecyl-β-resorcylic acid (C13-RA, 11b) in MeOH. 
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3.10 Synthesis of 5-alkylresorcinol reference compound (14c) 

1,3-Dimethoxy-5-pentadecylbenzene was synthesized following the method of 

Wenkert et al., with minor modifications.
52

 Thus, 3,5-dimethoxybenzoic acid was first 

reduced (LiAlH4 in THF, reflux) and the resulting alcohol was oxidized (MnO2 in CHCl3) 

to give 3,5-dimethoxybenzaldehyde. Reaction of 3,5-dimethoxybenzaldehyde with 

tetradecylmagnesium bromide afforded 1-(3,5-dimethoxyphenyl)pentadecan-1-ol. 

Subsequent catalytic hydrogenation (10% Pd/C, 3.8 atm H2, rt) of 1-(3,5-

dimethoxyphenyl)pentadecan-1-ol in ethyl acetate in the presence of catalytic amounts of 

H2SO4 effected hydrogenolysis of the benzylic hydroxyl group to give 1,3-dimethoxy-5-

pentadecylbenzene (mp 49.1-49.6
o
C; lit.

58
 47.5-48.5

o
C). The demethylation of 1,3-

dimethoxy-5-pentadecylbenzene was different than that used by Wenkert et al, who 

employed borontribromide dimethylsulfide complex in CH2Cl2. Our attempts with this 

method gave mainly the mono-methoxy product and the target resorcinol in minor 

amounts. Demethylation using 48% HBr in glacial acetic acid
53

 afforded the desired 5-

pentadecylresorcinol. 
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4. Mechanism of pyrone formation 

4.1 Reaction of ASCLs with C18-DKAS (31a) and C18-DKA (32a) 

To determine if di- or triketo acid is an intermediate in the in vitro formation of the 

tri- or tetraketide 2-pyrone product of ASCLs, a synthetic diketo acid was incubated with 

the enzymes. After incubation of the diketo acid 32a or its potassium salt 31a at different 

concentrations of up to 1 mM with AtPKSA or PpASCL, the diketo acid 32a was 

recovered unchanged (Rf = 0.17 (streaking), CH2Cl2 : methanol, 20 : 1 (v/v)). Even after 

incubation at pH 2, the diketo acid remained unchanged and no triketo 2-pyrone (33a) 

(Rf = 0.27) was detected on TLC (Figure 18). Therefore, the diketo acid, added either as a 

free acid or as a salt, was not converted to the corresponding pyrone 33a either 

enzymatically or spontaneously. Even prolonged incubation of 31a in buffer failed to 

result in the formation of 33a, indicating pyrone production is not a spontaneous 

lactonization of a linear diketo acid. These results indicate that the di- or triketo acid is 

not an intermediate in the pyrone formation by ASCLs and, by elimination, supports the 

theory that ASCLs produce 2-pyrones by direct O-acylation of polyketide-CoA thioester 

intermediates (pathway C in Figure 12). The amount of acid used in work-up (15 µL of 

1 N HCl) also failed to cause pyrone formation, thus ruling out the possibility of any 

“acid-catalyzed lactonization” occurring. 
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Figure 18. AtPKSA incubation with 3,5-dioxooctadecanoic acid (C18-DKAS, 31b). 

Lane 1: buffer only; lane 2: AtPKSA in the buffer; lane 3: AtPKSA plus 31b (200 μM); 

lane 4, 31b (200 μM) only without AtPKSA; lane 5, AtPKSA plus 31b (1 mM); lane 6, 

31b only (1 mM) without PKSA; lane 7, synthetic 33a, lane 8: 31b control (no 

incubation). Silica TLC (CH2Cl2:methanol, 20:1 (v/v)). The compounds were stained 

with iodide vapour. 
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5. Resorcinol ring formation by STS 

The products of the reaction between STS and cin-TKAS (36a) were investigated 

first. The TKAS is too polar to be extracted with EtOAc and analyzed with the chosen 

TLC conditions, and so HCl is added during work-up in order to convert the salt to the 

free acid form, in the same way as it was done synthetically (Section 3.9). It was found 

that the cin-TKAS is stable to incubation in buffer at 37°C, as the free cin-TKA (16a) is 

still seen even after 2 h of incubation, and no other products were observed (Figure 19). 

Incubation of A. hypogaea (peanut) STS with cinnamoyl triketo ester (cin-TKMeE, 

34a) and the corresponding triketo acid (cin-TKA, 16a) failed to produce any products, 

regardless of the conditions employed. Furthermore, no inhibition of the standard STS 

reactions was observed by the synthetic compounds, even at concentrations of up to 

1 mM of 34a or 16a. This could suggest that 34a and 16a are not intermediates in the 

STS mechanism, leaving pathway B as the remaining possibility. No positive evidence 

for this mechanism can be obtained however, so this conclusion is speculative at this 

point. The lack of any inhibition is unusual; even if these compounds are not 

intermediates, they have a high degree of structural similarity to the known intermediate 

polyketide CoA thioester 15a. It is reasonable to expect that this similarity would be 

sufficient to inhibit STS especially at concentrations as high as 1 mM.  Further 

complications were caused by the decomposition of the synthetic compounds and the 

difficulties encountered during analysis of reaction products. Both 34a and 16a degraded 

upon storage and the integrity of the compounds could not be guaranteed throughout the 

duration of the incubation period.   
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Figure 19. Reaction of STS with cin-TKA (16a). Lanes 1, 4, 6: enzyme + 16a; 

Lanes 2, 5: 16a; Lanes 3, 7: authentic pinosylvin. Silica TLC 20:1 CH2Cl2: MeOH (v/v). 
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There are several possible explanations for the failure of these reactions. It could be 

that the triketo acid 16a is indeed not an intermediate, and so it will not be cyclized by 

STS. It is still somewhat strange that no inhibition was seen, as the cinnamoyl diketo acid 

salt (31a) inhibited the enzyme under similar reaction conditions. It seems less likely that 

34a and 16a are not able to move into the active site, and thus are unable to interfere with 

the standard STS reaction. Another possibility is that the compounds are too unstable and 

are degraded during the enzyme reaction. Their inhibitory effect on the STS reaction was 

therefore not strong enough to be seen under the reaction conditions used. Indeed the cin-

TKMeE 34a was never recovered in original form after incubation. The cin-TKMeE 34a 

degraded in buffer solution alone, as well as in the presence of enzyme, so the products 

seen on TLC after incubation were not enzymatically formed. The cin-TKA 16a seemed 

to be recovered unchanged after incubation in buffer with and without enzyme. 

Therefore, the lack of apparent inhibition by 16a remains unexplained. 

Coupling the problems of instability during enzyme reaction with the difficulties 

encountered during synthesis and purification, it was deemed impractical to attempt 

further investigation with STS and the cinnamoyl system. Since there are other resorcinol 

ring-forming enzymes such as ArsB that could be investigated using the long alkyl-chain 

system, the focus of the investigation was shifted to the long alkyl-chain triketo system. 
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6. Resorcinol ring formation by ArsB 

Originally, the triketo methyl ester (34b) was chosen to allow a greater likelihood of 

being accepted into the enzyme active site, as it is the smallest and least intrusive R group 

available. Along pathway B it was thought that a cyclized product could possibly result 

from a linear triketo ester (Figure 14).  

From 34b the triketo acid 16b could also be produced. The method chosen to 

accomplish this was to treat the C20-TKMeE (34b) with KOH in absolute ethanol, giving 

the triketo acid salt (C20-TKAS, 36b). This method was used previously to convert the 

cin-TKMeE (34a) to their respective cin-TKAS (36a) without incident, and acid salts 

were known to be stable analogues of the free acids. Upon reacting the C20-TKMeE 

(34b) with ethanolic KOH, only the resorcylic methyl ester 35a was produced. During the 

synthesis of the C20-TKMeE (34b) it was noticed that the alkyl triketo methyl ester had 

spontaneously cyclized to give 35a upon storage, with complete conversion occurring 

within days. It was found that it was necessary to work-up and purify 34b, as the product 

is not stable in the crude reaction mixture. Even storage at low temperatures (−20°C) was 

unable to prevent the loss of the C20-TKMeE (34b) and all attempts to purify 34b 

resulted in all fractions being contaminated with 35a. It was found that exposure to silica 

gel facilitated the cyclization as well. For these reasons the C20-TKAS (36b) could never 

be successfully synthesized, as any C20-TKMeE (34b) that was subjected to the basic 

conditions rapidly formed resorcylic ester. This problem then, prevented the synthesis of 

the C20-TKA (16b) by this route. 
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With this information in hand it was decided that the t-Bu triketo ester (C20-

TKtBuE, 34c) be synthesized instead, and the deprotection of the t-Bu group can be 

performed with TFA in dichloromethane,
54

 avoiding the problematic basic conditions. 

Isolation of the C20-TKA (16b) could then be accomplished by evaporation of TFA and 

solvent, without the requirement of silica gel purification. The C20-TKtBuE (34c) itself 

proved to be more stable and did not undergo cyclization as rapidly as 34b, perhaps due 

to the steric bulk provided by the t-Bu group to hinder the attack of C-2 on C-7 in the 

intramolecular aldol reaction. Production of C20-TKA (16b) was accomplished via the 

TFA method and a good yield of 16b was obtained. The C20-TKA (16b) was not stable 

to long-term storage and uncharacterizable products were seen on TLC after less than 1 

day. 
1
H NMR spectrum of this mixture failed to identify the contaminating material, but 

the major signals (enol CH signals between 5.2 and 5.7 ppm, and keto CH2 signals 

between 3.2 and 3.7 ppm) were still that of 16b and it was hypothesized that the material 

may be the C13-RA 11b, and the triketone formed via decarboxylation of 16b, as these 

reactions are known to occur spontaneously. With this in mind it was crucial that 16b be 

carefully stored in the freezer and only the required amount be weighed out and dissolved 

prior to enzyme reactions to ensure the material was as pure as possible.  

It was necessary to analyze the results of enzyme reactions in a more quantitative 

way due to the propensity of the cyclization reactions to occur non-enzymatically. High 

performance liquid chromatography (HPLC) was used to determine the relative amounts 

of 11b and 14b produced with and without enzyme. If more 14b is seen in ArsB-

containing reactions for example, this would lend support to 16b being an intermediate 

(and pathway A being correct). 
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6.1 Compound characterization via TLC staining with Fast Blue B solution 

Fast Blue B (FB) salt (Figure 20, Sigma) has been shown to stain alkylresorcinols a 

distinctive violet colour.
55

 It was found that a 0.1% (w/v) aqueous solution of FB was 

suitable to give a very strong colour on TLC plates. Pyrones were also found to stain very 

well with FB yielding a characteristic bright orangey-pink colour. Upon the realization 

that FB staining may be able to distinguish between different polyketo compounds, its 

utility was further investigated.  

It was found that 16b stained a characteristic red/orange-brown colour, which faded 

to orange-brown over time (Figure 21). The resorcylic acid 6-tridecyl-β-resorcylic acid 

(11b) was also found to stain a purple colour, but the sensitivity was much less than that 

for resorcinols 5-tridecylresorcinol (14b) and 5-pentadecylresorcinol (14c). Resorcylic 

acid spots that were clearly visible under UV light were only slightly stained, and 

required more time for the colour to develop. In contrast, even when the amount of 

resorcinol applied to the TLC plate was too small to be detected under UV light, a very 

strong violet staining was seen immediately after dipping in FB solution. Even resorcylic 

esters were found to stain violet as well, although the sensitivity was not investigated. 
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Figure 20. Structure of Fast Blue B salt. 
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Figure 21. TLC staining behaviour. Lane 1: 14b; lane 2: 11b; lane 3: authentic 

resorcinol (14c); lane 4: 16b. Toluene:acetone:AcOH 75:25:1 (v/v/v), stained with Fast 

Blue B (0.1% in H2O). 

 

 

  



64 
 

6.2 HPLC analysis of enzyme reactions with C20-TKA (16b)  

Retention times for the compounds of interest were determined to be 9.2 min for 

14b, 10.3 min for 11b, and 12.2 min for 16b. Identity of the peaks were determined by 

collection of fractions and analysis by TLC, Fast Blue B staining, and 
1
H NMR when 

possible.  

Enzyme reactions were performed as outlined in section 2.3. Work-up of the 

reactions did not involve acidification as is commonly done in the literature
10

 but was 

accomplished, instead, by extraction with ethyl acetate (EtOAc) to avoid acid-catalyzed 

non-enzymatic cyclization of TKA 16b.
26, 27

 Organic fractions were evaporated to 

dryness and both TLC and HPLC analysis were performed. It was found (via TLC) that 

synthetic 16b was converted to 11b as well as 14b upon storage and so determination of 

these products as formed by enzyme versus spontaneous conversion became difficult.  
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Figure 22. UV scan of HPLC fractions (Rt = 9.2 – 10.3 min), 11b and 14b. Fractions 

were dried using a vacuum concentrator (Savant) and the residue dissolved in MeOH for 

the UV scan.  
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Identification of HPLC peaks was accomplished primarily by collecting HPLC 

fractions of each peak, combining fractions from several rounds of HPLC separation, 

concentrating the sample under vacuum and analyzing (via TLC) alongside known 

standards. It was possible to collect a sufficient amount of the 11b peak for 
1
H NMR 

analysis, but there was always 14b present as well (due to the decarboxylation of 11b to 

14b). Characteristic NMR signals were seen for 14b as a 1:2 ratio of peak area of 

aromatic protons and 11b with a 1:1 ratio of peak area for aromatic protons, indicating 

the further substitution of the resorcinol ring with the carboxylic acid group. The 

C20-TKA 16b peak was identified by analysing freshly prepared 16b on HPLC. 

Collection of the suspected 16b HPLC fractions and analysis by TLC also provided 

evidence of correct peak assignment. Co-TLC analysis could be performed with freshly 

prepared (synthetic) 16b to further verify peak identity. The peak seen at 11.3 min 

remains unidentified, however, the λmax was found to be 266 nm and did not stain with 

FB unlike other polyketide-derived compounds. This peak is thought to be contamination 

carried forward during synthesis or due to degradation of the unstable 16b.  

The stability of 16b in mobile phase (800:200:1 v/v/v MeCN:H2O:AcOH), as well 

as in buffer (0.1 M KPi, pH 7.8) over time was investigated prior to enzyme reactions 

(Figures 23 and 24). The 16b peak progressively decreased over time, in mobile phase 

16b could still be detected after 22 h, but in the KPi buffer (pH 7.8) 16b could no longer 

be detected after only 1 hr. The resorcylic acid 11b was detected at the expense of 16b, 

sometimes within 10 minutes of incubation. Even after 9 hours of incubation in buffer, no 

14b was seen. 
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Figure 23. C20-TKA 16b in mobile phase. C20-TKA still present after 6 hr incubation in 

mobile phase (800:200:1 v/v/v/ MeCN:H2O:AcOH) small amount of 14b and 11b seen after 6 hr. 

hatched: 14b (9.2 min); dark shaded: 11b (10.3 min); light shaded: 16b (12.2 min); *white: 

unidentified peak (11.3 min). 
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Figure 24. C20-TKA 16b in buffer only. Dark shaded: 11b (10.3 min); light shaded: 

16b (12.2 min); *white peak: unidentified peak (11.3 min). Small amount of 11b was 

seen after 10 min, in the 0.1 M KPi buffer (pH 7.8) as well as a marked decrease in 16b. 
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The possible intermediacy of 16b in the resorcinol ring-forming reaction of ArsB 

was examined by incubating 16b in the presence of ArsB. As can be seen in Figure 25, 

very little 16b remains after 30 min, and the amount of 11b present does not change 

significantly beyond this time, and only a small amount of 14b was seen after a lengthy 

incubation time of 48 h. Interestingly, the appearance of C13-RA (11b) was faster in the 

presence of either ArsB or ArsC (Figure 26), than in buffer alone (Figure 24) or with 

BSA (Figure 27). Furthermore, ArsB and ArsC both appeared to stabilize 11b, hindering 

the decarboxylation of 11b to 14b, as less 14b was formed in the presence of these 

enzymes after 12 h (Figure 26).  
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Figure 25. C20-TKA 16b and ArsB time course. Dark shaded: 11b (10.3 min); Light 

shaded: 16b (12.2 min); white: unidentified peak (11.3 min). Appearance of small 

amount of 11b after only 10 min incubation with ArsB (100 µg), and a marked loss of 

16b was observed even after 10 min incubation. 
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Figure 26. Comparison of ArsB, ArsC, and buffer control incubation with 16b. 

While similar amounts of 11b (dark shaded) were formed by ArB, ArsC and enzyme-free 

buffer control after 12 h incubation, 11b formation was seen after only 10 min when 

incubated with either enzyme. A smaller amount of 14b (hatched) was produced after 

12 h with ArsB and ArsC as compared to buffer control. 
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Figure 27. C20-TKA 16b and BSA. Very little 11b (dark shaded) was seen after 30 min 

incubation in the presence of BSA (200 µg), but still a marked decrease in 16b (light 

shaded) was observed. 
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The faster rate of C13-RA (11b) production suggests that alkylresorcinol synthases 

such as ArsB may be able to facilitate the cyclization of 16b to 11b. This does not mean 

that 11b is a natural product produced by ArsB, as it has not been detected in any studies 

to date for ArsB. It is more likely that ArsB provides a favourable environment for the 

aldol cyclization to occur, and thus the spontaneous, but slow reaction is able to occur 

faster than in solution. The observation that denatured ArsB does not facilitate the 11b 

formation from 16b lends support for this notion (Figure 28). Even after overnight 

incubation at concentrations up to 1 mM, no 14b was seen with enzyme or buffer, so this 

suggests that ArsB is not able to decarboxylate 11b to 14b either. This information is 

then able to rule out several mechanistic possibilities. Pathway A, involving hydrolysis 

first, can be eliminated since 16b is not converted to 14b by ArsB. Also, any pathways 

that involve 11b as an intermediate can be eliminated (pathways A2.3, B1.3 and B2) 

since ArsB is unable to convert 11b to 14b. This argument is reasonable if we assume (or 

gather evidence for) the binding of 16b to the ArsB active site. 
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Figure 28. C20-TKA 16b and denatured ArsB (2 hr incubation). Dark shaded: 11b 

(10.3 min); light shaded: 16b (12.2 min); white: unidentified peak (11.3 min). No 14b 

seen, small amount of 11b produced after 2 hr. 
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6.3 Inhibition of ArsB reaction by C18-DKAS (31b) and C20-TKA (16b) 

The inhibition of alkylresorcinol production of ArsB was also investigated in order 

to provide further evidence that 16b binds to the ArsB active site. Preliminary 

investigation with 31b showed that ArsB was inhibited by the synthetic diketo compound 

at concentrations of 0.5 mM and 0.75 mM (Figure 29). It was found that ArsB was 

inhibited by stearic acid at concentrations of 1 mM (relative activity at this concentration 

was 68–78%). C20-TKA 16b was also found to be inhibitory at a concentration of only 

0.35 mM, giving a relative activity of ~56% (Figure 30). This would suggest that 16b is 

able to move into the active site of ArsB. The inhibition results lend evidence to support 

that the pathways involving 16b as an intermediate (pathways A1 and A2) can be 

eliminated as the correct mechanism for the production of alkylresorcinols by ArsB.  
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Figure 29. Inhibition of ArsB with C18-DKAS (31b). 
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Figure 30. Inhibition of ArsB with stearic acid and C20-TKA (16b). 
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6.4 HPLC analysis of enzyme reactions with cDA (21b)  

Incubation of ArsB with cDA (21b in Figure 8) was followed by extraction with 

EtOAc and no resorcinol was seen during HPLC analysis. The dianion 21b, upon 

acidification to pH 3, forms 11b as well as 14b (Figure 31). There was a similar trend 

seen in that 11b appeared faster when incubated with ArsB or ArsC than when 21b was 

left in buffer alone (Figure 3). It is difficult to say whether the 11b was formed 

enzymatically, or spontaneously. The difficulty in working with 21b is that it is in 

strongly basic solution (1 M aq. KOH), and adding it to the enzyme reaction increases the 

pH of the reaction mixture significantly. It is known that protonated forms of 21b are not 

isolatable
30

, but it is not known at what pH 21b is able to exist in solution before 

protonation (which is followed by immediate dehydration/aromatization) although it is 

near neutrality. This means that careful acidification to pH values nearer to the buffer pH 

can result in a loss of 21b and the formation of 11b and eventually to 14b that is not 

enzymatic, and again interpretation of results becomes difficult. In the reactions that were 

analysed by HPLC, no 14b was seen, and only 11b was present even after prolonged 

incubation periods. The cDA 21b is in ionic form and it is likely that only very small 

amounts of 21b would be extracted with EtOAc without acidification. The lack of 14b 

formed during incubation as well as the lack of any difference between the pyrone-

forming ArsC and the resorcinol-forming ArsB (Figure 32) would indicate that 21b is not 

an intermediate in the resorcinol ring-forming reaction of ArsB. If 21b is an intermediate, 

direct formation of 14b from 21b by ArsB, but not by ArsC, is expected through 

pathways B1.1 or B1.2. However, one needs to be careful in interpreting the results, as 

the configuration of the chiral centers (C-2 and C-7) of the synthetic 21b used in this 
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study may differ from that of 21b produced by enzyme, and interpretation of results can 

lead to a false negative conclusion.  

 

 

 

Figure 31. Synthetic reactions involving cDA (21), (Harris et al. 1971).
30
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Figure 32. Incubation of cDA 21b with ArsC, ArsB, and buffer control. Dark shaded: 

11b (10.3 min); white: unidentified peak (11.3 min). No 14b seen. 
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7. Discussion 

The solution chemistry itself hinders investigation of these biosynthetic reactions, as 

many of the cyclization modes employed by the type III PKSs can also be effected 

spontaneously in solution. The time sensitive nature of the reactions makes analysis and 

quantification difficult, as both enzymatic reactions and spontaneous reactions are facile 

in aqueous solution, and distinguishing between the two processes is therefore 

challenging. 

Based on the results that (i) ArsB and ArsC, but not denatured ArsB and BSA, 

facilitated the conversion of 16b to 11 and (ii) ArsB and ArsC hindered the 

decarboxylation of 11 to 14, it is concluded that neither 16b nor 11 is an intermediate in 

the ArsB catalyzed resorcinol ring formation, and that aldol cyclization occurs prior to 

thioester hydrolysis. This eliminates the pathways that involve 16b or 11 as an 

intermediate; that is, pathways A1, A2.1, A2.2, A2.3, B1.3, and B2 shown in Figure 8. 

The remaining plausible pathways are B1.1, B1.2 and B3. Obtaining direct evidence for 

either of the “aldol first” pathways may not be easy. It was thought that feeding a 

synthetic sample of cDA (21b) to ArsB might provide direct evidence for the ArsB-

catalyzed resorcinol ring formation. However, as discussed above, the stereochemistry 

involved, which is difficult to resolve, prevented us from obtaining conclusive evidence 

for the intermediacy of 21b in the ArsB reaction.  

An enigma in the mechanism of aldol cyclizing type III PKSs such as ArsB and STS 

is how the enzyme controls the timing of the hydrolysis of 15. Premature hydrolysis of 

growing ketide intermediates will result in mono-, di-, and triketo acids that may be dead-
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end products. In other words, the aldol switch needs to stay “off” until the final 

condensation reaction (for pathway A) or until aldol cyclization (for pathway B). In the 

proposed “aldol first” ArsB reaction pathway, the formation of the ring structure could be 

what triggers that aldol switch. 

STS may or may not share the same ring formation mechanism with ArsB. Similar 

experiments with 16a can be devised to study the STS-catalyzed resorcinol ring 

formation. Our attempts on this line of work did not result in conclusive evidence for the 

intermediacy of 16a in the STS reaction mainly because of the chemical instability of 

16a. However, STS can produce short chain alkylresorcinols using, for example, 

hexanoyl-CoA as the starter substrate.
56

 Therefore, suitable analogs of 16 may be 

synthesized to test the “hydrolysis-first” hypothesis for the STS-catalyzed resorcinol ring 

formation. As mentioned in the introduction, Tosin et al.
18

 detected using LC-MS a 

dehydrated, possibly cyclized, tetraketide CoA ester species (27) from the reaction of 

STS and cinnamoyl-CoA. If this compound was indeed cyclized, it would indicate that 

STS forms the resorcinol ring through pathway B3, in which the aldol cyclization of 15 is 

followed sequentially by dehydration, hydrolysis, -keto acid decarboxylation and 

aromatization. 
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8. Future work 

Since a single active site is responsible for substrate selection, chain elongation and 

cyclization in type III PKS reactions, it is not always possible to study cyclization 

reactions separately without affecting other reactions through, for example, site-directed 

mutagenesis. The short chain-length of polyketide intermediates of type III PKS systems 

as compared to type I and II PKSs allows the intermediates to be prepared synthetically 

for mechanistic studies. ArsB, ArsC and other related enzymes that accept fatty acyl-CoA 

substrates such as sorghum alkylresorcinol synthase
57

 and rice ARAS
14

 present a good 

model system to study the mechanisms of different polyketide cyclization reactions. It 

has been decades since the solution chemistry of polyketo acids were delineated and the 

possibility of these compounds being intermediates in polyketide biosynthesis was 

discussed.
25

 This study demonstrates (to the best of our knowledge for the first time) the 

feasibility of using a triketo acid derivative (16) to investigate the cyclization mechanism 

of polyketide synthases.  

 

9. Conclusions 

The synthesis of various putative intermediates of type III polyketide synthase 

reactions has allowed us to gain further insight into the mechanisms of these reactions. 

The mechanism of resorcinol ring formation catalyzed by ArsB and STS involved the 

synthesis of triketo acids (16) and their structural analogs, followed by incubations with 

the enzymes. STS failed to produce any cyclized products from the synthetic compounds. 

ArsB also failed to convert triketo acid (16b) to 5-alkylresorcinol (14b). Instead, ArsB 
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facilitated the production of 6-alkylresorcylic acid (11b) from the synthetic 16b and 

hindered the decarboxylation of 11b to 14b. These effects were also observed with ArsC, 

another acyl-CoA utilizing PKS that does not catalyze the resorcinol ring formation. 

These results provide evidence to support the theory that an “adol first” mechanism is 

employed by type III PKSs such as ArsB. However, gathering further evidence that the 

16b is indeed accepted into the active site of the enzyme would help to support this 

notion. The triketo acid and its analogs inhibited the ArsB activity. These inhibition 

results, along with the fact that ArsB (and ArsC) appeared to be acting on the triketo 

acids (by facilitating 11b formation) provides solid evidence that 16b is indeed accepted 

into the active site, but is not able to form 14b directly because it is not a bona fide 

intermediate. These results indicate that neither triketo acid 16b nor 6-alkylresorcylic 

acid 11b is an intermediate and that aldol cyclization of the linear tetraketide thioester 

intermediate 15b precedes the hydrolysis of 15b in the ArsB catalyzed resorcinol ring 

formation. 

Diketo acid (32b) was also synthesized in order to probe the lactonization 

mechanism in type III PKSs such as PpASCL AthPKSA. While it has been suggested 

that diketo acids are synthesized by these enzymes, released, and then lactonized in 

solution,
5
 our results indicate otherwise. This study showed that even prolonged 

incubation of 32b in buffer failed to result in any pyrone formation. Also, the enzymes 

were unable to convert the synthetic 32b to pyrone 33a, which led to the conclusion that 

pyrone formation is most likely an enzymatic process, occurring via direct lactonization 

of a CoA thioester. 
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