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ABSTRACT OF THE DISSERTATION 
 

Biochemical and Structural Elucidation of Polyketide Synthase and Non-Ribosomal Peptide  
 

Synthetase Enzymes Using Novel Pantetheine Analogues 
 

 
By 

 
Jesús Federico Barajas 
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 University of California, Irvine, 2015 
 

Professor Shiou-Chuan Tsai, Chair 
 
 
 

 Polyketide derived natural products are a large and diverse class of secondary metabolites 

used in the pharmaceutical and agricultural industry. These include antibiotics, 

immunosuppressant’s, chemotherapeutics and insecticides. Examples of valuable polyketide   

compounds include tetracycline (antibiotic), lovastatin (cholesterol-lowering) and rapamycin ( 

immunosuppressant). The multi-domain enzyme complex that is responsible for the biosynthesis 

of polyketides is known as the polyketide synthase (PKS). Similar to the PKS, the fatty acid 

synthase (FAS) is a multi–domain enzyme complex that utilizes acyl-CoA’s as building blocks 

to generate linear poly-beta keto intermediates that can be subsequently processed via reduction, 

dehydration or other acyl-chain modifying reactions. Both FAS and PKS utilize the acyl carrier 

protein (ACP) that functions as the transporter protein that is covalently tethered to the nascent 

polyketide intermediate. Polyketide and fatty acid production require three basic biosynthetic 

steps: (1) polyketide elongation, (2) polyketide modification and (3) polyketide release from the 

ACP. How the ACP interacts with enzyme domains throughout these steps is not well 



 
 

xii 

understood.  Unlike FAS, PKS utilize more diverse polyketide starter units and undergo various 

modification reactions that give rise to the rich chemical diversity of polyketide natural products.  

One of these important modifications includes the regio-specific cyclization and aromatization of 

linear poly-β-keto intermediates. How the different PKS promote different cyclization patterns is 

not well understood.  Lastly, how polyketide ACP-tethered intermediates are released from the 

PKS machinery needs further investigation.  An elucidation of the mechanism by which these 

bioactive polyketides are cyclized and released while being tethered to the ACP would be highly 

significant in the prediction, identification and engineered biosynthesis of new polyketides.   

 The objective of this dissertation is to better understand the mechanism of polyketide 

cyclization, product release and elucidate on the structural role ACP plays in recognizing various 

modification enzymes.  These objectives will be further divided into three aims.  

Aim 1: Understand polyketide substrate specificity to further elucidate on the mechanism 

of regio-specific polyketide cyclization. We co-crystallized novel pantetheine tethered linear 

polyketide probes to precisely define the binding motif of a polyketide intermediate in the active 

site of the aflatoxin product template domain (PksA PT).  A systematic mutational survey of the 

PksA PT was utilized for confirmation. 

Aim 2:  Identify important protein-protein interactions between ACPs and other PKS 

enzymes.  By utilizing mechanism based protein-protein crossliking and in vitro reconstitution 

assays we identified key residues responsible for surface interaction between ACPs and PT 

domains. Site-directed mutagenesis confirmed the important of key surface residues.  

Aim 3:  Elucidate the mechanism of a type I modular polyketide synthase/ non-ribosomal 

peptide synthetase (PKS-NRPS) releasing reductase (R) domain.  We solved the crystal structure 

of the R domain from the myxalamid biosynthetic pathway and conducted a series of systematic 
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mutations to identify key residues important in electron transfer and substrate specificity. Using 

molecular dynamics, we identified flexible regions responsible for substrate and co-factor 

binding.  
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 CHAPTER 1 

INTRODUCTION 

 

1. Background 

 Throughout history, humans have benefited from the use of natural products. Ancient 

Egyptians had the practice of applying a poultice of moldy bread to infected wounds 1.  The mold 

containing fungal peptide derived natural products provided one of the first recorded cases of 

antibiotic application. During the Spanish colonization of the Americas, the discovery in the 

1600’s in South America of alkaloid extracts from the bark of the cinchona tree and from the 

dried root of the ipecaucanha bush proved effective against malaria (quinine) 2. Many years of 

natural product research, in parallel with advances in biochemical and genomic techniques, have 

revealed the presence of a vast collection of unique natural products 3. These small molecules, 

diverse in their chemical complexity, are the products of cellular metabolism in living organisms 

(Fig. 1-1). These natural products, often called secondary metabolites, originate from bacteria, 

fungi, lichens, marine invertebrates, plants and insects. Important classes of these secondary 

metabolites include polyketides, non-ribosomal peptides, alkaloids, terpenoids, shikimate-

derived molecules, and aminoglycosides 4 5 3 6. Two of the largest classes of natural products, 

polyketides and non-ribosomal peptides, have been of great value to humans for their application 

in medicine, agriculture and industry. An example of these metabolites is penicillin, the first 

antibiotic introduced in the 1940’s, which paved the way for the discovery and prescription of 

new antibiotics in the later half of the 20th century (Fig. 1-1) 1.  The increasing consumption and 

inadequate use of antibiotics during this period has resulted in the emergence of resistance in 

antimicrobial agents by pathogenic microorganisms. These include the methicillin-resistant 
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Staphylococcus aureus (MRSA), the multi-drug resistant (MDR) and extremely drug resistant 

(XDR) strains of Mycobacterium tuberculosis 7 6 8.  Therefore, there is a need to further expand 

our arsenal of antibiotics against such multi-drug resistant bacterial strains. 

 Polyketides and non-ribosomal peptides have proven to be effective drugs against non-

infections diseases. Rapamycin, also known as Sirolimus, is a macrolide produced by 

Streptomyces hygroscopicus and is widely used as an immunosuppressant to prevent rejection in 

organ transplants 9 10. Daunorubicin is a member of the anthracycline family used as a 

chemotherapeutic for treatment of specific types of leukemia (Fig. 1-1) 11.  With an increase in 

the average life expectancy, cancer incidence is expected to rise. For 2014 the number of 

estimated cancer deaths in the U.S. is expected to surpass 585,000 and new cancer cases to reach 

1,665,000 12.  With an increase in medication cost, there is a need to alleviate economic strain to 

both the patient and healthcare providers. Providing new drug discovery in parallel with efficient 

economical procedures to produce drugs would be part of an effective solution.  

 Understanding the biosynthetic mechanism of polyketide and non-ribosomal peptide 

biosynthesis is crucial for the discovery of new natural products through protein engineering. 

The biosynthesis of polyketide and non-ribosomal peptides share similar features to fatty acid 

biosynthesis. Polyketides are biosynthesized by a multi-domain enzyme complex known as the 

polyketide synthase (PKS), a complex that is both genetically and structurally similar to the fatty 

acid synthase (FAS) that is responsible for the production of fatty acids (Fig. 1-2) 13.  Both FAS 

and PKS utilize acyl-CoA substrate derivatives to biosynthesize the final products. Through 

multiple rounds of acyl additions, reductions and additional modifications, the final products can  
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Figure 1-1. Examples of polyketide, and peptide derived primary and secondary metabolites. 
Many polyketide and peptide derived natural products possess diverse biological activities. 
 

be utilized towards primary metabolism (fatty acids) or secondary metabolism (polyketides) 14. 

In addition, both the FAS and PKS use the same pool of acyl CoAs derived from the glycolysis 

pathway as substrates (Fig. 1-2B) 14. While both FAS and PKS elongate using multiple rounds of 

acyl CoAs, only the FAS fully reduces each round of elongated poly-β-keto intermediate (Fig. 1-

2B) 15. PKS have the capability of fully or partially reducing these poly-β-keto intermediates that 

can be further processed by modification enzymes 13.  It is the wide diversity of modification 

PKS enzymes that give polyketides a rich source of chemical complexity. These modification 

enzymes include the cyclases, aromatases, glycosyltransferases, methyltransferases, oxygenases 
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and the addition of peptide derived metabolites by an equally impressive multi-domain complex 

known as the non-ribosomal peptide synthetase (NRPS). Unlike the FAS and PKS, the NRPS 

utilize amino acids as substrates to produce polypeptide natural products or polyketide-peptide 

derived natural products 5. The aim of this dissertation is to characterize various PKS and NRPS 

modification domains and elucidate their protein-protein and protein-substrate interactions. 

 

1.1 Metabolites 

 All living cells in both macro and microorganisms contain a universal set of small 

organic molecules called primary metabolites. These metabolites are part of the cellular 

pathways that have been conserved throughout the course of evolution 16. The collection of small 

molecules includes the common amino acids, nucleotides, sugars, fatty acids and vitamins 

necessary for the normal growth, development and reproduction of living organisms 16. The 

universal occurrence of these compounds in living cells is a manifestation of uniformed design, 

reflecting the evolutionary conservation of metabolic pathways 16.  

 The metabolites that are not necessary for normal growth, development and reproduction 

of organisms are known as secondary metabolites 16. These compounds provide the organism 

with an environmental advantage. These small molecules include polyketides, non-ribosomal 

peptides, alkaloids, and terpenoids 3. Many of these secondary metabolites serve as 1) 

competitive weapons used against bacteria, fungi, amoebae and plants; 2) as metal transporting 

agents; 3) as agents of symbiosis between microbes and plants, nematodes, insects and higher 

animals, and 4) as differentiation effectors 17. A better understanding of the enzymatic machinery 

that biosynthesizes these secondary metabolites can shed light into rational design and protein 
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engineering of PKSs and NRPSs to generate new “unnatural” natural products for the use in 

therapeutics.  

 

1.1.1 Building blocks 

 The building blocks and co-factor reservoir necessary for the biosynthesis of fatty acids, 

polyketides and non-ribosomal peptides are part of highly conserved metabolic pathways.  Both 

FAS and PKS utilize acetyl-CoA as the carbon source for fatty acid and polyketide products 

(Fig. 1-2B) 14.  The first committed step of the fatty acid and polyketide biosynthesis, the biotin-

dependent carboxylation of an acyl-CoA, is catalyzed by the acyl-CoA carboxylase (ACCases) 

to yield malonyl-CoA (Fig. 1-2B) 18 19, which serves as the main building block for FAS and 

PKS 13. Other enzyme complexes that carboxylate the α-carbon of acetyl-, propionyl-, or butyryl-

CoA to produce malonyl- methylmalonyl-, and ethylmalonyl-CoA can be utilized by FASs and 

PKSs 18. Alternatively, other acyl-CoA derivatives containing longer acyl chains and cyclic 

structures may be incorporated as building blocks 20. A series of Claisen decarboxylation 

reactions of these CoA building blocks by the FAS and PKS is the main drive of chain growth 

(Fig. 1-2B) 13. The importance of the CoA, and vitamin B5 derided pantetheine thiol-containing 

prosthetic group, carries acyl derivatives by covalent thioester attachment 21. The thioester serves 

as an optimal leaving group during polyketide and fatty acid biosynthesis (Fig. 1-2B). 

Similar to the PKS and FAS, the NRPS responsible for non-ribosomal peptide 

biosynthesis utilizes the pantetheine thiol prosthetic group.  In FAS and PKS, the pantetheine is 

incorporated to the acyl carrier protein (ACP) as part of a post-translational modification known 

as the phosphopantetheine (pPant) (Fig. 1-5). The same post-translational modification of the 

pPant occurs in the NRPS, more specifically in the peptidyl carrier protein (PCP) 22. Both the 
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ACP and PCP are genetically and structurally similar. Unlike FAS and PKS that utilize acyl-

CoAs for building blocks, the NRPS utilizes a wide range of basic, non-basic amino acids and 

carboxylic acids 5 23. NRPS-based natural products owe much of their chemical diversity to the 

ability of NRPS to incorporate both L- and D-amino acids. Adenylation (A) domains activate 

amino or carboxy acid substrates as amino acyl adenylate, consuming ATP in the process, and 

yield the building blocks for NRPS. 23 For fatty acid and polyketide chain growth, the iterative 

chemical step is C-C bond formation via a decarboxylative Claisen condensation from a 

malonyl-ACP 22. For NRPS chain elongation, the downstream nucleophile is the amine of the 

aminoacyl-PCP to form a C-N (peptide) amide linkage 22.  

 

1.1.2 Primary metabolism: fatty acid biosynthesis 

Fatty acids are primary metabolites that serve as the main component in the lipid bi-layer 

of cell membranes 16. Various antimicrobial food additives and antibacterial herbs target fatty 

acid biosynthesis through the FAS complex, providing further evidence for the importance of 

fatty acid production in microorganisms 24. A typical FAS consists of seven enzymatic domains 

that produce fatty acids through an iterative process (Fig. 1-2) 13.  Fatty acid biosynthesis by the 

FAS begins with a starter unit selection or primer substrate, usually in the form of an acetyl 

moiety and extended using several chain-extender malonyl moieties. Both the primer and chain-

extender malonyl moieties are loaded onto the ACP by the acyl transferase (AT) and the malonyl  

acyl transferase (MAT) (Fig. 1-2) 13. This transfer occurs at the thioester bond located in the 4’-

phosphopantetheine prosthetic arm of the ACP 13. The ketosynthase (KS) catalyzes a 

decarboxylative condensation between the ACP-tethered malonate and a KS-bound acyl unit 

(Fig. 1-2B).  The β-ketoacyl  intermediate is  then  reduced  to a  saturated acyl   moiety  through  
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Figure 1-2. The structural enzymology of the mammalian FAS and biosynthetic pathway. (A) A 
representation of the homodimeric mammalian Type I FAS structure. PDB: 2VZ8. Each domain 
is highlighted by a separate color. Polyketide elongation occurs in the lower half of the FAS 
structure by the KS and AT while the upper domains contain the various tailoring enzymatic 
domains, DH, KR, ER. Both ACP and TE domains cannot be resolved from the crystal structure. 
Circles represent the relative position of the ACP and TE. (B) The start of both fatty acid and 
polyketide metabolites share the same malonyl-CoA building block. Pyruvate, a byproduct of 
glycolysis, is converted to acetyl-CoA and carboxylated by acetyl-CoA carboxylase to form 
malonyl-CoA, which serves for 2C polyketide extension by the FAS or PKS. 
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successive action of a ketoreductase (KR), dehydratase (DH) and enoylreductase (ER) (Fig. 1-

2B) 13.  The ACP-pPant tethered intermediate is recycled to the active site Cys of the KS domain 

for the next chain elongation, which is subsequently reduced by the KR, DH and ER. After 

several turns of the cycle, when the saturated acyl chain length reaches 14-18 carbons, the acyl 

moiety is released from the ACP-pPant via thioester hydrolysis by the chain-terminating 

thioesterase (TE) domain (Fig. 1-2B) 25.  

 

1.1.3 Secondary metabolism: polyketide biosynthesis  

 Similar to FAS, the PKS utilizes the same substrates for polyketide elongation and shares 

similar domain architecture. The enzymatic domains responsible for polyketide elongation 

remain conserved. The primer substrate bound to the KS active-site cysteine is condensed with 

the chain-extender substrate with the aid of the MAT domain while the substrate is tethered to 

the ACP. Nonetheless, there are several distinctions between the FAS and PKS machinery. 

Unlike the FAS substrate-priming step, the PKS loading of the primer and chain-extender units is 

catalyzed by separate, dedicated AT, as well as staring unit acyl transferases (SATs) 26 20. These 

SATs incorporate a broader range of complex starting units to the polyketide products, providing 

further chemical diversity to polyketide metabolites. In FAS, the resulting β-ketoacyl product is 

fully reduced by the KR, DH and ER. In contrast, the β-ketoacyl in PKS is subjected to varying 

degrees of β-carbon processing prior to the next elongation state. These include cyclases (CYC), 

aromatases (ARO), methyl transferases (MT), glycosyltransferases, and oxygenases (O) that 

provide further diversity for complex polyketide formation 27. The TE domains found in FAS 

also accomplish polyketide release from the thioester linkage of pPant-ACP. In addition to the 
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TE domains, various PKSs utilize β-lactamases and reductase (R) domains for product release 28 

29 30. 

 
1.1.4 Secondary metabolism: non-ribosomal peptide biosynthesis 

 Non-ribosomal peptides are synthesized by the NRPS, a multi-domain complex. Unlike 

the ribosome, which depends on mRNA and tRNA for peptide bond formation, the catalysis of 

NRPSs does not require mRNA and tRNA. NRPS utilize proteinogenic and non-proteinogenic 

amino acids 23. These include D-amino acids, carboxylic acids that can contain various 

modifications such as N-methyl and N-formyl groups 22. NRPS domain architecture can be 

classified into three categories based on the biosynthesis of non-ribosomal peptide incorporation. 

Non-ribosomal peptides can be biosynthesized in a linear (Type A), iterative (Type B) or 

nonlinear (Type C) manner (Fig. 1-4) 31. In the linear Type A NRPS, the number and sequence of 

the modules in the NRPS matches the number and order of amino acid in the peptide natural 

product (Fig. 1-4A). In the Type B, the modules or domains of the synthetase are used more than 

once to synthesize the peptide, consisting of repeated sequences (Fig. 1-4B). The nonlinear Type 

C generates peptides in which the sequence of amino acids does not correlate with the 

architectural rearrangements of modules in the NRPS (Fig. 1-4C) 23 31.   

 Similar to the FAS and PKS machinery, where all biosynthetic intermediates are tethered 

to the ACP, all non-ribosomal peptide intermediates are mediated by the PCP 32. In addition to 

the PCP, the adenylation (A) and condensation (C) domains constitute the three core domains 

that define a generic NRPS. The A domain selects and activates the amino acid building block by 

the formation of an amino acyl adenylate intermediate, utilizing ATP in the process 33. The 

activated substrate is transferred to the thiol group of the 4’-pPant on the PCP 32.  The C domain 

catalyzes the peptide bond formation with the downstream amino acyl unit that is tethered to the 
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PCP 34.  In addition to the core domains, various NRPSs contain tailoring domains that provide 

various modifications in non-ribosomal peptides. Examples of these domains include the 

epimerase (E), CYC, MT and oxidation domain (Ox).  Following these modifications, the final 

product is released from the PCP by hydrolysis or macrocyclization by the TE domain 23. 

Reduction by NADPH dependent R domains is a recently identified alternative. 

 

1.2 Classes of polyketide synthases 

 Polyketide synthases can be classified into three types.  The enzymatic domains in the 

Type I PKS are contained within multi-domain polypeptides, also referred as megasynthases 

(Fig. 1-3A) 13 35. Type I PKS can be further subdivided into two sub types. Type I Modular PKS 

consist of various PKS modules, where each catalytic domain is only used one time to extend 

and modify a nascent polyketide chain 36. The polyketide intermediate is then passed to the next 

module in an assembly-line fashion until a mature polyketide product is produced (Fig. 1-3A). In 

contrast the modular Type I PKS, the Type I iterative PKS biosynthesizes polyketides by 

utilizing the same catalytic domain multiple times (Fig 1-3B-C) 37. This re-cyclization of domain 

usage in a repetitive fashion can then be utilized to elongate and modify nascent polyketide 

intermediates until the mature polyketide is produced and released. The covalent polypeptide 

linkage of Type I megasynthase PKS are readily distinguished from the Type II and Type III, 

whose enzymatic domains are transcribed and translated individually (Fig. 1-3D) 38.  Unlike 

Type I and Type II that utilize ACP as the scaffold domain that holds the polyketide 

intermediate, Type III do not contain ACPs and consist primarily of modified KS domains (Fig. 

1-3E) 39.  
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1.2.1 Type 1 modular PKS 

 Type I modular PKSs are enzyme assembly lines responsible for the biosynthesis of 

chemically diverse natural products that form the basis for many pharmaceuticals 40. These 

megasynthases are primarily found in mycobacterium and other actinomyces microorganisms. 

The PKS domains necessary for polyketide elongation and modification are covalently 

connected to form a multi-domain polypeptide chain. Each of these polypeptide chains is 

clustered into modules that carry out one round of polyketide elongation and modification before 

being passed on to the next module. Well-studied examples of modular Type1 include 1) the six 

module Saccharopolyspora erythraea 6-deoxyerythonolide B synthase (DEBS) that is 

responsible for producing the macrolide precursor antibiotic erythromycin, and 2) the six module 

Streptomyces venezuelae pikromycin PKS, which biosynthesizes the macrolide antibiotic 

pikromycin (Fig. 1-3A) 41 42. DEBS is one of the most well characterized modular systems.  The 

assembly-line module deletion and rearrangement in parallel with dissection of various modules 

from the DEBS system provided the molecular basis for selectivity and catalysis of polyketide 

intermediates 41. Genetic and biochemical analysis has provided evidence for the prediction of 

final products and enabling rational bioengineering. However, rearrangement and domain 

swapping in other systems has proven to be difficult. Our lack of understanding in the 

complexity of protein-protein interactions and protein-substrate interactions has hampered our 

progress of rational domain swapping. This can be further assessed by the cryo-EM structure of 

module 5 of the pikromycin PKS, providing insight into differences in the conserved 

architectural features between PKS and FAS 42.  The structure reveals spatial proximity between 

the ACP positioned precisely in the middle of polyketide elongating enzymatic domains KS, AT 
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and tailoring KR enzyme domain, allowing for efficient ACP interaction with various PKS 

domains.  

 

Figure 1-3. Classes of PKS and examples of corresponding products. (A) The modular Type I 
PKS consists of various modules where each domain catalyzes one reaction and is passed to the 
next module in an assembly-line fashion. Examples of modular Type I products include 
pikromycin (1) and erythromycin (2). (B) The iterative reducing Type I PKS utilizes each 
domain multiple times and contain various polyketide-reducing domains. Examples of iterative 
Type I reducing PKS include lovastatin (3) and hypothemycin (4). (C) The iterative non-
reducing Type I PKS is a megasynthase that utilizes each domain multiple times. The non-
reducing PKSs (NRPKSs) do not have reducing domains and produce toxins such as aflatoxin 
B1 (5) and the chemotherapeutic bikaverin (6). (D) The Type II PKS consist of stand-alone 
domains, and examples of their products include tetracycline (7) and daunorubicin (8). The Type 
III PKS utilize acyl-CoA units directly without the ACP domain. Examples of Type III include 
resveratrol (9). 
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1.2.2 Type I reducing iterative PKS 

 The Type I iterative PKS is another multi-domain enzyme complex primarily found in 

fungal species and several mycobacterial species. Iterative PKSs biosynthesize polyketides by 

utilizing the same catalytic domains in a repetitive manner. The iterative PKS and FAS have 

similar genomic and structural architectures (Fig. 1-2, 1-3C). In reducing iterative PKSs, the 

polyketide intermediates can be partially or completely reduced by in cis and in trans KR and ER 

43 44. A noteworthy example of a reducing iterative PKS product is the lovastatin PKS, isolated 

from Aspergillus terreus in 1978 and Monascus rubber in 1979 (Fig. 1-3B) 45. It is used to treat 

hypercholesterolemia as it inhibits (3S)-hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) 

reductase, which catalyses the rate-limiting step in cholesterol biosynthesis 44. Lovastatin is 

utilized as a precursor for the drug simvastatin (Zocor) 46. The 335 kDa enzyme LovB, the 

lovastatin nonaketide synthase, contains the KS, AT, DH, MT, KR and ACP in the same 

polypeptide chain with an in trans acting ER (LovC) 44.  Both LovB and LovC catalyze a total of 

35 reactions to form di-hydromonacolin, an intermediate that is further processed by other PKS 

and NRPS complexes to yield lovastatin 44.  

Adding to the complexity of Type I megasynthases, both iterative and modular Type I 

PKS can contain NRPS modules, creating PKS-NRPS biosynthetic products that are ketone and 

peptide derived 47. Examples include the previously mentioned fungal derived lovastatin, the 

methyl-malonyl/L-alanine derived myxalamid class of antibiotics and the malonyl/L-serine 

derived cytotoxin xyrrolin 48 49. 
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1.2.3 Type I non-reducing iterative PKS 

 Other iterative PKS do not contain any type of reducing domains, and these are known as 

the non-reducing iterative PKSs (NR-PKS).  The absence of reducing domains results in the 

diverse regio-cyclization of highly reactive poly-β-keto intermediates, which serve as the 

template for polyketide cyclized products 50. The NR-PKS is composed of six domains, the SAT, 

KS, MAT, ACP, product template (PT) domain, and TE (Fig. 1-3C). The selective incorporation 

of various priming or starting units by the SAT initiates polyketide elongation with the aid of the 

minimal PKS, which consists of the KS, MAT and ACP. Once the mature linear polyketide chain 

is reached, the PT domain is responsible for the selective regio-cyclization and aromatization 51. 

How the PT discriminates between small immature versus mature linear polyketide chains for 

Aldol-cyclization is poorly understood. The product of the PT domain is released from the ACP 

through an enzymatic thioester hydrolysis by the TE domain.  

 Important examples of NR-PKS products include the aflatoxins, the mycotoxins 

responsible for the contamination of food crops in parts of Africa, Asia and Latin America 52 53.  

Aflatoxins are primarily produced by the food-borne fungi Aspergillus flavus and Aspergillus 

parasiticus, which colonize a variety of food commodities, including maize, oilseeds, spices, 

ground nuts and tree nuts 52. High-level of chronic exposure to aflatoxin can lead to 

hepatocellular carcinoma (HCC), the third leading cause of cancer deaths worldwide 52. Specific 

P450 enzymes in the liver metabolize aflatoxin into a reactive oxygen species, which causes 

DNA lesions that over time increase the risk of HCC 54.  Understanding the biosynthesis of NR-

PKS, especially the regio-cyclization by the PT, can potentially lead to an alternative solution to 

control the production of mycotoxins.   
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Figure 1-4. Classes of non-ribosomal peptide synthetases and examples of corresponding natural 
products. (A) In Type A linear NRPS, the number of modules corresponds to the number and 
order of amino acid incorporation, yielding the final peptide. An example includes vancomycin 
(10). In the Type B iterative NRPS, the domains in each module are used several times. An 
example of a Type B iterative NRPS includes enniatin (11). (C) The nonlinear Type C 
synthesizes the peptide in which the sequence of amino acids does not correlate with the 
arrangement of the modules. An example includes vibriobactin (12).  
 
 

1.2.4 Type II PKS 

 In contrast to the Type I PKS, the Type II PKS consists of stand-alone enzymes that are 

non-covalently linked (Fig. 1-3D). Type II PKS, primarily found in a bacteria and plants, can 

contain both reducing and non-reducing tailoring domains, adding to the diversity of type II 
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polyketide products 38. Both Type I and Type II PKSs share functional and structural similarities. 

During the biosynthetic steps of polyketide elongation and modification, the intermediates are 

always tethered to the ACP. Unlike the Type I PKS, the Type II PKS does not contain a selective 

SAT domain. Chain elongation and chain length control in Type II PKS is conducted by the 

heterodimeric ketosynthase/chain length factor (KS/CLF) 55 56.  The KS/CLF, MAT and ACP 

form the minimal PKS in the Type II system (Fig. 1-3D). The chain length of Type II 

polyketides is usually 16 carbons (octaketide, such as actinorhodin), 20 (decaketide, such as 

tetracenomycin), or 24 (dodecaketides, such as pradimicin) 38. The reactive polyketide 

intermediates are reduced by the ketoreductase (KR) domain, or cyclized and aromatized by 

various aromatase/cyclase (ARO/CYC) domains 57. KR is optional, which has been shown to 

catalyze the reduction and first ring cyclization of Type II PKS 58. Some examples of natural 

products biosynthesized by Type II PKS complexes include the antibiotics actinorhodin, 

tetracycline, and the chemotherapeutic daunorubicin (Fig. 1-3D) 57. 

 

1.2.5 Type III PKS 

 Type III PKS are primarily found in plants and biosynthesize an array of small molecules 

important in plant survival, fitness. Many are beneficial to human health and nutrition. Examples 

include antioxidants (flavinoids) and pigments (byphenyls). Unlike the Type I and II PKSs, the 

Type III PKS do not contain ACPs as the transporter for polyketide intermediates (Fig. 1-3E). 

Type III PKSs are homodimeric proteins that utilize CoA tethered substrates to carry out 

thioester exchange reactions, polyketide-elongation and selective cyclizations 59. Polyketide 

initiation reaction occurs by binding of acyl-CoA and loading of the acyl group onto an active 

site cysteine. The reaction continues with iterative rounds of decarboxylative condensation 
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reactions, derived from malonyl-CoA 55. The simple machinery combined with their catalytic 

flexibility make Type III PKS attractive targets for engineering and biocatalysis manipulation 60.  

 

1.3 PKS domains 

 FAS and PKS domains share various structural similarities. Highly conserved folds and 

motifs play crucial roles in protein-protein interactions and protein-substrate interactions. This 

dissertation focuses primarily on the structure-function relationship of Type1 NR-PKS domains. 

A systematic understanding of the structural roles that NR-PKS domains play during polyketide 

biosynthesis will guide our future effort in combinatorial biosynthesis of natural products.  

 

1.3.1 Acyl carrier protein: ACP 

 The acyl carrier protein is the central domain that transports the growing polyketide chain 

between various PKS enzyme domains during polyketide biosynthesis. Its role as a polyketide 

intermediate transporter involved in every polyketide reaction suggests that the ACP must 

stabilize the nascent polyketide intermediate and interact with all PKS domains in a systematic 

and controlled manner to yield the final polyketide product 61. The site of the pPant attachment is 

the conserved Ser residue at the N-term of Helix-II. The protein-substrate and protein-protein 

interactions of ACP are highly dynamic and transient during polyketide biosynthesis. 

ACP structures are negatively charged domains composed of a conserved four-helix 

bundle motif. Three helical bundles and an additional short helix in the second loop contribute to 

the core helical packing (Fig. 1-5). The conserved Ser in the universal “DSL” motif (where the 

pPant is covalently attached) lies at the N-terminal of helix-2, which is regarded as a universal 
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Figure 1-5.  NRM structures of holo and apo acyl carrier protein from the actinorhodin 
polyketide synthase in S. coelicolor. PDB: 2K0X and 2K0Y. The ACP is translated in cells in the 
apo form (B) lacking the phosphopantetheine prosthetic group (C), which is incorporated as a 
post-translational modification to yield the active holo form (A). Both holo and apo forms adopt 
distinct conformational changes. The site of the pPant attachment is the conserved Ser residue at 
the N-term of Helix-II. 
 
 

“recognition helix” involved in interactions with other proteins 62.  ACP domains are expressed 

in an inactive apo form, lacking the 4’-pPant prosthetic moiety (Fig. 1-5B) 63.  The apo-ACP 

undergoes a post-translational modification with the addition of the 4’-phosphopantetheine 

prosthetic arm by the 4’-phosphopantetheinyl transferase (PPTase) to form an active holo-ACP 

(Fig. 1-5A). The thiol containing 4’-pPant serves as the thioester linkage for polyketide 

biosynthesis 64.  

 NMR studies of substrate bound ACPs in parallel with structural data showed that the 

four-helix bundle acts as a hydrophobic sleeve that sequesters the acyl chains from the solvent 65. 

Interaction with other domains results in a conformational rearrangement in the pPant tethered 

intermediate that are sequestered inside the ACP, allowing the polyketide intermediate to access 

the active site of other domains. This switchblade mechanism in collaboration with ACP-assisted 

sequestration provides the reactive polyketide intermediate with stability and protection from 
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solvent and unwanted spontaneous intra-molecular cyclization 65. How the ACP interacts with 

other PKS domains is not well understood and is an active area of current research. 

 

1.3.1 Acyltransferase: AT 

 Acyltransferases are responsible for the selectivity of building blocks that are loaded to 

the holo-ACP during polyketide elongation.  Various structures of AT domains from both FAS 

and PKS revealed a highly conserved fold.  Structure alignment reveals an RMSD of 1.3 to 1.9 Å 

27. The AT structure contains two distinct subdomains. The larger core subdomain is similar to 

an α/β-hydrolase fold with a parallel β-sheet flanked on two sides by α-helices 27. The smaller 

subdomain, an insertion between residues 130 to 200, has a ferredoxin fold that consists of a 

four-stranded antiparallel β-sheet capped by two helices (Fig. 1-6A). The active site Ser lies in a 

cleft formed between the two subdomains 27,66.  A “VDVV” motif lies upstream of the active site 

Ser, providing an amphipathic α-helix for substrate binding 66. The MAT shares the same 

structural features with the AT, with the exception of the binding pocket motif.  The most 

noticeable structural difference between the MAT and AT is the varying length of the C-terminal 

helix (Fig. 1-6A) 67.   

Based on the KS-AT structural studies, the C-terminal helix presumably plays a role in 

protein-protein interaction between the AT and the KS linker region 36. Enzymological studies 

suggest that AT-mediated loading of ACP follows a ping-pong mechanism that involves the 

active site residues Ser, His, and the surface residue Arg 68 69.  Initial priming of the active site 

Ser by neighboring His attaches the acyl building block unit into a Ser-O-acyl intermediate (Fig. 

1-6B) 68 69. The formation of a tetrahedral intermediate through an oxyanion hole that is  
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Figure 1-6. Full figure description in the next page. 
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Figure 1-6. Crystal structures of the MAT and KS domain with their corresponding proposed 
catalytic mechanism. PDB: 1NM2 and 3S3L. (A) The monodomain malonyl-CoA:ACP 
transacylase from S. coelicolor contains a small domain shown in green and substrate recognition 
motifs highlighted in green and red. (B) Proposed mechanism for the AT domain. (C) The 
homodimeric structure of the putative CerJ KS domain from S. tendae, PDB: 3S3L. One 
monomer is highlighted in light green and the second monomer is various colors. The catalytic 
site is located at the dimeric interface. (D) Proposed mechanism for the KS domain. 
 
 

stabilized by neighboring Gln and Val collapses, and transfers the building block to the pPant 

moiety of the ACP (Fig. 1-6B) 69.  

 

1.3.3 Starter unit acyltransferase: SAT 

 Unlike the Type I modular and Type II PKSs, the Type 1 NR-PKS contains starter unit 

acyltransferase domains responsible for the selection and priming of polyketide starter units.  

SATs can selectively load starter units that vary between 2-8 carbons, providing further diversity 

NR-PKS natural products 70 71. Similar to AT domains, the SAT domain selects acyl-CoA groups 

and loads them to the holo-ACP. Not surprisingly, secondary structure prediction of the SAT 

domain shows similarities with MAT domains, sharing more than 23% sequence similarity 72. 

The SAT domain from the aflatoxin biosynthetic pathway (PksA) selectively primes the ACP  

with a hexanoyl moiety, and subsequent polyketide extension and modification yields 

norsolorinic acid, the precursor of aflatoxin B1 20. Several other SAT domains in NR-PKS have 

been identified. Nonetheless, little is known about the biochemical and structural selectivity for 

the starter units.  

 

1.3.4 Ketosynthase: KS 

 One of the most structurally conserved domains for all the types of PKS and FAS is the 

ketosynthase (KS). All KS crystal structures from FASs and PKSs reveal a highly similar 
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thiolase fold (Fig. 1-6C) 73. This fold consists of two copies of α-β-α-β-α folds that from a five-

layered core (2α-5β-2α-5β-2α): three layers of α-helices interspersed by two layers of β-sheet, 

with extensive connecting loops 55 25. The conserved catalytic Cys for covalent attachment of 

substrates and intermediates is located in the dimer interface of the KS 74. In addition, two 

additional conserved His residues aid in decarboxylation and ketone extension 73,74.  

Notwithstanding of the structural conservation, there are few structural differences between 

various KSs. The extent and structure of the loops on the opposite side of the substrate-binding 

pocket contain key important differences 73. These loops affect the position and identity of key 

catalytic residues as well as different substrate chain-length specificities for CoA-linked or ACP-

linked thioesters. This mentioned structural motifs differ between different types of FASs and 

PKSs 73 27.  

 KS catalysis begins with the transfer of an acyl group tethered ACP to the catalytic Cys.  

The α-carbonyl polyketide intermediate is stabilized by backbone amides of the catalytic Cys via 

an oxyanion hole (Fig. 1-6D) 75.  Upon ACP loading of the extender unit by the AT, the 

pantetheine bound extender unit is introduced into the KS active site. The active site His 

deprotonates and activates a water molecule that decarboxylates the extender unit, generating 

bicarbonate in the process. The carboxylate is stabilized through an enol intermediate by the 

second His residue 75. The Cys-bound acyl polyketide chain is then transferred to the ACP 

tethered enol intermediate through a Claisen condensation reaction, resulting in an elongated 2C 

polyketide chain (Fig. 1-6D) 75 27. 
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1.3.5 Product template domain: PT 

 The product template domain in the multi-domain NRPKSs mediates the regioselective 

cyclization of highly reactive polyketide products that leads to the core structure of the final 

products. Once the mature nascent linear polyketide intermediate is complete, the PT region-

selectively cyclizes the intermediate of appropriate length. How different PTs in the 30+ NRPKS 

currently identified in gene clusters convey different cyclization specificities is one of the least 

understood and most important factors that contribute to the wide diversity of non-reducing 

fungal polyketides 76. The PT domain, which was first identified in 2008 by the Townsend 

research group, bears similar sequence and structure identity to fungal NR-PKS dehydratase 

(DH) domains (Fig. 1-7A) 20. The first and only PT structure from PksA was solved in the Tsai 

lab in 2009, which contains a palmitate in the active site pocket 51. The crystal structure of the PT 

shows a double hot dog (DHD) fold that is also found in DH domains of NR-PKS and FAS 

megasynthase domains. The canonical hot dog fold has a central helix (the hot dog) that is 

packed in the middle of a curved 5- to 7- stranded β-sheet (the bun) 51. The proposed catalytic 

dyad His and Asp are located on βx3 and is highly conserved (Fig. 1-7A). The insertion of an α-

β-α-motif within the DHD fold forms the lower part of the substrate channel, important for 

cyclization specificity 51. A unique three-turn helix at the C-terminus of PT corresponding to a 

portion of the linker domain that connects PT to the ACP is observed in the crystal structure. 

The regio-specific cyclization of linear polyketides is catalyzed in a deep and narrow 

pocket of the PT domain. The catalytic Asp polarizes the catalytic His, which acts as a base. His 

deprotonates C4, leading to enolate formation that is stabilized by the backbone amide of a 

nearby Asn residue. The collapse of the enolate and subsequence C4 Aldol addition to C9 

carbonyl (C4-C9 cyclization event) leads to the first ring cyclization (Fig. 1-7B) 51. In addition to 
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C4-C9 cyclization, PTs from other fungal systems have the ability to cyclize C2-C7, C3-C8, C6-

C11 polyketide intermediates 51 76 77. Despite this knowledge and the proposed mechanism, we 

have very little knowledge on how the pPant from the ACP plays a role in PT domain catalysis. 

Part of the dissertation objective is to further investigate the role of the pPant in linear polyketide 

cyclization by the PT domain. Further understanding of region-specific cyclization has the 

potential for reengineering PT domains for the creation of new cyclized polyketides. 

 

Figure 1-7. The crystal structure and proposed mechanism for the aflatoxin PksA PT. (A) The 
PksA PT crystallized as a homodimer. PDB: 3HRR. One monomer illustrated in light green. The 
second monomer illustrates the double hot dog fold in blue and red with the active site region 
highlighted by a red star. (B) The PksA PT catalyzes two regio-cyclizations, generating a C4-C9 
first ring and C2-C11 second ring intermediate. 
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1.3.6 Thioesterase: TE 

The thioesterase domain most often carries out the final reaction catalyzed by the PKS. 

The TE is responsible for releasing the mature polyketide product from the 4’-

phosphopantetheine cofactor of the ACP through the hydrolysis of the thioester linkage. In Type 

I PKS and FAS, the TE is usually located at the end of the assembly line. The TE exhibits a 

classic α/β hydrolase fold, which consist of a central seven–stranded β-sheet with the second 

strand (β2) antiparallel to the remaining strands 30. The active site of the TE is comprised of a 

Ser-His-Asp triad, with the active site Ser located at a nucleophilic elbow, a sharp turn between 

an α-helix and a β-strand 30.  The general mechanism for TE-catalyzed polyketide release is as 

follows: The Ser residue attacks the carbonyl oxygen of the acyl-S-ACP to yield an acyl-O-

oxoester intermediate. This is stabilized by the oxyanion hole defined by the amide backbone of 

the TE 30. Depending on the nature of the TE, the TE-bound intermediate is then attacked either 

by an external nucleophile, typically water that leads to a linear hydrolyzed product, or by an 

internal nucleophile, typically a hydroxyl or an amino group on the intermediate, that leads to 

macrocyclization (macrolide or macrolactam) 27 78. 

 

1.4 PKS-NRPS hybrids 

 Natural product can become even more chemically complex when polyketide-derived 

PKSs and peptide-derived NRPSs are fused under the same gene cluster to form the PKS-NRPS 

hybrids. These bacterial and fungal Type I megasynthase hybrids biosynthesize metabolites that 

include the neuritogenic and immunosuppressive agent pseurotin A, the micotoxin fusarin C, and 

the anti-angiogenic agent cytochalasin E (Fig. 1-8A) 47. 
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The PKS machinery in PKS-NRPS hybrids can be modular or iterative and contain the 

same set of domains as previously mentioned. NRPS activate and incorporate L, D-amino acids, 

heterocyclic rings, and N-methylated residues to polyketide natural products 23,47. How PKS and 

NRPS machineries interact via protein-protein interactions to generate highly efficient and 

tightly controlled polyketide-peptide fusion natural products is not well understood. A better 

understanding of NRPS domains with respect to PKS/FAS structure may provide further insights 

for bioengineering. 

 

1.4.1 NRPS domains 

 Non-ribosomal peptide synthetases contain a core set of three domains responsible for the 

activation and incorporation of amino acid building blocks. Similar to PKS, the peptide 

intermediates are tethered to a 4’-phosphopantetheine carrier protein. In the NRPS, the peptidyl 

carrier protein (PCP) mediates peptide biosynthesis through protein-protein interactions with 

other NRPS domains. The gatekeeping enzyme that is responsible for substrate selectivity and 

activation is the Adenylation (A) domain 22,23. The A domain utilizes ATP to activate the cognate 

amino acid for immediate incorporation into the PCP-pPant-tethered intermediate. The 

incorporation and elongation of peptide natural products is accomplished by the condensation 

(C) domain. Unlike PKS that elongate C-C bonds, the C domain of NRPS promotes C-N bond 

formation 22 23. Upon the completion of a mature natural product, chain releasing TE and R 

domains release the final natural product from the holo-PCP. The newly discovered R domain 

utilizes NADPH to reduce the natural product at the thioester linkage of the pPant moiety 23 28. 

An understanding of the structural similarities and differences between PKS and NRPS will shed 

light into the chemical nature of these enzymatic complexes.  
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Figure 1-8. PKS-NRPS domain architecture, examples of PKS-NRPS natural products and 
structures of various NRPS domains. (A) PKS-NRPS hybrid natural products are polyketide and 
peptide derived consisting of a terminal NRPS module. Examples include pseurotin A (13) 
fusarin C (14) and cytochalasin E (15). (B) Structural alignments of the NMR solution structures 
of the TycC3 PCP domain from B. brevis in the H and A state reveal significant conformational 
changes. PDB: 2GDX and 2GDY. (C) The C domain of VibH from V. cholerae in vibrobactin 
synthetase reveals an N- and C-term subdomains, forming a V-shape canyon, PDB: 1L5A. The 
catalytic His shown in black is located in the junction of both domains. (D) The crystal structure 
of the A domain GrsA from the gramicidin S synthetase contains two subdomains. PDB: 1AMU. 
The catalytic site is located in close proximity to the AMP, in the junction between the N- and C-
terminal domains. 
 
 

1.4.1.1 Peptidyl carrier protein: PCP 

 The PCP is a small protein with 80-100 residues that form a four–helix bundle, and it 

carries the growing peptidyl chain throughout the catalytic steps of NRP biosynthesis 23. The 
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PCP is translated in the apo form, lacking the pPant prosthetic group on the conserved Ser 

residue 79. The post-translation modification by a PPTase covalently tethered the pPant arm of a 

CoA molecule onto the serine residue of the PCP active site, generating the holo form of the 

PCP. 

 Similar to the ACP, the PCP is a highly dynamic protein. NMR studies of the tyrocidin 

synthetase from Bacillus subtilis PCP (TycC3-PCP) revealed that the apo and holo forms of the 

carrier protein adopt two different conformations, the A-state and H-state (Fig. 1-8B) 79 23.  In the 

A-state, the PCP is in its most flexible and extended conformation. Helices I and II are uncoiled 

with loop III stretched out and lodged in between helices II and IV, thus preventing pPant 

loading 79. In the H-state or holo form of the PCP, helix III unfolds, causing helix IV to align 

parallel with helix I and II, thus resulting in a large movement of the pPant arm across the PCP 

surface (Fig. 1-8B) 23,79. This observation provided structural evidence for the “swinging arm” 

model and offered further support for substrate sequestration in carrier proteins.  

 

1.4.1.2 Adenylation domain: A domain 

 The adenylation domain serves as the gatekeeper in the NRPS assembly line by 

recognizing and activating the building block substrate in a two step-process. First, it selectively 

binds the cognate amino acid and activates it into an aminoacyl adenylate intermediate, utilizing 

ATP in the process 80 33.  The adenylated substrate is then nucleophilically attacked by the thiol 

of the pPant tethered PCP, forming a thioester-bound aminoacyl-S-PCP 23.  

 The A domain folds into a large N-terminal domain and a smaller C-terminal domain 

(Fig. 1-8D). The residues that play key roles in the coordination of the substrate lie in a 100 

amino acid stretch between core A4 and A5 81. A thorough analysis of this region within 
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different A domains led to the “non-ribosomal code”, which allows the prediction of A domain 

selectivity on the basis of its protein sequence 82 23 83. The substrate-binding pocket is situated at 

the interface between the N- and C-term subdomains (Fig. 1-8D). The A domain starts in an open 

conformation, allowing amino acid and ATP binding 84 22. The adenylated intermediate is formed 

upon amino acid and ATP docking, yielding a phosphoester bond of ATP that is cleaved upon a 

conformational change in the A domain. This results in the formation of an activated amino acyl 

adenylate and pyrophosphate.  

 

1.4.1.3 Condensation domain: C domain 

 The condensation domains are responsible for the peptide bond formation between amino 

acyl substrates bound to PCPs.  The enzyme catalyzes the nucleophilic attack of the α-amino 

group of the downstream acceptor substrate, forming an amide bond and transferring the peptide 

intermediate from one module to the next 23. 

The C domain is composed of an N- and C-terminal subdomain, arranged in a V-shape 

containing a solvent channel that runs through the N- and C- faces (Fig. 1-8C) 22,34. These two 

faces act as the binding sites for the PCPs, resulting in the extension of the pPant arms into the 

solvent channel to introduce the C domain with the corresponding substrate for catalysis.  The C 

domain contains a highly conserved histidine motif (HHxxxDG) that is essential for the 

condensation activity 34 22. The lack of C domain structures for structural analysis has hampered 

the detail mechanistic studies of the C domain and is an active area of current research. 
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1.4.1.4 NRPS termination domains: Reductase (R) domain 

 The recent discovery and emerging examples of product release mediated by the 

reductase (R) domains demonstrated a novel PCP chain releasing mechanism in NRPSs. R 

domains generally catalyze the NADPH-dependent reductive release of acyl-S-polyketide or 

peptidyl-S-non-ribosomal peptides 85. The first R domain defined biochemically by the Walsh 

group involved the reductive release of 3-methylorcinaldehyde 86. The aldehyde functionality in 

the product suggested that the R domain catalyzed a reductive release of the acyl thioester that is 

attached to the PCP of the 3-methylocinaldehyde synthase (MOS) in the biosynthesis of 

xenovulene. A subclass of R domains is capable of four-electron reduction during product 

release (Fig. 1-9C). This has been shown in the reductively released product containing a 

terminal 2-aminopropanol in myxalamid A biosynthesis 48.  The four-electron reductions release 

the final product through a non-processive 2+2 electron reduction, utilizing two NADPH 

cofactors in the process (Fig 1-9C) 28. How R domains catalyze the reduction of substrates in a 

non-processive fashion is not well understood. More recently, there has been reports of R 

domains catalyzing non-redox Dieckmann-type condensation reactions 85.   

 R domains show sequence similarities to the short-chain dehydrogenase/reductase (SDR) 

superfamily, which have the Rossmann fold structure and the characteristic nucleotide-binding 

motif (Fig. 1-9A) 87. The first high resolution R domain structure in lipopeptide biosynthesis 

from Mycobacterium tuberculosis revealed an N- and C-terminal subdomain.  The N-terminal 

contains the highly conserved TGxxGxxG Rossmann fold and the nucleotide-binding motif, 

which is consistent with other dehydrogenase/reductase families 28. The lack of an NADPH co-

crystal structure has hampered our understanding of other important residues for nucleotide 

binding.  The C-terminal domain is unique in its architecture and is considered to be important 
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for substrate recognition (Fig. 1-9A). Unlike other SDR proteins that have a C-terminal domain 

of ~100 residues, the R domains possess a larger C-term domain (~140 residues) 28. Additional 

crystal structures of R domains for structural comparison could further elucidate the substrate 

recognition mechanism of the C-terminal subdomain. 

 

 

Figure 1-9.  The crystal structure of the NRPS Red domain from M. tuberculosis involved in 
lipopeptide release and the proposed catalytic rearrangement for pPant release through NADPH 
dependent reduction. (A) The R domain is part of the SRD family of proteins containing a 
Rossmann fold motif on the N-terminal subdomain and a longer C-term substrate-binding 
domain. A black star represents the catalytic region. PDB: 4DQV. (B) Docking of NADPH 
reveals important Lys, Tyr and Thr catalytic triad for pPant release. (C) R domains are capable of 
2 or 4 e- reduction to release the pPant-tethered substrate, generating aldehyde and alcohol 
derived final products.  
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 The active sites of 2+2 electron R domains contain a highly conserved catalytic triad 

composed of Tyr, Lys, Thr (Fig. 1-9B). In silico docking analysis revealed that both Tyr and Lys 

are necessary for proper NADPH binding (Fig. 1-9B) 28,85. Upon the first NADPH cofactor 

binding, pPant-bound substrate is reduced into an aldehyde-substrate intermediate, then releases 

the pPant tethered PCP domain. NADP+ disassociation and a second NADPH binding lead to a 

second reduction of the aldehyde-substrate to yield an alcohol-based final product (Fig. 1-9C). 

The catalytic mechanism has not been thoroughly investigated. Chapter 5 will further investigate 

the structure-function relationship of R domains in PKS-NRPS hybrids. 

 

1.5  Polyketide intermediates 

 The unstable chemical nature of linear poly-β-ketone intermediates makes it very difficult 

to isolate the intermediates during polyketide biosynthesis. The high reactivity of linear 

polyketide intermediates in solution is caused by the readily deprotonation of α-carbons that 

undergo intramolecular Aldol cyclization to yield various cyclized shunt products (Fig. 1-10A) 

88. In order to investigate the protein-substrate interactions in the multidomain PKS, the approach 

of using endogenous reactive polyketide intermediates to probe PKS domains would be 

problematic. During polyketide biosynthesis, the ACP transports the polyketide intermediates 

between various catalytic domains, all while being tethered to the 4’-phosphopantetheine (Fig. 1-

10B) 51. Generating highly reactive linear poly-β-ketone intermediates tethered to pPant to test 

protein-substrate interactions would not be possible. The development of SNAC compounds for 

co-crystal structure determination of various PKS domains has provided variable results 89. This 

is primarily due to the low structural similarity of SNAC to pantetheine-tethered polyketide 
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intermediates.  The synthesis of more stable pantetheine-tethered polyketide mimics would be a 

more viable solution in the investigation of protein-substrate interactions. 

 

Figure 1-10.  The reactivity of polyketides and the atom replacement strategy. (A) Enolate 
formation by polyketide intermediates undergoes deprotonation and spontaneous Aldol 
cyclization, generating various polyketide shunt products. (B) Endogenous PKS probes require 
linear polyketide intermediates tethered to the pPant arm of the ACP (16). Atom replacement 
probes require the substitution of carbon and oxygen atoms to minimize polyketide reactivity, 
thus providing a stable PKS probe (17). 
 
 

1.5.1 Polyketide intermediate mimics: atom replacement strategy 

 The development of stable polyketide intermediate mimics to replace highly reactive 

linear polyketide substrates for protein-substrate analysis would be an alternative approach.  

Pantetheine tethered polyketide substrates, more specifically triketone units, can be adapted 

synthetically to the 4’-pantetheine 90-92. These have been demonstrated to be stable intermediates. 

However, preparation of longer polyketones has been impeded by the inherent reactivity through 

spontaneous intra- and intermolecular Aldol/Claisen condensations. A practical solution to this 

problem would be to replace selected carbonyl groups with a sulfur atom, thereby thwarting 

spontaneous condensation (Fig. 1-10B). The atom replacement strategy allows for chemical 

“knockout” of reactive carbonyl moieties and the development of long and stable polyketone 
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pPant-tethered mimics. A library of such polyketide intermediate mimics can serve as a tool for 

co-crystallization and kinetic studies in the dissection of various PKS domains. Chapter 2 and 3 

will further discuss the development and application of atom replacement probes.  

 

1.5.2 PKS domain-domain interactions: ACP contacts 

 Both FAS and PKS rely on domain-domain interactions for the biosynthesis of fatty acids 

and polyketides. The biosynthetic process and final product release is a highly regulated process 

that requires specific protein-protein interactions. For example, in the KS-AT didomain structure, 

an intra-domain linker region plays a crucial role in domain-domain recognition36 93. Because 

FAS and PKS operate on ACP-bound acyl intermediates, ACP must stabilize and transport the 

growing acyl chain through the various acyl elongation and tailoring domains. The transient 

nature of ACP interactions with FAS and PKS domains imposes a major obstacle for the 

investigation of ACP-domain interactions.  Further evidence can be observed in the crystal 

structure of the mammalian FAS, where the lack of electron density for the ACP supports the 

flexibility of this transporter protein 25. The lack of structures of ACP bound to various domains 

has hampered efforts for domain swapping and rational domain engineering of FAS and PKS. In 

order to better characterize interactions between the ACP and partnering enzymes, a novel 

strategy must be used for the analysis of stable ACP-domain complexes.  

 

1.5.3 Mechanism-based FAS and PKS crosslinkers 

 Mechanism-based FAS and PKS covalent crosslinkers provide a solution for the 

stabilization of ACP-domain interactions. Covalent crosslinkers take advantage of the 

pantetheine prosthetic   group as a   recognition probe for   ACP and its partner    domains.  More 
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Figure 1-11. The one pot chemo-enzymatic crosslinker transfer to carrier protein (CP) and 
covalent crosslinking of target PKS enzymes. (A) The chemo-enzymatic reaction requires the 
catalysis of four pantetheine modifying enzymes. The crosslinker is phosphorylated by the 
pantethenoate kinase at the hydroxy terminal end. The phosphorylated crosslinker is adenylated 
and further phosphorylated by the phosphopantethenoyl adenyl transferase and dephospho CoA 
kinase. The phosphopantetheinyl transferase transfers the 4’-phosphopantetheinyl arm to the CP, 
resulting in spontaneous covalent crosslinking to various PKS or NRPS domains. (B) Various 
crosslinkers can be utilized for various PKS and NRPS enzymes. The alkyne-sulfone derived 
(18) covalently crosslinks to DH and PT domains while the chloroacryl derived (19) is utilized 
for KS and AT domains. The 16-bromo crosslinker (20) crosslinks to TE domains. 
 
 

specifically, the probe can be divided into two parts:  1) The pantetheine segment that recognizes 

the active site Ser of the ACP, and 2) the substrate inhibitor mimic that is utilized to covalently 

crosslink to a target domain. Successful ACP-domain complex crosslinking involves a two-step 

reaction (Fig. 1-11A) 94,95. The first step is the crosslinker loading to ACP, which is 
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accomplished by the use of chemo-enzymatic reactions developed by the Burkart group at UCSD 

95. The probe is enzymatically modified on the pantetheine segment and loaded through the use 

of pantethenoate kinase (CoaA), phosphopantetheinoyl adenyl transferase (CoaD), dephospho 

CoA kinase (CoaE), and phosphopantetheinyl transferase (Sfp) enzymes in a one-pot reaction 

(Fig. 1-11A) 95.  The second step is the covalent crosslinking of the target enzyme with the ACP 

loaded pantetheine crosslinker.  This step is spontaneous and requires no further enzymatic 

assistance. The substrate inhibitor segment of the covalent crosslinker, referred as the “warhead”, 

is specifically design to covalently crosslink a specific FAS/PKS domain 96.  Various warhead 

moieties have been designed for the DH and KS domains in the FAS (Fig. 1-11B). The 

successful crosslinking can be quickly assessed by SDS-PAGE, showing higher molecular 

weight bands for the crosslinked species 95,96.  

 The utilization of these probes can be used to investigate 1) substrate specificity between 

the ACP and its partnering enzyme, and 2) protein-ACP interactions 65,97.  Substrate specific 

probes have been successfully used to test the selectivity of SAT and KS domains in the fungal  

NR-PKS of aflatoxin and bikaverin 97. Current research in the Tsai lab has been focused on 

utilizing mechanism-based probes for protein-protein interaction. The high-resolution crystal 

structures of two ACP complexes have been solved. The ACP-DH and ACP-KS complexes from 

the FAS pathway in E. coli have yielded a great deal of structural information (Fig. 1-12). Both 

the DH and KS dimeric structures contain both active sites occupied by an ACP 65.  High B-

factors in one ACP compared to the other ACP (in both structures) demonstrates the transient 

mode of action of the ACPs. In addition, various key surface residues have been identified in 

protein-protein interactions between the ACP-DH and ACP-KS structures.  Helix III of the ACP 
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in both structures suggests it is involved in the sequestration of FAS intermediates and for 

protein recognition with partnering enzymes. 

 

Figure 1-12. The crystal structures of covalent crosslinked ACP-DH and ACP-KS from the FAS 
in E. coli. (A) Crosslinker (18) was utilized to trap the AcpP and FabH complex in FAS. PDB: 
4KEH. The FabB DH co-crystallized as a homodimer and both active sites are occupied by 
ACPs. ACP 1 and ACP 2 adopt distinct structural conformations. (B) Crosslinker (19) was 
employed by Dave Jackson  et al. to trap the FabB KS to the AcpP. The KS homodimer also has 
both active sites occupied by ACPs with distinct conformational changes. 
 
 

 Our current efforts are directed towards utilizing mechanism-based crosslinkers for the 

structural study of fungal NR-PKS domains. FAS share structural and biochemical similarities 

with PKS. The FAS DH domain contains the Asp-His catalytic dyad, similar to the PT domain in 

NR-PKS.  The NR-PKS ACP has been successfully crosslinked to the PT domain, validating the 

evolutionary similarities between the PT and DH domain. Chapter 4 will further elucidate on the 

ACP-PT surface interactions in NR-PKS.  

1.6 Objective of dissertation research 

 The novel application of PKS and PKS-NRPS protein engineering and combinatorial 

biosynthesis for the rational design of “unnatural” natural products for the use in therapeutics is 

hindered by the lack of biochemical and structural knowledge of these megasynthases. The aim 
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of this dissertation is to provide the missing information on protein-substrate and protein-protein 

interactions of NR-PKSs and NRPSs.  

 Chapter 2 focuses on the synthetic and biosynthetic development of linear and cyclic 

polyketide pantetheine tethered mimics. The application of linear polyketide mimics using the 

PT domain from the aflatoxin PksA (an NR-PKS) will be described in Chapter 3.   The co-crystal 

structure of the phosphorylated pantetheine heptaketide probe with PksA PT will be depicted and 

analyzed. Chapter 4 focuses on the protein-protein interactions between ACP and the PT domain 

in NR-PKSs.  Mechanism-based crosslinking in parallel with in vitro reconstitution analysis shed 

insights into the PT domain residues responsible for polyketide regio-cyclization and ACP 

recognition. Chapter 5 describes the molecular cloning, protein structure, molecular dynamics 

and functional analysis of the chain releasing reductase domain in myxalamid biosynthesis, a 

PKS-NRPS Type I complex.  The results of the dissertation research demonstrate that atom 

replacement probes, mechanism-based crosslinkers in parallel with structural and biochemical 

studies can aid in our understanding of PKSs and NRPSs.  
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CHAPTER 2 

PHOSPHOPANTETHEINE ATOM REPLACEMENT MIMETICS OF 

UNSTALBE POLYKETIDE INTERMEDIATES  

2.1 Summary 

 The structural and mechanistic details of various polyketide synthase domains remain 

uncharacterized primarily due to the instability of transient linear poly-β-keto intermediates. The 

atom replacement strategy proposed by Shakya et al. enables the rapid synthesis of polyketide 

probes by selective atom replacement, thereby quenching polyketone reactivity and providing 

key substrate mimics for structural and mechanistic PKS domain analysis. The 4’-pantetheine 

tethered atom replacement surrogates allow for the first time to mimic the pantetheine arm of the 

acyl carrier protein as well as the various unstable polyketone intermediates. Nonetheless, atom 

replacement probes lack the phosphate group at the 4’-pantetheine end and thus hampers a 

thorough substrate analysis of the endogenous 4’-phosphopantetheine-tethered polyketide 

intermediates.  In order to improve on atom replacement mimetics, we need to incorporate a 

phosphate group on the 4’-pantetheine end of atom replacement probes. Here, we describe a 

chemoenzymatic method of phosphorylating the 4’-hydroyl group of pantetheine atom 

replacement probes for subsequent applications in structural analysis of polyketide synthase 

enzymes.  

 

2.2 Introduction 

 The polyketide synthase (PKS) is a multi-domain enzyme complex that utilizes acyl-CoA 

starting units as the building block for polyketide natural products 1. The biosynthesis of 

polyketide natural products requires the priming, extension and modification of unstable linear 
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poly-β-keto intermediates to yield the final natural product (Fig. 2-1A). In the initiation step, 

prior to polyketide biosynthesis, the acyl carrier protein (ACP) must first be post-translational 

phosphopantetheinylated at the active site serine within the conserved DSL motif 2. The 4’-

phosphopantetheine (pPant) 1 contains a free thiol group, which serves as the site of attachment 

for the nascent polyketide intermediate (Fig. 2-1A) 3,4. Polyketide priming is initiated by the 

malonyl acyl transferase (MAT) domain, which transfers the monomeric acyl groups, such as 

malonyl-CoA, from the coenzyme A carrier to the thiol group of the pPant tethered ACP 2. The 

ketosynthase (KS) catalyzes the successive decarboxylative Claisen condensations between the 

growing polyketide chain and the extender unit supplied by ACP to elongate the nascent 

polyketide backbone 3 (Fig. 2-1A) 2.  Following extension, the nascent polyketide intermediate 

can undergo various modifications that include, but are not limited to, reduction, dehydration and 

aromatization by tailoring enzymes such as the ketoreductase (KR), dehydratase (DH), 

enoylreductase (ER), and aromatase/cyclase (ARO/CYC) 4 (Fig. 2-1A) 2,5,6. Although much is 

known on the broad functional PKS domains that process polyketide intermediates, how PKS 

enzymes selectively bind pPant-tethered polyketide intermediates is unknown. Synthetic efforts 

to generate a library of polyketone intermediates to study PKS enzymes has proven difficult due 

to their innate reactivity (Fig. 2-1B) 7. Linear unreduced polyketones longer than triketides 6 

undergo spontaneous intra- and intermolecular Aldol/Claisen condensations, generating a variety 

of cyclized products 7, 8 (Fig. 2-1B) 8. The lack of stable polyketide intermediates has hampered 

our mechanistic understanding of substrate recognition by PKS enzymes.  

Synthetic mimics of complex natural products are important tools to evaluate the 

mechanisms  of  natural  product  biosynthesis,   particularity in PKS domains 8. In  the  last  four  
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decades, synthesizing unreduced poly-β-ketone intermediates has been limited to triketone 

mimics developed by Barett and Harris 9-11. The synthesis of tetra-β-carbonyl compounds would 

cyclized under mild conditions. The Harris group was able to observe the formation of 6-phenil-

β-resocyclic acid 10 by cyclization of 7-phenyl-3,5,7-trioxoheptanoic acid 9 under mild 

“physiological” conditions at an appropriate acidic pH (Fig. 2-2A) 7,12. In parallel to tetraketide 

mimics, the Harris group was able to synthesize β-hexaketone 12 by double acylation of 

acetylacetone 11a with the aryl β-ketoester 11b (Fig. 2-2B). Depending on the basic or acidic 

conditions, the β-hexaketone cyclized into two highly regioselective naphthalenoid regio-isomers 

 

Figure 2-1. PKS enzymes stabilize the nascent linear unreduced polyketide intermediate and 
perform efficient regiocyclization for subsequent polyketide modifications (A). The red atoms 
illustrate the polyketone group. The actinorhodin 5 is made up of a dimer of octaketide cyclized 
groups. (B) The innate chemistry of tetraketone groups or higher order polyketides can undergo 
spontaneous Aldol/Claisen condensation reactions, thus limiting their use as substrates for 
structural analysis. 
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13 or 14 (Fig. 2-2B) 7,13.  The innate reactivity of unreduced linear polyketides, 13 and 14 for 

example, illustrate the chemical difficulty for the design and development of polyketide mimics. 

More specifically, linear polyketide analogues that could mimic the natural product intermediate 

tethered to the endogenous pPant moiety of the ACP. 

The recent atom replacement strategy developed by our group enables the synthesis of 

stable linear and cyclic polyketide intermediate mimics for detailed mechanistic evaluations. By 

strategically replacing atoms within endogenous pPant-tethered polyketide intermediates with 

more stable elements, various polyketide surrogates can be generated with a lower innate 

reactivity (Fig. 2-3B). The selective atom replacement approach allows for the synthesis of linear 

tetra- (15, 18) hepta- 16 and octaketide 17 mimics along with cyclic hexa- 19 and octaketide 20 

mimics (Fig. 2-3B). Such various mimics can be coupled to the pantetheine group to further 

mimic pantetheine-tethered 

polyketide intermediates. To 

further improve the affinity of the 

atom replacement probes, we 

utilized a chemoenzymatic 

approach to phosphorylate the 

pantetheine portion of the various 

polyketide mimics, which is a 

much more efficient and 

technically simple alternative to 

synthetic phosphorylation of the 

4’-pantetheine segment that 

 

Figure 2-2. Harri’s polyketide mimetics. (A) Tetraketide 
mimics undergo spontaneous intramolecular cyclization in 
an aqueous environment. (B) Higher order hexaketide 
mimetics are highly unstable and difficult to isolate. 
Regioselective stable mixtures can be readily isolated. 
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requires an 8-step synthesis 8. Here, we describe the rationale behind the design of atom 

replacement probes and provide an efficient strategy for chemoenzymatically phosphorylating 

pantetheine probes for PKS structural analysis. 

 

2.3 Results and discussion 

2.3.1 Atom replacement probes: rationale and design 

 Stable intermediates in aromatic polyketide biosynthesis have not been possible due to 

the instability of nascent polyketones. A polyketide intermediate probe requires a pantetheine 

segment that mimics the pPant group and a stable polyketide intermediate that is connected 

through the thiol group of the pPant (Fig. 2-3A). The problem is: the pPant part is difficult to 

synthesize, while the polyketide part is too unstable. To solve these two issues, we designed the 

atom replacement strategy, which contains the same structural integrity of pantetheine tethered 

polyketones but with substituted S, N and O atoms along the pantetheine and polyketone 

segments, thus quenching for spontaneous intra- and intermolecular Aldol/Claisen condensations 

(Fig. 2-1B, Fig. 2-3A-B).   

Tetraketide bearing atom replacement mimetics were first targeted using an amine group 

in substitution for the pantetheine thiol group where the tetraketide is appended (Fig. 2-3A). The 

lack of a thiol group between the pantetheine and tetraketide would prevent hydrolysis and 

degradation of the probe. A practical solution to stabilize the tetraketide intermediate is to 

replace selected carbonyls with sulfur atoms, thus preventing spontaneous condensation (Fig. 2-

3B). For the synthesis of a tetraketide mimic 15, 18  Gaurav Shakya et al. used an isoxazole, t-

butyl 2-bromoethanoate  coupled three-step one-pot deacetilation, alkylation and ester hydrolysis 

was coupled to a protected pantetheine group (Fig. 2-3B) 8. The final probe would consist of a 



 50 

pantetheine amine-tethered tetraketide isoxazole mimic. Alternatively, the isoxazole in 15 could 

be opened by treatment   with    Mo(CO)6    yielding a tetraketide    mimic   containing   a sulfur   

and    amine  

 

 

Figure 2-3. (A) Endogenous pPant-tethered polyketides (octaketide) are highly reactive in 
solution. (B) To overcome polyketide reactivity, atom replacement probes 15-20 contain 
pantetheine tethered polyketide surrogates. 15-26 mimic linear polyketide intermediates and 
resemble monocyclic intermediates. (C) A chemoenzymatic approach was used instead of 
synthetic modification for the regio-phosphorylation of the pantetheine probes 21-26 (D). 
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substituted tetraketide probe  18 (Fig. 2-3B). Gaurav Shakya and co-workers then turned their 

attention to mimetics bearing chain-elongated linear hepta- and octaketide probes. Utilizing the 

same isoxazole strategy to mimic diketone groups, the synthesis of 16 was carried out by 

coupling two isoxazole groups using a tandem three-step process as illustrated by Shakya et al. 8. 

The resulting bis-isoxazole could be coupled to a protected pantetheinamine, which after 

deprotonation, afforded heptaketide  16. The octaketide 17 was synthesized using the similar bis-

isoxazole but utilized t-butyl 4-bromobutanoate instead of t-butyl 2-bromoethanoate to generate 

the extra 2 carbon extension 8. Unfortunately, opening of the bis-isoxazole moiety underwent 

rapid condensation providing an intractable mixture 8. Nonetheless, the bis-isoxazole hepta- and 

octaketide contain sufficient similarities to mimic linear hepta- and octaketides.  

To evaluate the biochemical properties of cyclyzed polyketide intermediates, which 

constitute substrates for KR and ARO/CYC enzymes, monocyclic hexa- 19 and octaketide 20 

mimics were generated. Protected pantetheine groups were coupled with m-aminophenol and 

deprotected to generate the cyclic hexaketide mimic 19 8. The addition of the diketide moiety to 

19 through isoxazole incorporation generated the monocyclic octaketide mimic 20 8. The overall 

synthetic strategies for cyclic and linear atom replacement probes are illustrated by Shakya et al. 

8.  All atom replacement probes 15-20 contain both pantetheine and polyketide intermediate 

mimicry, which can be utilized for structural PKS domain analysis or for biosynthetic evaluation 

of PKS products 8. Recent PKS KR structural studies by Bruegger et al. provide evidence for 

semi-conserved “gate-keeping” electropositive residues important in ACP and pPant binding 

during polyketide reduction 14. Various PKS processing enzymes display a very similar “gate-

keeping” sequence motifs composed of arg and lys residues 14. In order to further expand our 

structural analysis of arg/lys motifs or other corresponding residues important in pPant and ACP 
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binding, atom replacement probes with the endogenous 4’-phosphate in the pantetheine segment 

would be ideal surrogates. The synthetic approach to regio-phosphorylating atom replaced 

probes 15-20 would require the protection of various hydroxyl groups, resulting in additional 

synthetic steps and a decrease in the yield of the final pPant atom replacement probes 21-26 (Fig. 

2-4). Instead, we utilized a chemoenzymatic reaction to regio-specifically phosphorylate the 

atom replacement probes to generate 21-26 efficiently (Fig. 2-3C-D).  

 

2.3.2 Chemoenzymatic phosphorylation and isolation of pantetheine probes 

 In order to phosphorylate 15-20, we utilized the pantetheine kinase (PanK) or CoaA from 

the pantothenate (vitamin B5) biosynthetic pathway 15. We purified CoaA from the recombinant 

E. coli transformed construct provided by the Burkart group and incubated 2 µM CoaA with 

various atom replacement probes 15-20 containing 25 mM potassium phosphate pH 7.5, 10 mM 

MgCl2, 8 mM ATP.  The various CoaA reactions were incubated at 37 ºC for three hours. 

Phosphorylation was monitored over analytical HPLC analysis and ESI-MS. Once complete 

phosphorylation was observed, 21-26 were purified by semi-prep HPLC and concentrated by 

rotary evaporation. Figures 2S1-5 illustrate the various phosphorylated probe purifications.  

 

2.3.3 Structure analysis of PKS enzymes with phosphopantetheine probes 

 The phosphorylation method of atom replacement probes has been utilized in the 

structural analysis of various Type I and II PKSs. The linear phosphorylated tetra- and 

heptaketides have been utilized in the regiocyclization specificity of the product template (PT) 

domain, responsible for linear polyketide cyclization during aflatoxin biosynthesis. The detailed 

work for this project is described in Chapter 3.  
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 In addition, atom replacement mimics 21-26 have been utilized to study the 

stereospecificity of the actinorhodin KR.  The act KR is a type II NADPH-dependent reductase 

domain that reduces the C-9 carbon of an octaketide and aids in first ring cyclization. Bruegger 

and coworkers utilized the phosphorylated atom replacement probes 23, 24b to investigate the 

KR substrate specificity (Fig 2-4). Dr. Joel Bruegger’s co-crystal act KR structures with 21-26 

identified key gatekeeping residues important in substrate binding selection. More specifically, 

Bruegger and co-workers demonstrated reduction by the act KR depends on proper pPant 

binding and substrate recognition between incoming linear ketide substrates and KR residues, 

both in and out of the catalytic pocket. These results demonstrate the importance of the atom 

replacement approach and the key phosphorylation step for the identification of residues that 

would otherwise remain uncharacterized with the use of conventional polyketide mimics.  

Figure 2-4. The act KR utilizes surface gate keeping residues to select pPant-tethered polyketide 
substrates. (A) Bruegger and co-workers co-crystallized act KR with the phosphorylated pPant 
mimic 24b, which displays the polyketide portion outside of the pocket. (B) The act KR structure 
with 23 demonstrates the importance of both the phosphate group and longer polyketide 
intermediate for proper substrate entrance to the catalytic site. 
 

 

2.3.4 Biological significance 
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 Studies on transient and unstable polyketide intermediates are difficult to accomplish due 

to their innate reactivity in solution. We have developed and implemented the atom replacement 

approach and employed a chemoenzymatic protocol to generate pPant-tethered polyketide 

surrogates. While no probe could ever exactly mimic the chemical properties of natural 

polyketone intermediates, this work demonstrates that selective replacement of carbonyl groups 

with heteroatoms facilitates access to a diverse class of polyketide mimetics. The 

chemoenzymatic approach can be utilized to phosphorylate various pantetheine-tethered 

substrates for subsequent use in structural PKS enzyme analysis. Current structural analysis on 

phosphorylated atom replacement probes has provided the structural basis for polyketide 

substrate selectivity in fungal PT domains, bacterial KR domains, and ARO/CYC enzymes.  In 

every single case, the co-crystal structures of atom replacement probes have strongly supported 

the importance of phosphorylation of these polyketide mimetics, which has provided the 

structural insights for substrate stereochemical selection of PKS enzymes. The above results 

brings to question all previous PKS enzyme assays that use SNAC, a substrate mimic without the 

pantetheine or phosphorylated pantetheine, because the phosphorylated polyketide mimics have 

been shown to greatly improve the binding affinity to PKS. In sum, the above results provide a 

new tool for the study of functional and structural PKS enzymes that could be utilized in the 

development of novel polyketides through PKS domain engineering.  
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2.4 Materials and methods 

2.4.1 Expression and purification of pantetheine kinase 

The constructs containing the MPB-tagged E. coli CoaA pantetheine kinase (PanK) was  

transformed into Bl21 (DE3) E. coli cells (Novagen). Transformed cells were grown to OD600 = 

0.6 at 37 °C in 1 liter LB media containing 50 µg/mL carbenicillin. The cell cultures were cooled 

to 18 °C and expression was induced using 1 mM IPTG. The cell cultures were incubated for an 

additional 16 hours at 18 °C and harvested by centrifugation at 5,525 r.c.f. for 15 minutes. Cell 

pellets were resuspended in 40 mL of lysis buffer made up of 50 mM tris-HCl pH 7.5, 10 % 

glycerol, 1 mM EDTA, 300 mM NaCl and 1mM DTT. Resuspended cells were cooled on ice for 

30 min and the cells were disrupted using sonication. The cell debris was cleared by 

centrifugation at 21,036 r.c.f. for 1 hour. Protein was bound to amylose resin (NEB) by batch 

binding method for 1 hour at 4°C.  The batch bound amylose resin was loaded onto a gravity 

column where the lysate was eluted and the resin was washed with 2 x 25 mL washes of lysis 

buffer. The protein of interest was eluted at 1, 10 and 100 mM maltose in lysis buffer. Fractions 

containing the pure protein were determined by SDS-PAGE and fractions containing MBP-

tagged proteins were combined and dialyzed against 50mM tris-HCl pH. 7.5, 10 % glycerol and 

1 mM DTT at 4°C for 12 hours. Protein samples were concentrated to 4 mg/mL as determined 

by Bradford protein assay (Bio-Rad), flash frozen in liquid nitrogen, and stored at -80°C. 

 

2.4.2 Chemoenzymatic phosphorylation and purification of atom replacement probes 

 Initial pantetheine atom replaced probes were resuspended in DMSO at 100mM final 

concentration and stored at -20 ºC. Phosphorylation of pantetheine derivatives was conducted 

biosynthetically using the first CoaA pantetheine kinase (PanK) from the pantothenate (vitamin 
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B5) pathway 14. CoaA is promiscuous at catalyzing the phosphorylation of pantetheine and 

various pantetheine-based derivatives at the 4’-hydroxyl group 15. 

Pantetheine derivatives were diluted to 2.5 mM in a reaction containing 25 mM 

potassium phosphate pH 7.5, 10 mM MgCl2, 8 mM ATP, 2 µM CoaA and incubated at 37 ºC for 

three hours.  The reaction was filtered using a 3,000 MWCO centrifugal filter (Millipore). The 

phosphorylated pantetheine derivatives were successfully separated by reverse phase liquid 

chromatography (Beckman Coulter HPLC System Gold ) with a C-18 ODS column (5µ x 10mm 

x 15cm; Beckman Coulter Ultrasphere) with UV detection set between 220-310 nm. Derivatives 

were eluted with a flow rate of 4.75 ml/min using a linear gradient of 5-50% MeCN/0.1 % 

formic acid in a H2O/0.1 % formic acid mixture over 15 min followed by 50-95 % MeCN/0.1 % 

in a H2O/0.1 % formic acid mixture over 5 minutes. Under these conditions, the HPLC retention 

times were observed between 4-10 minutes, depending on the pantetheine derivative. 

Phosphorylated products were collected in a round bottom flask and subjected to rotovaporation 

(Buchi) to remove water and acetonitrile. The phosphorylated analogues were dissolved in 2-3ml 

of methanol or water and transferred to a 15 ml conical tube (Genesee). The methanol/water 

were removed by flushing with nitrogen gas and the dried phosphorylated analogues were 

resuspended in DMSO to 100 mM final concentration.  The DMSO phosphorylated analogues 

were stored at -80 °C. 

 

2.4.3 Mass spectrometry analysis of atom replacement probes 

To evaluate successful phosphorylation of pantetheine analogues, both of the DMSO 

100mM stocks of non-phosphorylated and phosphorylated probes were diluted between 0.1-1.0 

mM using methanol and subjected to ESI-LC-TOF (Micromass LCT 3). 10 µL were injected and 



 57 

an m/z range of 200-1000 in negative mode was selected for data analysis. Results were analyzed 

using Waters Mass lynx 4.0 software. 

2.4.4 Synthesis of atom replacement probes 

 Synthesis of atom replacement probes was carried out by Dr. Gaurav Shakya and Dr. 

Heriberto Rivera and can be found in Modeling Linear and Cyclic PKS Intermediates through 

Atom Replacement 8. 

Figure 2-S1. HPLC purification of 21 and verified through ESI-MS. 15 was used as a control. 
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Figure 2-S2. HPLC purification of 23 and verified through ESI-MS. 17 was used as a control. 
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Figure 2-S3. HPLC purification of 24a and verified through ESI-MS. 18a was used as a control. 
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Figure 2-S4. HPLC purification of 25b and verified through ESI-MS. 19b was used as a control. 
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Figure 2-S5. HPLC purification of 26b and verified through ESI-MS. 20b was used as a control. 
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CHAPTER 3 

STRUCTURAL INSIGHTS INTO CHAIN LENGTH PREDISPOSITION AND 

FIRST-RING CYCLIZATION OF FUNGAL POLYKETIDE INTERMEDIATES 

IN THE PRODUCT TEMPLATE DOMAIN 

 

3.1 Summary 

 Polyketides encompass a large class of biologically active natural products. The product 

template domain from fungal NR-PKS is responsible for regiospecific first ring Aldol 

cyclization of the full-length linear polyketide. How the product template (PT) domain 

discriminates and cyclizes the mature full-length reactive polyketide intermediate from 

shorter nascent polyketides is unknown. In the past, the innate reactivity of the 

polyketide intermediate has hampered structure-function studies of polyketide 

cyclization. Consequently, the extent that PT exerts on chain length control remains 

unknown. Moreover, how phosphopantetheine (pPant) is involved in PT domain 

recognition is also unknown. To overcome this problem, we utilized an atom 

replacement strategy to generate polyketone surrogates that mimic the linear polyketide 

intermediates. We report the co-crystal structure of the PksA PT domain from the 

Aflatoxin biosynthetic pathway bound to an atom-replaced heptaketide 4’-pPant 

tethered mimic. The results identified features of the PT domain responsible for  

polyketide substrate recognition. The 1.8 Å co-crystal structure identifies catalytic and 

substrate-binding residues important for first ring C4-C9 Aldol cyclization. The 

biochemical studies, along with the co-crystal structure provide detailed mechanistic 
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insights into first ring cyclization and 4’-phosphopantetheine recognition by fungal NR-

PKS PT domains.  

 

3.2 Introduction 

 Aflatoxin B1 (AFB1) 5 is a fungal secondary metabolite biosynthesized by 

Aspergillus flavus and A. parasiticus, and is a common contaminant of major food crops 

that include maize, nuts, rice and sorghum (Fig 3-1) 1 . Aflatoxin is widely distributed 

and poses serious health hazards, causing hepatocellular carcinoma (HCC) upon chronic 

ingestion 2,3. Aflatoxin exposure, in conjunction with hepatitis B, synergistically 

increases the risk of HCC, rendering the carcinoma to be the third most common cause 

of fatal cancer globally 4. A better understanding of aflatoxin biosynthesis may provide 

the necessary means to manage the incidence of exposure for this unavoidable 

environmental carcinogen.  

Biosynthesis of aflatoxin is initiated by an iterative non-reducing polyketide 

synthase (NR-PKS) known as PksA (Fig. 3-1A) 5,6.  This single polypeptide consists of 

six covalently linked enzyme domains, wherein each domain is characterized by its 

unique fostering of the linear polyketide intermediate (Fig. 3-1A). Polyketide elongation 

is initiated by the starter unit: ACP transacylase (SAT) that selectively primes the acyl 

carrier protein (ACP) with a hexanoyl starter unit (Fig. 3-1B) 7. The ketosynthase (KS) 

then catalyzes seven iterative rounds of Claisen condensations using malonyl building 

blocks to yield a mature 20-carbon poly-β-keto-intermediate 1 (Fig. 3-1B). The reactive 

20-carbon 1 is then regiocyclized via two   Aldol cyclizations by the   product   template  
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Figure 3-1. (A) Domain architecture of the aflatoxin NR-PKS. (B) Biosynthetic pathway of 
aflatoxin starts with a hexanoyl starter unit and undergoes seven rounds of elongation to yield a 
20C linear intermediate 1. Gray and black bars represent diketone groups. The PT cyclizes a C4-
C9 and C2-C11 reaction 2 that is subsequently aromatized and released by the TE domain 3. 
Further processing yields aflatoxin B1 5. Absence of the TE yields pyrone product 4. 
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(PT) domain to yield a C4-C9/C2-C11 cyclized intermediate 2 8. The thioesterase 

domain (TE) conducts a Claisen cyclization to release the product from the pPant-

tethered ACP and yields noranthrone 3 9. In the absence of the TE, a spontaneous C-O 

cyclization gives rise to pyrone 4 9,10. Further modification of 3 yields the final product 5 

(Fig. 3-1B). The growing polyketide intermediate remains attached to the ACP tethered 

pPant group until the release of noranthrone 3 from PksA.  

First-ring cyclization is important for the formation of a stable polyketide 

intermediate that can be further processed into the final product. There are at least six 

classes of PT, each cyclize a given polyketide chain to different patterns in a highly 

specific manner (Fig. 3-S1) 11,12. To achieve the cyclization, a certain degree of fidelity 

must be associated with recognition between the PT and the full-length poly-β-keto 

intermediate, but how this is accomplished remains a mystery. Further, the pPant group 

of ACP is tethered to the linear polyketide, but how pPant influence the PT specificity 

also remains a mystery. In addition, previous studies have indicated that PT is at least 

partially in control of the polyketide chain length 6,8. Although we had previously 

reported the PksA crystal structure, how PT recognizes its natural substrate and 

conducts the highly specific cyclization is still not well understood. In fact, similar to 

the above issues for PT, many crucial studies about polyketide biosynthesis have been 

hampered by the lack of stable linear polyketide mimics that can be applied to 

biochemical and structural analysis.  

For the past decade, researchers struggled to synthesize poly-beta-ketone mimics 

that also contain the pPant moiety. In the natural linear substrate such as 1, enolate 

formation followed by spontaneous Aldol cyclization derail polyketide biosynthesis. 
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Further complicating the problem is the hydrolysis of the pPant thioester bond from the 

polyketide-pPant intermediates that only lead to shunt products. In order to overcome  

these challenges, we employed the “atom replacement” approach that strategically 

substitute the carbonyl groups with N, S and O atoms, while attaching the pPant to the 

polyketide mimic using an amide linkage that is less likely to hydrolyze (Fig. 3-2). 

 

Figure 3-2. Atom replacement mimics. (A) linear mimetics of tetra-, hepta- and octaketide 
mimics 6-11. (B) Probe 6 can be opened up to yield 12-13. (C) Monocyclic hexa- 16-17 and 
heptaketide mimics 18-19. Light gray bars represent diketone groups, dark gray bars represent 
two carbons diketone mimics, blue bars show sulfur and amine containing diketone mimics and 
red bars represent isoxazole diketone mimics. All analogues can be chemoenzymatically 
phosphorylated by the pantetheine kinase CoaA.  



 69 

Subsequently, these atom-replaced linear polyketide intermediates are highly stable, 

thus enabling detailed structural and enzymological studies.   

In this study, we co-crystallized the PksA PT with phosphorylated and non-

phosphorylated pantetheine-tethered mimics of various chain lengths that range from 8 

to 16 carbons, and they include both linear and monocyclic atom-replaced polyketide 

mimics. Here, we report the 1.8 Å co-crystal structure of the PksA PT bound to pPant-

tethered polyketide mimics. The systematic structure analysis of PT bound with 

polyketide mimics of different chain lengths offers, for the first time, how PT 

specifically selects the chain length of its substrate, and how PT then foster the observed 

cyclization specificity.  

  

3.3 Results and discussion 

3.3.1 Design and rationale of the atom replacement probes 

To biosynthesize the putative 20-carbon linear polyketide substrate 1 of PksA PT (Fig. 3-

1B), PksA needs to be primed with a hexanoyl on to the pPant of ACP, followed by 7 rounds of 

extension. The first ring cyclization catalyzed by PT commits the highly reactive poly-β-

ketoacyl chain to a specific product 6-8. There are at least six different classes of PTs, 

each recognizing a linear polyketide with highly specific chain length, and cyclize it 

into a highly specific pattern 11-13. Further, studies showed that the active site of PksA 

PT is incompatible with any noncognate intermediate of lower polyketide chain length 

10,14.  How different PT domains recognize different chain length is not well understood.  

To understand the chain length specificity of PT, we designed stable polyketide 

mimics with different chain lengths (the “atom-replaced probes”), and further stabilized 
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the mimics by tethering them to a non-hydrolizable pPant group (Fig. 3-2). The 

polyketide mimics include N, S, O substitutions for the β-carbonyl groups 6-13 and 

range from tetra-, hepta- to octaketides that could be optionally phosphorylated at the 

4’-hydroxyl group of pPant by a promiscuous pantetheine kinase (PanK), also known as 

CoaA (Fig. 3-2) 15-17. The isoxazole derived tetraketide mimics 6-7 could be optionally 

reduced to 12-13 to increase the chemical diversity (Fig. 3-2A-B). We chose the 

tetraketide as the smallest substrate mimic, because a polyketide substrate with eight 

carbons is the shortest chain length that a fungal PT was shown to accept as the 

substrate. In addition, to probe for cyclization specificity, we also designed the cyclized 

and aromatized polyketide mimics 16-19 (Fig. 3-2C), which mimic the hexaketide and 

octaketide shunt products of PksA (Fig. 3-1). The synthesis of 6-19 are detailed in the 

work by Shakya et al. 18. 

 

3.3.2 Non-phosphorylated analogues and short chain analogues 

The co-crystallization of PT with mimics 6-19 proved difficult due to the 

presence of endogenous palmitate, which prevents the binding of any substrate analog. 

Eventually, we incubated PksA PT with XAD-2 and XAD-4 hydrophobic resin that 

removed the palmitate, and the protein sample needed to be immediately incubated with 

mimics 6-19 to prevent protein precipitation.  Incubation of the XAD-treated PksA PT with 

linear, non-phosphorylated tetraketide mimics 6, 12a, and 12b, as well as cyclic, non-

phosphorylated hexaketide mimics 16 and 18 resulted in crystals with poor diffraction 

patterns and low resolution. In contrast, co-crystals of linear, phosphorylated tetraketide 

mimics 7, 13a and 13b resulted in high quality diffraction images and higher resolution. 
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The above supports the importance of the pPant phosphate for substrate binding. However, 

an inspection inside the PT interior pocket revealed partial density for the endogenous 

palmitate but not the above substrate mimics, demonstrating the high affinity of palmitate 

for PksA PT.  Significantly, we observed partial density of probes 7, 13a and 13b on the 

surface near the substrate pocket  (Fig. 3-S3C-D). The electron density is in close proximity 

to semi-conserved His 1569, Arg 1623 and Lys 1396. Partial density ligand fitting could 

only be observed for the 4’-phophate segment of the pPant group (Fig. 3-S3C-D). The rest 

of the pantetheine and polyketide probe could not be modeled due to lack of density. 

However, docking of tetraketide identified potential “gate-keeping” residues as K1396, H1569, 

R1623, which is conserved with PT that accepts longer (> 10 carbon) polyketide intermediates 

and cyclize C4-C9 first ring intermediates (Fig. 3-S2). The above results with shorter polyketide 

mimics support the importance of the pPant phosphate for substrate binding at the entrance of the 

catalytic pocket, and identify the three positively-charged residues that form salt bridges with the 

pPant phosphate to facilitate substrate binding (Fig. 3-3A-B). However, the “gate-keeping” 

residues at the PT surface may trap immature polyketide chain intermediates on the protein 

surface and prevent premature substrate from entering the pocket for cyclization (Fig. 3-3B, Fig. 

3-S3D). 

  

3.3.3 PPant-heptaketide binds inside the active site pocket 

To further visualize substrate binding, we screened the PksA PT against longer linear 

polyketide probes 8-11 that contain the 4’-phosphate or 4’-hydroxyl at the pantetheine segment. 

In  contrast   to  the 8-carbon   polyketide mimics  7,  13a,  13b, the   phosphorylated   14-carbon  
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Figure 3-3. (A) The crystal structure of the dimeric PksA PT bound to the heptaketide mimic. 
(B) The pPant-tethered heptaketide outlines various residues in the catalytic pocket. (C) A 
schematic representation illustrates the close contacts. (D) The electron density from the 
phosphorylated tetraketide was used as a distance constrain to dock 7 against the PksA PT.  7 
binds outside the catalytic pocket, close to basic amino acids (D).  
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heptaketide mimic 9 is localized inside the PT pocket (Fig. 3-3A-C). The native PksA structure 

revealed a pocket that contained the hexyl-binding region, active site chamber and the pPant 

binding site (Fig. 3-S6). The pPant-heptaketide probe 9 interacts at all three regions of the 

catalytic pocket. The pPant segment of the mimic orients the 14-carbon polyketide mimic by 

several electrostatic and hydrophobic interactions, such as K1396, H1569, R1623 (Fig. 3-3B-C, 

Fig. 3-S6). The importance of the phosphate in the pantetheine can be observed through a strong 

electrostatic interaction with R1623, a 2.9 Å distance at the entrance of the PT  (Fig. 3-3B-C). 

Weaker electrostatic interactions are further observed between the phosphate and H1569 and 

K1396. The dimethyl group of the pPant arm is oriented with 4 Val and 2 Leu residues at the 

entrance of the catalytic pocket. This previously un-identified V1567, V1625, L1630, V1633, 

L1634 define the hydrophobic side of the PksA PT pPant binding site. The opposite side of the 

pPant-binding site contains several backbone carbonyl and amines L1398, C1353 and a 

crystalline water that form hydrogen bonds with the pPant hydroxyl and carbonyl groups. The 

water molecule is further coordinated to the backbone of L1398 and C1353, both of which are 

highly conserved amongst most clades of PT domains. Only clade V has E/D substituted for 

L1398, which could serve as a water molecule replacement to coordinate  the pPant moiety (Fig. 

3-S2). This suggests that the pPant-binding site is important not only for the transportation of the 

polyketide substrate, but for selectivity and proper orientation of mature linear polyketide 

intermediates of an appropriate length.  

The hexyl-binding region of the PT has a substantial area unoccupied, supporting the 

selectivity for 20-carbon polyketide intermediate. A 7.0 Å gap between the back of the hexyl-

binding region and the terminal 14C heptaketide mimic only contains one water molecule, 

supporting the hydrophobic nature of the starter hexyl starting unit as it binds PT. The hexyl-
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binding region contains a “wet” and “dry” side that further provides polarity to the hexyl 

containing 20C polyketide intermediate. The ‘wet” side of the hexyl-binding region is primarily 

composed of G1491 and the backbone carbonyl of R1488, plus a single water molecule 

coordinated with the carbonyl group of Y1486 and N1487. The “dry” side is lined by L1511 and 

L1508. This is consistent with the palmitate bound PksA PT structure that illustrates the palmitate 

in close contact with L1508.  

The heptaketide mimic in the cyclization chamber confirmed the importance of the 

proposed catalytic residues. Further, we identified previously uncharacterized residues important 

for polyketide recognition. The catalytic dyad of PksA PT are H1345 and D1543. Regiospecific 

C4-C9 first-ring formation depends on the ability of H1345 to deprotonate C4 of 1 and initiate 

enolate formation for first ring cyclization. The second ring forms in a similar manner for the C2-

C11 closure. The 14-carbon polyketide mimic reveals that the catalytic H1345 is 3.0 Å from C4 

of the polyketide mimic 9, thus validating C4 deprotonation and subsequent enolate formation for 

proper ring closure. The oxyanion hole is located in the back of the cyclization chamber, 

constrained by P1355.  It has been previously proposed that a network of water molecules bound 

to S1356, D1543, N1568 and T1546 stabilize the oxyanion and provide necessary polar 

environment during enolate formation. Now, the structure of 9 provides concrete evidence for the 

maintenance of a polar environment via the water network that is indeed coordinated with S1356, 

D1543, N1568 and T1546 and provide polar interactions with the oxygen and nitrogen atom of 

the first isoxazole moiety of 9, which mimic the β-diketone group (Fig. 3-3B, 3-S3). Further 

evidence for linear polyketone polarity by PT domain is observed in F1501 and N1554. Both 

residues are located near the His-Asp dyad and define the catalytic pocket from opposite sides. 

The more hydrophobic F1501 kink the C8 and C11 of the heptaketide mimic 9 while N1554 
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further polarize the first isoxazole moiety at C7. The above correlates well with the results 

reported by Molnar et al. on the rational reprogramming of PT for first-ring cyclization by 

mutations of active site Tyr/Phe of CcRADS2 and AtCURS2 PT 12. The mutations changed 

substrate orientation, subsequently converted the F-fold fostered by PT into an S-fold cyclase 12. 

Structure alignment of the homology model of CcRADS2 and PksA PT demonstrate the 

importance of F1501 and N1554 for orienting the polyketide substrate prior to first ring 

cyclization. In sum, the above observation provides the first proof about the importance of pPant 

binding for substrate specificity, as well as the importance of chain length control. 

 

3.3.4 Sequence-structure alignment analysis 

The PT domain shows a “double-hot-dog” (DHD) fold that is also observed in the fatty 

acid dehydratase (DH) domains and the new PKs with an enoyl-isomerase (EI) domain (Fig. 3-

S4) 19,20. The PT domain crystallizes as a homodimer. Typical DHD fold motifs form 

homodimeric complexes, and the dimer-interface is between the core β-sheet (Fig. 3-S4). An 

example includes the “side-to-side” interface in porcine FAS DH (Fig. 3-S4). However, unlike 

the typical DHD, the PT dimer interface consists of a PT-specific α-β-α insertion region (Fig. 3-

3A, Fig. 3-S4). The N-terminal region between αxC-αxC contains several salt bridges and 

hydrogen bond interactions. More specifically, between H1478, K1580 and G1481, the βx4-βx4 

interface contains conserved basic amino acid residues forming salt bridges such as 

R1485, D1487.  Various βx4 side chain residues interact within the monomer, exposing 

the backbone towards the surface for dimer-dimer interactions. The final αxE-αxE consist 

of more than 10 residues interact extensively, such as R1500 to E1562, K1493 to N1554. Overall, 
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the PT dimeric insertion region is highly conserved amongst the type 1 fungal NR-PKS systems, 

supporting that the PT dimer interface should be conserved among the PTs.  

The conformations of apo, tetraketide and heptaketide co-crystal PT structures are 

highly similar with RMSD of 0.181 and 0.154 Å, respectively. These results suggest that 

substrate binding does not affect conformation, regardless of the chain length of the putative 

substrate, in or out of the substrate pocket. In the heptaketide-bound structure, the substrate is 

kinked between C2 and C12 in the cyclization chamber. This reaffirms the proposed mechanism 

that C2 needs to be accessible for deprotonation by H1345 in order for C4-C9 cyclization to take 

place, followed the second C2-C11 ring. Analyzing individual residue RMSD reveals higher shift 

in residue movement near this region in the cyclization chamber. This is primarily observed in the 

gatekeeping R1623 and K1396 with RMSD of 0.808 and 0.205 Å, respectively, which are 

indicative of substrate recognition. The catalytic residues His and Asp display less movement, 

with and RMSD of 0.150 and 0.017 Å, respectively.  In summary, the binding motifs of 

heptaketide and tetraketide reflect not the protein conformational change, but the chain 

length specificity and subtle adjustment of the active site in PksA PT. 

The 14C heptaketide mimic is 6C shorter than the natural 20C polyketide intermediate of 

the PksA PT domain. This 20C intermediate includes the hexanoyl starter unit (Fig. 3-1). It has 

not escaped our attention that 14C or larger polyketide intermediates may cause a larger 

conformational change upon substrate binding. For this reason, we further probed the specificity 

of the PksA PT domain with an octaketide 16C polyketide mimic 10, 11. In addition to the 

hexynoyl group, intermediate 1 consists of octaketide with eight full ketone groups. We therefore 

utilized the octaketide mimics 10, 11, to probe the selectivity for the octaketide moiety of 1. 

However, the hexanoyl group may be important for the proper recognition, orientation and C-C 
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registry of the natural substrate intermediate 1. Unlike the heptaketide 8 and 9, which are on 

average 100 µm in diameter, the co-crystals of the PksA PT bound with the octaketide 11 and 12 

(Fig. 3-2) yield micro crystals of different morphologies that we could not further refine, 

indicating significant protein conformational changes upon ligand binding.  

The PT domain not only regiocyclizes the linear polyketide intermediate, but it also 

contributes in the control of adequate chain length for further PKS processing. The KS domain, 

responsible for chain elongation, generates the nascent polyketide intermediate until it reaches 

mature length of 20C in the PksA biosynthetic pathway. Evidence for chain length control can be 

observed in the catalytic pocket of the PksA KS homology model, which demonstrates a long 43 

Å clef for further polyketide elongation and processing (Fig. 3-S7). These intermediates, 

which are tethered to the ACP, may be sampled by the PT, which can discriminate 

between short and sufficiently long polyketide intermediates for cyclization. The 

previously identified residues play a role in pPant binding and substrate entrance. The PT 

domain catalytic pocket extends 30 Å from the surface to the bottom, just the appropriate 

length for a 20C linear polyketide intermediate to enter, and kink at the cyclization 

chamber for C4 deprotonation and enolate formation for Aldol cyclization to occur (Fig. 

3-4).  

 

3.3.5 In silico docking studies 

The isoxazole moiety is aimed to mimic the β-diketone/ enolic group in a linear 

polyketide  (Fig. 3-2). The intrinsic  flexibility of the  β-diketone or the   rigidity   of  the  
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Figure 3-4.  Stereo images of the docked linear polyketide intermediate (1) (top), the monocyclic 
C4-C9 intermediate  (middle) and the bicyclic C4-C9/C2-C11 (2) (bottom).  All the docking 
ligands are in stick format and the co-crystal heptaketide ligand can be observed in the space 
filled representation.  
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enolic form may not be reflected on the isoxazole moiety. To further validate the atom 

replacement probes from such constraints, we conducted in silico docking by GOLD 21. 

Hexanoyl-containing 20C or 14C PKS intermediates were docked into the PksA PT active site. 

We found that the binding motifs of the endogenous mature 20C or nascent 14C intermediates are 

highly similar to that of the heptaketide mimic 9 (Fig. 3-4), especially in the following features: 

(1) the electrostatic interactions between the pPant phosphate and R1623/K1396 remain in close 

proximity, further supporting the importance of the pPant phosphate for substrate binding. (2) 

The location and orientation of carbon #4 and its proximity to the catalytic H1345 is highly 

similar in the docked and actual structures, support that the key residue for deprotonation is 

correctly identified in the co-crystal structure of 9 (Fig. 3-4). (3) In the catalytic chamber and 

hexyl-binding region, the 20C intermediate and 14C probe have highly similar interactions (both 

polar and non-polar) with the active site residues, especially surrounding the carbonyl moieties 

(C4 and C2) that will be deprotonated to start the first and second ring cyclizations. The overall 

orientation of the pPant tethered to the endogenous 20C unreduced polyketide kinks inside the 30 

Å PksA PT pocket. The previously identified val/leu residues along with the arg/lys gate keeping 

residues help orient C4 toward H1345 (Fig. 3-a). The deprotonation of C4 by H1345 and enolate 

formation, which undergoes and Aldol condensation on C9 generate the first C4-C9 ring 

intermediate. The C4-C9 ring is pushed towards the cyclization chamber, allowing for a second 

H1345 deprotonation on C2, which undergoes a similar Aldol condensation reaction with C11. 

The second Aldol reaction of C2-C9 generates intermediate 2, which is displaced from the 

cyclization chamber (Fig. 3-4). The position of the bicyclic intermediate 2 slightly below the 

cyclization chamber is further validated by the similar position of the HC8 mimic compound used 

in the first PksA PT domain structure analysis 8. Overall, both the mature 20C and nascent 14C 
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endogenous substrate align in similar orientations as to the 14C polyketide mimic, demonstrating 

the similarities and natural significance of atom replacement probes.  

 

3.3.6 Docking with ACP  

To further evaluate the importance of the gatekeeping residues, we conducted in silico 

docking  between the dimeric structure of PksA PT and the previously solved NMR solution 

structure of the PksA apo-ACP 22,23 24.  Docking of the dimeric PT structure resulted in the 

solution with two ACP docking sites, which supports the dual loading and offloading mechanism 

that we proposed earlier for fatty acid biosynthesis (Fig. 3-S5) 25. The PT-ACP interface contains 

residues with negative charges of ACP that interact with positively charged residues of the PT.  

Most of the interactions occur between the helix II and helix III of the PksA ACP and the C term 

helix and central anti-parallel beta sheet of the PT domain (Fig. 3-S5A-D). The electrostatic 

interactions between R1623 of the PT domain and the conserved D42 of the “DSL” motif further 

validating the importance of R1623 in gatekeeping and recognition of the pPant moiety (Fig. 3-

S5).  

 

3.3.7 Catalytic activity and mutagenesis of the PksA PT  

The PksA PT cyclizes the 20-carbon linear intermediate 1 into C4-C9/C2-C11 cyclized 

norpyrone product 4 in vitro. To test the importance of the substrate binding residues, various 

mutants were generated in the pPant binding site, cyclization chamber and hexyl-binding region, 

based on the co-crystal structure of heptaketide 9. The mutant PTs were reconstituted with holo 

PksA ACP, the tridomain PksA SAT-KS-MAT, hexanoyl-CoA, and malonyl-CoA.  Products of 

the enzymatic reactions were quantified using HPLC (Fig. 5) with the following results: 
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1. Near the pocket entrance. R1623 and K1396 are positively charged residues at the 

entrance of the pPant binding site that interact extensively with the pPant phosphate of 9. 

The R1623A and K1396A mutants shows 60 % production of norpyrone 4, relatively to 

the WT. The K1396Q-R1623Q double mutant similarly has 60 % production of 4 relative 

to the WT. The decrease in norpyrone formation demonstrates both Arg and Lys are non-

essential for product formation. A negative charge substitution at position R1623 to a Glu 

mutation shows a 30% production of norpyrone, further demonstrating the importance of 

charges for pPant recognition. 

2. The cyclization chamber. The alanine mutants of the active site dyad H1345 and D1535 

completely abolished norpyrone 4 product formation. Mutation of the F1501 above the 

cyclization chamber to a Tyr decreased the polarity of the catalytic chamber. Surprisingly, 

the F1501Y mutant shows 70 % of WT norpyrone production. The hydroxyl group of the 

Tyr residue could potentially interact with the catalytic water network that is responsible 

for enol stability. The retention of activity in F1501Y further suggests the importance of 

water molecules and water coordinating complexes in the cyclization chamber. Several 

coordinated water molecules are observed around T1546, N1548, D1542 and H1345. The 

hydroxyl addition of the F1501Y mutant is in closed proximity with the various 

coordinated water residues, which could be replacing or adding in coordinating important 

water molecules during enol formation and stability of the oxyanion hole (Fig. 3-3B, 3-

S3A-B).  

The hexyl-binding region. coordinates the hexyl starter unit of the of the 20C polyketide 

intermediate  1   (Fig. 3-S7, Fig. 3-3). Sequence   alignment shows that   most PTs (which do not  
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need a hexyl-binding region) have a methionine at the position L1508, which define the hexyl-

binding region. The methionine would block the hexyl-binding region completely for other PTs 

that do not require the binding of a hexanoyl moiety (Fig. 3-S2). Further, G1491 defines the 

bottom of the pocket, which is also a bulky, hydrophobic residue in the non-hexyl binding PTs 

(Fig. 3-S2, 3-S6).  To decrease the hexyl binding region we generated G1491I and G1491M, and 

both have less than 5 % of WT norpyrone product formation. The fact that a truncation of the   

hexyl-binding   region and overall pocket size can greatly reduces any product formation for 

 

Figure 3-5.  In vitro reconstitution analysis of PksA PT WT and mutants. The minimal PKS 
consist of the basic enzymes required to generate linear polyketide products, which include the 
SAT-KS-MAT (SKM) and the ACP. Minimal PKS generate various shunt products 20-21. 
Addition of the PT generates a C4-C9/C2-C11 norpyrone 4. Various PksA PT mutants display a 
decrease in 4 formation. 
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PksA PT suggests that the pocket size and shape of PT plays a crucial role in chain length control 

by intermediate selectivity. Additionally, based on the sequence alignment (Fig. 3-S2), we 

attempted to convert PksA PT into ACAS PT by L1508M-L1511V, which abolished product 4 

formation and no new products were observed. CD analysis indicated no significant structural 

differences  between   the mutants and the WT (Fig. 3-S8). In sum, coupled with mutagenesis, 

the heptaketide co-crystal structure helps determine key residues in the PT interior pocket for 

pPant, polyketide and hexanoyl group binding. 

 

3.4 Biological significance 

 We report the first application of atom replacement probes to further elucidate the 

cyclization specificity of fungal NR-PKS PT domains. The inherent instability and reactivity of 

linear unreduced polyketide intermediates has hindered previous efforts to accurately visualize 

the interaction between a polyketide intermediate and PKS. The atom replacement probes have 

facilitated our structural analysis of linear and cyclic polyketide intermediates in the PT domain 

by providing polyketide intermediate mimicry while quenching the reactivity polyketone 

intermediates. Furthermore, the attachment of the pPant moiety to atom replace probes allow for 

further structural insight into the role of the pPant arm. Here we show how important the pPant 

binding residues are for PT-catalyzed polyketide cyclizations. This calls into questions about 

previous studies that utilize chemically synthesized carboxylic acid N-acetyl-cysteamine thioester 

(SNAC) substrate mimics, which could not mimic linear polyketide intermediates and pPant 

group due to the lack of the pPant phosphate that is crucial for orienting the incoming polyketide 

substrate. Here, the pPant-heptaketide co-crystal structure provides strong evidence about 

the importance of PT in chain length and cyclization specificity during fungal polyketide 
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biosynthesis. We found that mimics with eight carbons is present outside of the pocket, 

demonstrating the selectivity of the PksA PT domain to regent short linear intermediates. In 

contrast, the fourteen carbon mimic 9 is present inside the pocket and helps identify important 

substrate-binding residues that were previously unidentified. The pPant-binding region contains 

several key residues previously unidentified that are responsible for coordinating the hydroxyl 

and dimethyl moiety of the pPant arm. Site-directed mutagenesis, enzymatic biochemical analysis 

further assess the important the semi-conserved residues R1623 and K1396, which are present in 

various PT domains. Surprisingly, the catalytic chamber provides evidence for residue flexibility. 

The heptaketide C4 carbon is position in close proximity with the catalytic His 1345, which 

provides a snapshot of first ring cyclization. The truncation of the hexyl-binding region by 

mutations strongly support that PT at least partially control the chain length for fungal polyketide 

biosynthesis.  PksA ligand docking and the co-crystal structure of 9 provides the mechanistic 

insights into first and second ring cyclization of the clade IV PT domains. Alignment of docked 

ligands with the PT structure of 9 demonstrates the natural relevance of the atom replacement 

probes for structural understanding of the linear, mono- and bi-cyclic intermediates of the PksA 

PT. The structural application of atom replacement probes provides a new set of tools in the 

investigation of transient PKS interactions. The comprehensive structure analysis of the PT with 

various length polyketide substrates provides a snap shot picture for first ring cyclization and 

chain length discrimination. These studies provide detailed insights on NR-PKS cyclization. 
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3.5 Materials and methods  

3.5.1 Protein production and purification 

The PksA PT monodomain plasmid construct was generated using methodology from 

Jason M. Crawford et al. 1. The recombinant PksA PT monodomain with an N-terminal His6-tag 

were produced in BL21 (DE3) E. coli cells (Novagen). Cells containing the PksA PT 

monodomain plasmid were grown to OD600=0.6 at 37°C in LB media containing 50µg/mL 

kanamycin. The cell cultures were cooled to 18°C and expression was induced using 1mM 

IPTG. The cell cultures were incubated for an additional 16 hours at 18°C and harvested by 

centrifugation at 5,525 r.c.f. for 15 minutes. The cell pellets were resuspended in 50mM tris-HCl 

pH 7.5, 10 % glycerol, 10mM imidazole, 300mM NaCl and 1mg/ml lysozyme. Resuspended 

cells were cooled on ice for 30 min and the cells were disrupted using sonication. The cell debris 

was cleared by centrifugation at 21,036 r.c.f. for 1 hour. The supernatant was collected and batch 

bound to HisPurTM Cobalt Resin (Thermo Scientific) for 1 hour at 4°C. PksA PT was purified 

according to the manufacturer’s instructions using an imidazole step-gradient. Fractions 

containing pure protein were determined by SDS-PAGE and fractions containing PksA PT were 

combined and dialyzed against 50mM tris-HCl pH 7.5, 10% glycerol, 300mM NaCl at 4°C for 

12 hours.  Removal of the N-terminal His6-tag was conducted by incubating the dialyzed PksA 

PT at 18°C for 36 hours with thrombin from bovine plasma (Sigma-Aldrich) at a concentration 

of 2 U/mg of PksA PT protein and 3.5mM CaCl2.  Removal of thrombin and further purification 

of PksA PT was conducted by anion exchange chromatography using HiTrap Q FF (GE 

Healthcare) according to the manufacture’s instructions. Purified PksA PT was dialyzed against 

crystallization buffer, which consisted of 25mM tris-HCl pH 7.5, 5 % glycerol, 1 mM 

dithiothreitol for crystallographic studies. 
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3.5.2 Crystallization, structure determination and refinement 

The native crystals for PksA PT were grown as previously described by Jason M. 

Crawford et al. 8 The crystal structures for PksA PT showed a distinct electron density for the 

C16 fatty acid, palmitate, which presumably bound to the enzyme during overproduction and 

purification from E. coli. Palmitate was removed using 1:1 mixture of the lipid-binding resins, 

XAD-2 and XAD-4 (Amberlight), followed by immediate incubation with the 

phosphopantetheine analogues with PT (10:1 ratio).  XAD-2 /XAD-4 resin mixture was activated 

with methanol, washed with dI water and equilibrated with crystallization buffer. 

Phosphopantetheine probes bound to PksA PT were obtained by treating PksA PT with activated 

XAD mixture resin for 2 hours followed by addition of the probes. Co-crystals of PT grew in the 

same condition as the native PksA PT, 0.22M ammonium acetate, 20 % PEG 3350 overnight at 

25 °C.  Crystals were soaked in crystallization solution and flash frozen in liquid nitrogen prior 

to data collection. Data was collected on beamline 821 and 822 at the Advance Light Source 

(ALS) at the Lawrence Berkeley National Laboratory. Data sets were indexed and scaled with 

HKL2000 using the P212121 space group 26. Phases were determined by molecular replacement 

using the SeMet PT model described in Jason M. Crawford et al. 8.
 Electron density maps were 

generated using CNS, Phaser MR from PHENIX and the model was build using COOT 27,28. 

Refinement was carried out by CNS, PHENIX Refine and edited by visual inspection. 

Phosphopantetheine ligands were generated using elbow in PHENIX and the ligands were placed 

and validated using PHENIX LigandFit 28. The refined structures were evaluated with 

PROCHECK before submission 29.  
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3.5.3 Data collection 

The crystals were transferred to a well solution containing the crystal well solution buffer 

with 30 % PEG 3,350 and flash frozen in liquid nitrogen. A single wavelength data from native 

crystals was collected to 1.74 Å on a CCD q315 detector at beamline 821 of the Advanced 

Light Source in the Lawrence Berkeley National Laboratory. Data was collected at a 

0.99997 Å wavelength with a total of 180 frames at 0.5 ° oscillations. The space group for 

the heptaketide co-crystal structure was P212121  with cell dimensions of a =89.37 Å, b = 90.53 

Å, c = 90.83 Å, α = β = γ = 90.00 . A summary of the crystallographic statistics is shown 

in Table 3-S1. 

  

3.5.4 In silico docking 

 The docking program GOLD was used for docking between the PksA PT and the 

Phosphopantetheine tethered 20C intermediate30.  Both protein and ligand were prepared for 

docking by removing waters, adding hydrogens, charges and converting the pdb files to Mol2 

files using the program Chimera31. The PksA PT ligand-binding pocket was defined as all 

residues within 15 Å of the nitrogen atom on His 1345. Docking was performed using the default 

settings with 100 docking trials performed. The docking solutions were ranked using the 

ChemPLP scoring functions. 

 

3.5.5 Phosphorylation of pantetheine probes 

Initial pantetheine derivatives were re-suspended in dimethyl sulfoxide at 100mM final 

concentration and stored at -20 ºC. Phosphorylation of pantetheine derivatives was conducted 

biosynthetically using the first kinase CoaA from the pantothenate (vitamin B5) pathway 17. 
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CoaA is promiscuous at catalyzing the phosphorylation of pantetheine and various pantetheine 

derivatives at the 4’hydroxyl group. Pantetheine derivatives were diluted to 2.5 mM in a reaction 

containing 25 mM potassium phosphate pH 7.5, 10 mM MgCl2, 8 mM ATP, 2 µM CoaA and 

incubated at 37 ºC for three hours.  The reaction was filtered using a 3,000 MWCO centrifugal 

filter (Millipore TM) at 5,525 r.c.f. The phosphorylated pantetheine derivatives were successfully 

separated by reverse phase liquid chromatography (Beckman Coulter HPLC System Gold ®) 

with a C-18 ODS column (5µ x 10mm x 15cm; Beckman Coulter Ultrasphere TM) with UV 

detection set at 250 nm. Derivatives were eluted with a flow rate of 4.75 ml/min using a linear 

gradient of 5-50 % MeCN/0.1 % formic acid in a H2O/0.1 % formic acid mixture over 15 min 

followed by 50-95 % MeCN/0.1 % in a H2O/0.1 % formic acid mixture over 5 minutes. Under 

these conditions, the HPLC retention times were observed between 4- 10 minutes, depending on 

the pantetheine derivative. Product identity was confirmed by ESI-MS. 

 

3.5.6 In vitro reconstitution assay 

 In order to measure enzyme activity of both wild type and mutant PksA PT constructs, 

we utilized the PksA system from A. parasiticus and performed in vitro reconstitution assays 

similar to that described by Newman et al. 10.  500 µL reaction mixtures containing 10 µM PksA 

SAT-KS-MAT tridomain, 50µM PksA ACP monodomain, 50µM Wt or mutant PksA PT  

monodomain, 5mM malonyl-CoA and 0.5mM hexanoyl-CoA in 100mM potassium phosphate 

pH. 7.0, 1mM tris (2-carboxyethyl) phosphine (TCEP) and 10 % glycerol  were prepared. 

Reaction mixtures were incubated in the dark at 25 °C for 6 hours. The reactions were quenched 

with 10 µL  hydrochloric acid and extracted three times by the addition of 200 µL ethyl acetate. 

The extractions were dried with sodium sulfate anhydrous and evaporated under vacuum and 
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resuspended in 80% water, 20% acetonitrile at a final volume equivalent to the initial reaction 

volume. Products were analyzed by using reverse-phase high-performance liquid 

chromatography (HPLC) (Beckman Coulter). 100µL injections were separated on a Phenomenex 

Prodigy 5u ODS3 column (4.6mm X 250mm, 5µm) by running a gradient from 5-85 % MeCN in 

a H2O/0.1 % formic acid mixture over 30min followed by 85 to 95 % MeCN in a H2O/0.1 % 

formic acid mixture over 5 min at a flow rate of 1.0 mL/min. Product elution was monitored by 

diode-array detection by selecting for absorbance at 280 nm. 

 

3.5.7 Circular dichroism (CD) 

All samples, both mutant and Wt, were prepared by diluting protein to 0.1—0.2 mg/ml in 

20mM Tris-HCl (pH 7.5). The CD data was collected using a Jasco J810 CD spectropolarimeter. 

Spectral scans were collected at 20 °C from 190 to 260 nm using 0.5nm steps with 5 repeats.  

  

3.5.8 Additional supplementary figures 
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Figure 3-S1. The 6 clades of PT correspond to the various types of cyclization patterns and 
chain length specificity. 
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1613 1623 1633 1643 1653 

 
Figure 3-S2. Multiple sequence alignment of PT domains. Red pentagons indicate catalytic 
residues. Orange triangles depict pPant-binding residues. Blue circles represent hexyl-binding 
residues. Purple diamonds represent cyclization chamber. Green squares depict dimeric interface. 
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Figure 3-S3.  SA-Omit maps of the pPant heptaketide mimic structure and surrounding residues 
(A-B). SA-Omit maps of the pPant tetraketide structure (C-D). Only density for the phosphate 
could be properly modeled. 
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Figure 3-S4. Topology map analysis of the PksA PT and various DH, EI structures containing 
the similar “DHD” fold. 
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Figure 3-S5. In silico docking of the dimeric PksA PT with the aflatoxin ACP structure. (A) The 
PksA PT dimer docks to the ACP on a 2:2 ratio. (B) A surface representation demonstrates the  
PT active site in green. (C) The PT forms several electrostatic interactions with the negatively 
charged ACP domain. (D) A closer inspection at the surface interactions between the ACP and 
PT demonstrate a highly negative surface on the ACP and a several electropositive residues at 
the entrance of the PT pocket (shown in green). 
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Figure 3-S6. (A) A closer look at the pPant-heptaketide co-crystal structure interactions. (B) 
Interactions in the hexyl-binding region, (C) the cyclization chamber and (D) the pPant-binding 
region. 
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Figure 3-S7. (A) Homology model of the PksA KS dimer. The active sites shown in green. (B) 
Docking analysis illustrate a clef on the surface capable of sequestering a 20C polyketide 
intermediate. Catalytic His, His, Cys are displayed as stick models. 
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Figure 3-S8. Circular dichroism analysis of WT and mutant PksA PT. All mutants display 
similar fold to the WT.  
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PksA PT 

Heptaketide Mimic 

A. Crystallization  0.22M Ammonium Acetate, 22 % 
PEG 3350 

B. Crystallographic Data 
Wavelength (Å) 0.99997 

Space Group P212121 
Cell Dimension (Å) 81.37 90.53 90.84 

!="=#=90 ° 
Resolution (Å) 50.00 - 1.80 

No. of observations 496754 
No. of unique observations 68331 
Completeness % (last shell) 99.65 (96.46) 

I/$(I) (last shell) 13.11 (2.78) 
Rmerge %  9.7 (52.9) 

Redundancy 3.8 
C. Refinement 
Resolution (Å) 1.8 

No. of protein atoms 4932 
No. of cofactor atoms 82 

No. of water atoms 648 
Rfree % 22.01 (26.97) 
Rcrys % 18.95 (23.68) 

D. Geometry 
RMS bonds (Å) 0.008 
RMS angles (°) 1.1 

Ramachandran Favored (%) 98 

Ramachandran Generously Allowed 
(%) 2.84 

Ramachandran Dissallowed (%) 0.16 

 B-factors 
Protein 27.8 
Water 37.6 

Ligand/ion 34.4 

Table 1: Data collection, phasing and refinement statistics 
for PksA PT bound to probe 

 
Table 3-S1. Crystallographic and refinement statistics for the PksA PT bound to pPant-
heptaketide (9).  
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CHAPTER 4 

STRUCTURAL AND BIOCHEMICAL ANALYSIS OF PROTEIN-PROTEIN 

INTERACTIONS BETWEEN THE ACYL CARRIER PROTEIN AND 

PRODUCT TEMPLATE DOMAIN  

 

4.1 Summary 

 Acyl carrier proteins (ACPs) play a crucial role in the biosynthetic pathways of fatty 

acids and polyketides. Apo ACP requires a post-translational modification by the attachment of a 

4’-phosphopantetheine (pPant) to a conserved Ser residue. The pPant thiol serves as a tethering 

site for the priming, extension and modification of nascent fatty acid and polyketide 

intermediates. Recent structural and biochemical studies suggest helices in the ACP act as a 

protective sleeve that sequesters the pPant-tethered intermediates from the solvent. The 

sequestration stabilizes intermediate transport between the ACP and its partner enzymes during 

fatty acid and polyketide biosynthesis. In the non-reducing polyketide synthases (NR-PKSs), the 

ACP carries the growing polyketide intermediate through iterative rounds of elongation, 

cyclization and product release, and interacts with its partner enzymes during the process. The 

transient nature of ACP and pPant interactions with its partner domains imposes a major obstacle 

for the investigation of ACP-partner interactions. More specifically, how ACP interacts with the 

product template (PT) domain to facilitate polyketide cyclization is not well understood. To 

address this issue, we utilized mechanism-based crosslinkers in parallel with in silico docking 

and bioinformatics to identify ACP residues involved in PT recognition. We utilized this 

information to conduct domain-swapping experiments to improve ACP compatibility with non-



 102 

endogenous PT domains. Such studies will aid in our understanding for domain swapping in 

combinatorial PKS engineering.  

 

4.2 Introduction 

 Fungal polyketide natural products are chemically complex small molecules with various 

biological activities. Examples include the cholesterol-lowering drug lovastatin, the 

hepatocellular carcinogen aflatoxin B1 and the chemotherapeutic bikaverin 1-4. These compounds 

are synthesized by highly regulated, large iterative multifunctional proteins known as the type I 

iterative polyketide synthases (iPKSs). Iterative PKSs can be further classified into the 1) 

reducing PKS, 2) partially-reducing PKS, and the least understood 3) non-reducing PKS (NR-

PKS) 5. NR-PKS products are characterized by the wide spectrum of aromatic compounds that 

include the agricultural contaminant mycotoxins as well as various pigment, and dye precursors 

that include TH4N and hydroxy-anthraquinoids (Fig. 4-1C) 3,6,7.  The NR-PKS lacks reducing 

domains and relies on other domains for the wide region-specific cyclization patterns and further 

tailoring modifications of the polyketide intermediate. A better understanding of how NR-PKS 

generates and regulates polyketide diversity is significant for the identification and prediction of 

new NR-PKS natural products and for the generation of new bioactive polyketides by NR-PKS 

engineering.  

 The NR-PKS, often referred to as a megasynthase, is composed of six enzyme domains 

that are covalently linked together (Fig. 4-1A) 2,8. These domains are responsible for polyketide 

elongation, cyclization and other modifications. In the NR-PKS, polyketide elongation is 

initiated by the starter unit acyltransferase (SAT), which selects for a starter unit of a polyketide 

chain and transfers it to the acyl carrier protein (ACP) (Fig. 4-1B) 9,10. The ACP is at the center  
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Figure 4-1. (A) NR-PKSs are composed of six domains and work iteratively to synthesized 
polyketide natural products. (B) The SAT domain is responsible for selecting the starting unit. 
Multiple rounds of elongation mediated by the KS and AT generate a linear polyketide 
intermediate that is cyclized by the PT domain. The final product is released from the ACP 
through the TE domain. (C) NR-PKS natural products are known for their multi-cyclic templates 
and include TH4N, bikaverin, and micotoxins. 
 
of polyketide biosynthesis, which serves as a mediator protein between all NR-PKS enzymes, 

and transfers the starter unit to the ketosynthase (KS) domain 11.  At the same time, malonyl-CoA 

acyltransferase (MAT) loads the building block malonyl-CoA to the ACP that further transfers 

the elongation unit to the KS (Fig. 4-1B) 8. Multiple iterative rounds of decarboxilative Claisen 

condensation reactions by the KS elongate the polyketide chain that is later cyclized and 

aromatized by the product template (PT) and thioesterase (TE) domains (Fig. 4-1B) 12-15. The 

growing and modified polyketide intermediate remains attached to the ACP throughout the entire 
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biosynthetic process via a 4’-phosphopantetheine (pPant) arm 16. How the ACP selectively 

interacts with its NR-PKS partner enzymes is not well understood. More importantly, very little 

is known about the protein-protein interactions between the ACP and PT domain. Many NR-PKS 

have been cloned in the past several years and their products identified 5,17,18. However, the lack 

of ACP-PT interactions has hampered our progress in NR-PKS domain swapping for 

combinatorial engineering. Further understanding of the surface interactions between the ACP 

and PT can shed insights into the structural compatibilities necessary for ACP and PT 

interactions.  

 Acyl carrier proteins are composed of a four helix bundle motif with a highly conserved 

Ser active site at the N-terminal helix II, which serves as the site for attachment of the pPant 

moiety (Fig. 4-2A) 19. All type I and II ACPs share the highly conserved structural motif, which 

consequently share a similar mode of action in which the polyketide intermediate is tethered to 

the pPant moiety through a thioester bond 5,20. Recent work on the structural enzymology of 

ACPs suggests that the helix bundle act as a sleeve that sequesters the polyketide chain and 

activated thioester from solvent, allowing for stable transport of the polyketide intermediate 

along the various enzymatic domains 19.  Heteronuclear single quantum coherence (HSQC) 

NMR analysis of the actinorhodin (act) ACP tethered to atom replacement probes, which mimic 

linear C-8 through C-16 6 polyketide intermediates, demonstrates significant chemical shift 

perturbations (CSPs) for the act ACP (Fig. 4-2C-D) 21. When the CSPs of the act ACP tethered 

with octanoyl-pPant (8 carbons) is compared to that of ACP tethered to hexadacanoyl-pPant (16 

carbons), the 16C-bound ACP shows a ~30% larger CSPs over the 8C-bound ACP in key 

residues (Fig.4-2 C-D) 21. These CSPs are located between the C-term of Helix II and the N-term 
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of helix IV 21. Moreover, the CSPs display a longer residency within the hydrophobic pocket,   

which    is  delineated   by     CSPs     found    in   the    same      residues    of  act    ACP  

 

 
Figure 4-2. (A) Holo-actACP is composed of the four helix bundle, with the active site serine 
tethered to the 4’-phosphopantetheine, PDB: 2K0X. (B,D) Act-ACP sequestration analysis of 
atom replaced probes. H,15N-HSQC traces done by Shakya et al. depicting overlays of the holo-
ACP (red), crypto-C14-act ACP (green) bearing heptaketide mimic and crypto-C16-actACP 
(blue) bearing octaketide mimic. CSP plots obtained from the spectra shown in panel (B) 21. (C) 
Docking analysis of NMR solution act-ACP with C16 octaketide mimic further validates 
polyketide sequestration and movement of helix III. Blue region depicts large CSP contacts from 
(D). 
 

previously reported to stabilize the aromatic product analogues 22. These results support the 

hypothesis that sequestration of the elongating polyketone is partially driven by the ACP. 

Moreover, it suggests that the mature polyketone is stabilized through sequestration within the 
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hydrophobic cleft formed by the movement of helix III of act ACP during polyketide elongation 

(Fig. 4-2E) 21.  

 The conformational changes that occur between Helices II and IV of the ACP as a 

consequence of sequestration during polyketide elongation may play a role in docking to the 

target PKS enzyme for subsequent polyketide intermediate transportation. Structural evidence 

for ACP helix III region surface interactions can be observed in several crystal structures of ACP 

bound to PKS and FAS target enzymes. The structure of the stearoyl acyl carrier protein 

desaturase from Ricinus communis and the acyl carrier protein reveals electronegative residues 

E58 and D59 in helix III of the ACP that interacts with the surface of the desaturase (Fig. 4-3A) 

23.  In addition, the recently solved fatty acid dehydratase (FabA) covalently linked ACP 

complex displays a very similar  helix III ACP  interaction with the    surface of FabA  24.  The  

 
Figure 4-3. (A) The crystal structure of the 2:2 desaturase-ACP complex reveals several protein-
protein contacts in helix III of the ACP. (B) The crystal structure of the covalently linked FAS 
FabA and AcpP displays a similar helix III ACP interaction with the DH. 
 

electronegative D56 residue of helix III in the ACP forms an electrostatic interaction with R132 

on the FabA surface (Fig. 4-3B) 24. This structural analysis suggests important surface 
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interactions between helix III of the ACP and its target PKS and FAS enzyme. The crosslinked 

FabA with ACP provides insights into the transient protein-protein interactions and serves as a 

powerful tool to study ACP complex interactions with PKS enzymes in the type I NR-PKS. 

 In this study, ACP-PT interactions were probed by examining crosslinking activity and 

compatibility between NR-PKS ACPs and PT domains. We hypothesize that crosslinking 

efficiency will correlate with the strength of domain-domain interactions. Utilizing the ACP 

from the fungal bikaverin NR-PKS and the PT from the melanin NR-PKS, we conducted in 

silico docking in parallel with sequence-structure alignments to identify key surface binding 

residues in the ACP and PT domain. Several ACP and PT mutants were generated to alter ACP-

PT compatibility and tested using both in vitro assays and mechanism-based crosslinking. These 

results identify structural characteristics important for protein-protein interactions and provide 

evidence for the feasibility of combinatorial NR-PKS biosynthesis.  

 

4.3 Results and discussion  

4.3.1 Chemoenzymatic loading of ACPs 

 Mechanism based crosslinking of the ACP to the PT first requires the loading of  

functional pantetheine-based crosslinkers 7-11 onto a cloned stand-alone ACP domain, which 

was cloned into a pET 28 poly-his tag vector (Fig. 4-4A-B). The loading of pantetheine 

analogues 7-11 to the bikaverin NR-PKS (Pks4) ACP was monitored by MALDI-TOF, over the 

course of 1hr, 2hr, 4 hr and 24hrs. Complete loading of the crosslinkers was observed after 2hrs 

(Fig. 4-S1). 
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4.3.2 Crosslinkers are DH/PT mechanism-based probes 

 Mechanism-based crosslinkers are composed of two parts: 1) the pantetheine moiety that  

is chemoenzymatically loaded to the active site Ser of the ACP and 2) the “warhead” segment 

that selectively binds the catalytic site of the target enzyme (Fig. 4-4A,D). In order to selectively 

link the loaded crypto-ACP to the PT we initially screened for crosslinking efficiency against 

several dehydratase crosslinkers (Fig. 4-4A,D) 25-27.  The PT shares structural and functional 

similarities to PKS and FAS dehydratase (DH) domains 15. Both PT and DH are composed of a 

hot-dog fold motif that constitutes a core anti-parallel beta sheet with a central helix insertion 

15,28. The PT from the aflatoxin biosynthesis shares more than 26% sequence similarity with the 

curacin module J DH domain, further demonstrating their conserved structural and sequence 

similarity. More importantly, both the PT and DH share a similar well conserved catalytic His-

Asp dyad, important for the activity of DH crosslinkers (Fig. 4-4B,C) 26,27. Previous studies on 

Escherichia coli FAS yielded the discovery of the first mechanism-based inhibitor of the DH 

domain by 3-decynoyl-N-acetyl-cystamine (NAC) 29,30. This suicide substrate undergoes α-

deprotonation in the DH active site to form an electrophilic allene, which then modifies the 

active site His of the DH to irreversibly inactivate the enzyme (Fig. 4E) 31,32. Expanding on this 

knowledge, a small panel of pantetheine analogues was synthesized by the Burkart group, 

incorporating well-known inhibitor scaffolds of DH (Fig. 4D). In addition to the 3-decynoyl 

thioester inhibitors, we also examined 3-decynoyl-amides and sulfone substituted decynoyl 

crosslinkers 26,27. We purified the bikaverin Pks4 ACP and melanin Pks1 PT and screened 

against 7-11 for crosslinking efficiency. 
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Figure 4-4. (A) The ACP is expressed and translated in the apo form. A post-translational 
modification and attachment of the pPant generates the holo form of ACP. Crosslinking requires 
the loading of apo-ACP to generate crypto-ACP, which is further crosslinked with the PT 
domain. (B-C) The DH and PT share the similar catalytic dyad. (D) DH crosslinkers 7-11 were 
screened against the PT. (E) The proposed mechanism for the DH/PT crosslinking reaction of 11. 
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Crosslinker 11 with the sulfone group displayed the highest crosslinking efficiency based 

on SDS-PAGE (Fig. 4-5A). We utilized 11 to conduct subsequent crosslinking analysis. 

Although 11 was extensively studied with FAS DH domains, evidence for PT crosslinking had 

never been studied. In order to determine that the crosslinker 11 can also serve as a mechanism-

based crosslinker for the PT domains, we conducted site-directed mutagenesis on the Pks1 PT 

domain catalytic pocket. A homology model of the Pks1 PT displays the conserved catalytic 

dyad H61 and D248 at the bottom of catalytic pocket (Fig. 4-5B). H252 hydrogen bonds with 

D248 and at the entrance of the pocket H274 outlines part of the entrance. In order to assess 

selective crosslinking of 11 to the putative H61, we generated several His and Asp mutants. 

Based on SDS-PAGE, the WT Pks1 PT can crosslink ~50% efficiency with the pks4 ACP (Fig. 

4-5C). In the absence of 11 or treatment with His-modifying diethylpyrocarbonate, crosslinking 

is abolished (Fig. 4-5C) 33. A mutation of H274A did not affect the crosslinking efficiency 

compared to the WT (Fig. 5C). Replacing H274 with a negative charged D residue or bulkier Y 

residue displayed a decrease in crosslinking efficiency, further demonstrating the importance of 

gate keeping positively charged residues at the entrance of PT domains (Fig. 4-5C). Mutations of 

the catalytic H61A, D248A and H252 abolished crosslinking and partial rescue of crosslinking 

was observed with H61R and D248E (Fig. 4-5C). These results demonstrate 11 is a mechanism-

based crosslinker for the Pks 1 PT and further supports the structural-catalytic similarities 

between DH and PT domains. 

 

4.3.3 Docking of ACP and PT identifies surface binding residues 

 In order to identify key residues in ACP-PT surface interactions, we carried out in silico 
 
 docking analysis using homology models of the Pks1 PT and Pks4 ACP, respectively. Docking  
 



 111 

 
Figure 4-5. (A) Pks4 ACP and Pks1 PT were screened against crosslinkers 7-11. The crosslinker 
11 displayed higher crosslinking efficiency. (B) The homology model of Pks1 displays the 
conserved catalytic His-Asp dyad along with His274 at the pocket entrance. (C) Crosslinker 11 is 
a mechanism-based PT crosslinker, detailed in our result of site-directed-mutagenesis. 
 
simulations suggest several electrostatic interactions between the positively charged PT surface 

and the highly negatively charged surface of the Pks4 ACP (Fig. 4-6 A-B). Surface K107, K301, 

K304 located near the Pks1 PT pocket make several electrostatic interactions with negatively 

charged D60, E76 on the C-term of helix II of the Pks4 ACP (Fig. 6A-B). The conserved “DSL” 

motif in ACPs reveals a salt bridge between D60 of the ACP and K305 near the entrance of the 

Pks1 PT catalytic pocket. Similar to both the desaturase-ACP and FabA-ACP complex 

structures, the region between C-term of helix II and helix III of the ACP interacts with the Pks1 

PT surface, especially D78 and E86 of the Pks4 ACP (Fig. 4-6A). These electronegative ACP 
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surface residue interactions are also consistent with the results published by Bruegger et al., 

where electropositive surface KS residues can be modified to significantly reduce ACP-KS 

protein-protein interactions in the same Pks4 NR-PKS 34. Furthermore, it provides evidence for 

the importance of helix II and helix III conformational changes of the ACP in promoting protein-

protein interactions with its target enzymes.  

 

4.3.4 ACP sequence-structure alignment analysis 

 Multiple sequence alignment of type I and II ACPs of both PKS and FAS reveals key 

similarities. All ACPs contain the conserved “GxDSL” or “GxDSI” motif on the N-term of helix 

II, important for pPant tethering and loading of PKS and FAS intermediates (Fig. 4-6C). Helices 

I, II and IV are strongly amphipathic in that they have highly acidic outer faces and strongly 

hydrophobic inner faces (Fig. 4-6B-C) 19. Many of these amphipathic faces are highly conserved 

within helices I and IV (Fig. 4-6B). In NMR and crystal structures of ACPs, a short helix III of 

lower stability is found at various positions 19,35,36. ACP helix III region is the most dynamic 

segment of the protein as shown by NMR and crystal structure B-factors. Between helix II and 

III, type I NR-PKS ACPs contain a conserved “REELx” and a “SxFxE” motif that corresponds 

to the surface interactions of the ACP-PT docking complex. These include E73, E74 and E86 on 

the Pks4 ACP (Fig. 4-6A-C). The docking simulation shows E86 of the Pks4 ACP in close 

proximity with E147 from Pks1 PT.  In the endogenous Pks1 NR-PKS, a tandem ACP-ACP 

didomain is present. The first Pks1 ACP contains the conserved “REELx” motif while the 

second Pks1 ACP contains a “REKSx” sequence. The presence of an electropositive “K” is only 

observed in this ACP from the fungal NR-PKS sequences aligned (Fig. 4-6C).  
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Figure 4-6. (A) In silico docking of the Pks4 ACP with Pks1 PT reveals several electrostatic 
interactions, primarily on helices II and III. (B) Pks4 ACP contains a highly negative charge 
surface that faces the Pks1 PT domain. (C) Multiple sequence alignment analysis reveals several 
key sequence motifs at the C-term of helix II and helix III. 
 

4.3.5 ACP mutagenesis increases PT compatibility and product formation 

In order to elucidate the importance of the “REELx”, “SxFxE” and surrounding residues, 

we generated a series of Pks4 ACP mutants to reverse the electrostatic charge at specific surface 

residues. The Pks4 ACP mutants E73R, E74R, D76R, D78R and E86R were generated along 

with Pks1 PT mutants K301E, K304E and K107E.  We utilized a time course crosslinking 

experiment and compared the crosslinking efficiency of all Pks4 ACP and Pks1 PT mutants with 

the WT constructs at 0, 1, 2, 4, 8, 16, 24, 48 and 72 hours (Fig. 4-7).  Both the K301E and 

K304E reverse polarity mutants demonstrate a loss of crosslinking efficiency compared to the 

positive WT control (Fig. 4-7). A rescue of crosslinking efficiency was observed when both 
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K301E and K304E Pks1 PT mutants were crosslinked to the D78R, E73R and D76R, 

respectively (Fig. 4-7). More interestingly, the WT Pks1 PT displayed higher crosslinking 

efficiency with D78R Pks4 ACP mutant. These results suggest the importance of electrostatic 

surface interactions between the ACP and PT complex. In addition, it emphasizes the importance 

of an electropositive residue in the Pks4 ACP for Pks1 PT compatibility, which is observed in 

the electropositive Lys residue of the endogenous second Pks1 ACP “REKSx” motif.  

 

Figure 4-7. Time course crosslinking assay of Pks4 ACP and Pks1 PT surface mutants. 
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To further investigate the importance of electrostatic surface interactions during ACP-PT 

complex formation, we utilized an established in vitro reconstruction assay to test the various 

ACP and PT mutants 37. The pET 28-cloned SAT-KS-MAT (SKM) tridomain from the melanin 

Pks1 NR-PKS pathway was expressed, purified and reconstituted with malonyl-CoA and a 

combination of WT or mutant Pks4 ACP and Pks1 PT constructs. The Pks1 SKM, PT and Pks4 

ACP with malonyl-CoA in the absence of TE produce a small yet detectable hexaketide 

isocoumarin intermediate (Fig. 4-7). This product can be detected by HPLC at a retention time of 

14.7 min. The product absorbs at a UV wavelength of 280 nm. In the absence of the 

regiocyclization Pks1 PT domain, a pyrone shunt product is produced with a retention time of 

7.8 min (Fig. 4-7). Utilizing this assay, we swapped the various Pks4 ACP mutants for the WT 

ACP and analyzed isocoumarin intermediate product formation (Fig. 4-7).  In vitro reaction of 

the S61A pPant  Pks4 ACP mutant reveals no product formation. Surprisingly, both D78R and 

E86R demonstrated a 1.8 and 2.0 fold increase in hexaketide isocoumarin intermediate product 

formation (Fig. 4-7). E73R, E74R and D76R displayed no significant reduction in isocoumarin 

product formation. These results, in parallel with the crosslinking analysis, provide evidence for 

the importance of ACP charges during ACP-PT interaction for linear polyketide cyclization. 

These results suggests the C-term of helix II and helix III may play important electrostatic 

interactions in the recognition of PT domains.  Moreover, the increase in product formation 

affirms the potential to engineer non-endogenous ACP construct to increase PT compatibility 

and product formation. 
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Figure 4-8. (A) In vitro reconstitution domain swapping experiment.  Absence of PT generates 
hexaketide pyrone shunt product. Pks1 PT catalyzes the isocoumarin intermediate 13. (B) HPLC 
analysis of surface mutant ACPs display higher product formation 
 

 

4.3.6 ACP specificity: re-directing biosynthesis in PKS and FAS 

The NR-PKS Pks4 ACP domain swapping experiments along with mutagenic 

engineering provides evidence for exchanging ACPs from various PKS systems.  A key step in 

PKS and FAS domain swapping  for novel product formation requires ACP compatibility to 

various FAS and PKS target enzymes. Although we showed that NR-PKS ACPs can be mixed 

with PTs from different NR-PKSs, it is of significant interest to evaluate ACP interactions that 

extend to different PKSs and FASs. In order to assess the promiscuity and compatibility of the 

fungal NR-PKS ACPs, we screened Pks4 ACP against various Type II PKS and FAS enzymes. 
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We evaluated ACP-KS interactions. The Pks4 ACP crosslinks ~100% with the FAS FabB and 

FabF KS domains (Fig. 4-S2). KS domains are among the most evolutionarily conserved 

domains in both FAS and PKS 20. It is not surprising to observe conserved interactions of the KS 

and ACP, which is consistent with previous NR-PKS ACP-KS crosslinking analysis 34. In 

addition, the Pks4 ACP was screened against type II PKS cyclases, which have similar 

regiocyclization enzymology to PT domains. The Pks4 ACP crosslinks to some extent to the 

didomain cyclase (BexL) (Fig. 4S-2). Unlike the KS, ARO/CYC didomain cyclases vary in 

sequence and structure, which suggest ACPs must evolve to maintain regulated ARO/CYC target 

compatibility. Structural work on ACPs by Crump et al. demonstrate important differences in 

helix III of NR-PKS ACPs compared to type II PKS and FAS ACPs 38.  Both charges and overall 

shape of helix III is different in type I and II ACPs. These changes in both ACP conformation 

and electrostatic properties may help explain how NR-PKS ACPs interact with PT domains in 

type I but not type II cyclases.  

 

4.3.7 Biological significance 

 Efforts in bioengineering polyketide biosynthesis via domain swapping require 

knowledge of protein-protein interactions between the ACP and the various target PKS enzymes. 

ACPs facilitate the transport of polyketide intermediates and stabilize the linear poly-β-keto 

intermediate through sequestration, allowing for downstream cyclization and release of the final 

polyketide product. ACP compatibility is essential for PKS domain swapping engineering. As 

more NR-PKS containing gene clusters are annotated in genome databases, there is no 

correlation to identify residues important in protein-protein interactions critical for PKS domain 
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function. Acknowledging the need to correlate sequence to structure in such ACP interactions in 

NR-PKS can facilitate ACP compatibility with various PKS megasynthases. 

 We found that crosslinking of the Pks4 ACP to the non-endogenous Pks1 PT is 

crosslinker specific, supporting the structure-function similarities between DH and PT. Surface 

mutagenesis, in combination with in silico docking, crosslinking and in vitro reconstitution 

experiments, identified key residues important in ACP-PT interactions. The crosslinking 

efficiency between ACP and PT correlates with PKS activity based on hexaketide isocoumarin 

intermediate production and helped identify residues in the ACP important for increasing PT 

compatibility. The region around helix III in the NR-PKS ACP further validates its importance 

during ACP-protein interactions during polyketide and fatty acid biosynthesis. These results 

provide insights into the protein-protein interactions in NR-PKS systems. This knowledge on 

ACP compatibility will guide future efforts in the development of new polyketide analogues with 

unique biological activities 38. 

 

4.4 Materials and methods 

4.4.1 Expression and purification of his-tagged PT, ACP constructs 

 Both Pks1 PT and Pks4 ACP Wt and mutant monodomain plasmid construct were 

generated using methodology from Jason M. Crawford et al 8. The recombinant PT and ACP 

monodomains with an N-terminal His6-tag were produced in BL21 (DE3) E. coli cells 

(Novagen). Cells containing the PT and ACP plasmids were grown to OD600 = 0.6 at 37°C in LB 

media containing 50 µg/mL kanamycin. The cell cultures were cooled to 18 °C and expression 

was induced using 1 mM IPTG. The cell cultures were incubated for an additional 16 hours at 18 

°C and harvested by centrifugation at 5,525 r.c.f. for 15 minutes. The cell pellets were 
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resuspended in 50 mM tris-HCl pH 7.5, 10 % glycerol, 10 mM imidazole, 300 mM NaCl, and 1 

mg/ml lysozyme. Resuspended cells were cooled on ice for 30 min and the cells were disrupted 

using sonication. The cell debris was cleared by centrifugation at 21,036 r.c.f. for 1 hour. The 

supernatant was collected and batch bound to HisPurTM Cobalt Resin (Thermo Scientific) for 1 

hour at 4°C. PT and ACP constructs were purified according to the manufacturer’s instructions 

using an imidazole step-gradient. Fractions containing pure protein were determined by SDS-

PAGE and fractions containing either PT or ACP were combined and dialyzed against 50 mM 

tris-HCl pH 7.5, 10 % glycerol, and 300 mM NaCl at 4 °C for 12 hours.  Removal of the N-

terminal His6-tag was conducted by incubating the dialyzed PT and ACP at 18°C for 36 hours 

with thrombin from bovine plasma (Sigma-Aldrich) at a concentration of 2 U/mg of PT/ACP 

protein and 3.5mM CaCl2.  Removal of thrombin and further purification was conducted by anion 

exchange chromatography using HiTrap Q FF (GE Healthcare) according to the manufacture’s 

instructions. Purified PT or ACP constructs were dialyzed against crystallization buffer, which 

consisted of 50 mM tris-HCl pH 7.5, 5 % glycerol, 1 mM dithiothreitol for biochemical and 

crosslinking studies. 

 

4.4.2 Expression and purification of MPB-tagged CoA enzymes 

The constructs containing the MPB-tagged E. coli CoaA (PanK), CoaD (PPAT) and 

CoaE (DPCK) were transformed into Bl21 (DE3) E. coli cells (Novagen). Transformed cells 

were grown to OD600 = 0.6 at 37 °C in 1 liter LB media containing 50 µg/mL carbenicillin. The 

cell cultures were cooled to 18 °C and expression was induced using 1mM IPTG. The cell 

cultures were incubated for an additional 16 hours at 18 °C and harvested by centrifugation at 

5,525 r.c.f. for 15 minutes. Cell pellets were resuspended in 40 mL of lysis buffer made up of 50 
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mM tris-HCl pH 7.5, 10 % glycerol, 1 mM EDTA, 300 mM NaCl and 1 mM DTT. Resuspended 

cells were cooled on ice for 30 min and the cells were disrupted using sonication. The cell debris 

was cleared by centrifugation at 21,036 r.c.f. for 1 hour. Protein was bound to amylose resin 

(NEB) by batch binding method for 1 hour at 4 °C.  The batch bound amylose resin was loaded 

onto a gravity column where the lysate was eluted and the resin was washed with 2 x 25 mL 

washes of lysis buffer. The protein of interest was eluted at 1, 10 and 100 mM maltose in lysis 

buffer. Fractions containing the pure protein were determined by SDS-PAGE and fractions 

containing MBP-tagged proteins were combined and dialyzed against 50 mM tris-HCl pH. 7.5, 

10 % glycerol, and 1 mM DTT at 4 °C for 12 hours. Protein samples were concentrated to 4 

mg/mL as determined by Bradford protein assay (Bio-Rad), flash frozen in liquid nitrogen, and 

stored at -80 °C. 

 

4.4.3 Site-directed-mutagenesis 

The online program PrimerX was used to design primers for all PT and ACP mutants 

using the previously described cloned pET28b Wt Pks4 ACP and Pks1 PT template 39.The 

following primers were used for mutagenesis. All mutations were confirmed though automated 

DNA sequencing. 

Mutagenesis Primer Sequence 

     Pks1 PT       H61A Forward: 5’- CGAGGGCGCGTTGTGCAATGGCACCCCTC 
     Pks1 PT      H61A Reverse: 5’- GCACAACGCGCCCTCGACCAAAGGACGTGTG 

Pks1 PT  K107E Forward: 5’- CGAGGTGCCCGAAACCCTCATCTTCGATG 
Pks1 PT K107E Reverse: 5’- TGAGGGTTTCGGGCACCTCGACATTGGCC 
Pks1 PT  D248A Forward: 5’- CTGGATTGCGAGCTGTTGCCAC 
Pks1 PT D248A Reverse: 5’- CAGCTCGCAATCCAGTAAGGGTTG 
Pks1 PT  D248E Forward: 5’- CTGGATTGAAAGCTGTTGCCAC 
Pks1 PT D248E Reverse: 5’- GCAACAGCTTTCAATCCAGTAAG 
Pks1 PT  H252A Forward: 5’- GCTGTTGCGCGATTTCTGGCTTCATCATCAAC 
Pks1 PT  H252A Reverse: 5’- CAGAAATCGCGCAACAGCTGTCAATCCAGTA 
Pks1 PT  H274A Forward: 5’- TCATCTCGGCGGGCTGGGGCTCCATGAGG 
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Pks1 PT  H274A Reverse: 5’- CCAGCCCGCCGAGATGAACACCTGCTCGC 
Pks1 PT  K301E Forward: 5’- CAGCCTGTCGAAGGTACCAAGACCTATGCT 
Pks1 PT  K301E Reverse: 5’- TGGTACCTTCGACAGGCTGCATGCGAACGT 
Pks1 PT  K304E Forward: 5’- CAAGGGTACCGAAACCTATGCTGGTGATGC 
Pks1 PT  K304E Reverse: 5’- CATAGGTTTCGGTACCCTTGACAGGCTGC 
Pks1 PT  R326E Forward: 5’- CGACGTCGAATCGCCTCATCCCTCGC 
Pks1 PT  R326E Reverse: 5’- GAGGCGATTCGACGTCGCCAGCAACAC 

     Pks4  ACP       S61A Forward: 5’- GGTGGTGATGCGCTCATGTCACTGACC 
     Pks4  ACP      S61A Reverse: 5’-CATGAGCGCATCAACACCCAGGTCAG 
     Pks4  ACP       E86R Forward: 5’- CAACTTCCGACGTGAACTCGACTTGGACATTC 
     Pks4  ACP       E86R Reverse: 5’- GAGTTCACGTCGGAAGTTGCCCAGAATGGTC 
     Pks4  ACP       E87R Reverse: 5’- GTCGAGACGCTCTCGGAAGTTGCCCAGAATG 
     Pks4  ACP       E87R Reverse: 5’- GTCGAGACGCTCTCGGAAGTTGCCCAGAATG 
     Pks4  ACP       D89R Forward: 5’- GAGGAACTCCGTTTGGACATTCCAGCAGCCC 
     Pks4  ACP       D89R Reverse: 5’- GTCCAAACGGAGTTCCTCTCGGAAGTTGCC 
     Pks4  ACP       D91R Forward: 5’- GAACTCGACTTGCGTATTCCAGCAGCCCAGTT 
     Pks4  ACP       D91R Reverse: 5’- TGGAATACGCAAGTCGAGTTCCTCTCGGAAG 
     Pks4  ACP       E99R Forward: 5’- GCCCAGTTCTACCGTTTCTCAACAGTTCAGG 
     Pks4  ACP       E99R Reverse: 5’- AGAAACGGTAGAACTGGGCTGCTGGAATG 

 

4.4.4 Crosslinking 

 Crosslinking of probes 7-11 were prepared as previously described methods by 

Worthington et al. in the Burkart group 25. Loading of pantetheine analogues 7-11 to ACP 

constructs was accomplished by combining a one-pot-chemoenzymatic 100 µL reaction 

containing 50 mM sodium phosphate pH. 7.0, 12.5 mM MgCl2, 2 mM ATP, 250 nM of each 

CoaA, CoaD, CoaE, and Sfp, 50 µM ACP, and 200 µM pantetheine analogue 25.  The reaction 

was incubated for 1 hour at 37 °C. Successful pantetheine loading to ACP were determined by 

MALDI-TOF (AB sciex TOF/TOF 5800). 20 µM PT was added to the one-pot reaction and 

incubated for an additional 24 hours at 37°C. Crosslinking was determined on SDS-PAGE using 

4 – 20 % Mini-PROTEAN TGX gels (Bio-Rad). 
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4.4.5 In vitro reconstitution assay 

 In order to measure enzyme activity of both WT and mutant PT, ACP constructs, we 

utilized the Pks1 system from C. lagenarium and performed in vitro reconstitution assays similar 

to that described by Newman et al. 37.  250 µL reaction mixtures containing 10 µM Pks1 SAT-

KS-MAT tridomain, 50 µM WT or mutant Pks4 ACP, 50 µM WT or mutant Pks1 PT, and 5 mM 

malonyl-CoA in 50 mM Tris-HCl pH. 7.0 were prepared. Reaction mixtures were incubated in 

the dark at 25 °C for 16 hours and extracted three times by the addition of 95 % EtOAc / 4.9 % 

MeOH / 0.1 % formic acid mixture. The organic phase was separated, evaporated under vacuum 

and resuspended in 100 µL of 100 % DMSO (Alfa Aesar). Products were analyzed by using 

reverse-phase high-performance liquid chromatography (HPLC) (Beckman Coulter). 20 µL 

injections were separated on a Beckman Ultrasphere C18 column (5µm, 80 Å, 4.6 mm X 150 

mm) by running a gradient from 5-50 % MeCN in a H2O/0.1 % formic acid mixture over 15 min 

followed by 50 to 95 % MeCN in a H2O/0.1 % formic acid mixture over 5 min at a flow rate of 

1.0 mL/min. Under these conditions, the HPLC retention times were observed to be 6.8 min for 

the pyrone shunt product and 14.8 min for the isocoumarin hexaketide product 13 that arises 

from PT-cyclized C2-C7. Product elution was monitored by diode-array detection by selecting 

for absorbance at 280 nm. 

 

 

4.4.6 In silico docking 

 The docking programs ClusPro 2.0 and ZDOCK were used for protein-protein docking 

between the Pks4 ACP and Pks1 PT homology models 40-43. Prior to docking, a Pks4 ACP and 
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Pks1 PT homology model were generated using the structure prediction HHpred. The ZDOCK 

3.0/3.02 scoring function was used to identify the correct binding motif 40.  ClusPro 2.0 

contained an automated scoring function 44. 

 

4.4.8 Additional supplementary figures 

Figure 4-S1. MALDI of (A) apo-ACP. (B) Crypto-ACP loaded with 11. Expected a 526 Da 
increase in MS due to the loading of 11. Observed a ~480 Da increase, indicating g successful 
loading of 11. 
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Figure 4-S2. (A) SDS-PAGE indicating crosslinking of two FAS KSs, FabF and FabB with the 
NR-PKS Pks4 ACP. (B) The Pks4 ACP partially crosslinks with the type II ARO/CYC BexL 
using crosslinker 11.  
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CHAPTER 5 

COMPREHENSIVE STRUCTURAL AND BIOCHEMICAL ANALYSIS OF 

THE TERMINAL MYXALAMID REDUCTASE DOMAIN FOR PRODUCTION 

OF HIGHLY REDUCED HYDROCARBONS 

 

5.1 Summary 

 The engineering of microorganisms for the production of next-generation biofuels and 

commodity chemicals requires a diverse set of biocatalysts to efficiently generate a wide array of 

compounds. The reducing termination domains (R domains) from polyketide synthases (PKS) 

and non-ribosomal peptide synthetases (NRPS) have much promise for the production of small, 

diverse terminal alcohols for use in pharmaceutical or biofuels. The terminal MxaA R domain 

from a modular PKS-NRPS hybrid in Stigmatella aurantiaca Sga15 catalyzes a non-processive 

four-electron reduction and release of myxalamid from the 4’-phosphopantetheine (pPant) 

prosthetic group to provide the characteristic 2-amino propanol group. Mechanistic details for 

how R domains reductively release the products from PKS and NRPS assembly lines have been 

hampered by the lack of structural and functional information. To address this dearth of 

knowledge, we report the crystal structures of MxaA R domain in the presence and absence of 

the cofactor NADPH. Moreover, we utilized structure-based mutagenesis in parallel with 

molecular dynamics to further elucidate residues critical for binding the pPant and substrate 

moieties, as well as product release. Our computational and biochemical findings supported 

hypotheses advanced from the crystal structure and, in the process, provided a rationally altered 

MxaA R domain mutant with significantly improved activity toward fully reduced hydrocarbons. 

While increased focus has been placed on the scope and mechanism of this unique class of 
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reductases, structural information, such as the data presented here, will aid in design of new 

termination domains with improved catalytic or kinetic parameters for the sustainable production 

of long-chain alcohols as biofuels. 

 

5.2 Introduction 

Multi-modular polyketide synthases (PKSs) and non-ribosomal peptide synthetases 

(NRPSs) are large protein machineries responsible for the biosynthesis of various complex 

natural products. Both polyketide and non-ribosomal peptide natural products are assembled 

using acyl-coenzyme A or amino acid building blocks to yield natural products used in 

pharmaceuticals, agrochemicals and biofuels.  The myxobacteria Stigmatella aurantiaca 

Sga15 contains a modular PKS-NRPS hybrid responsible for the biosynthesis of 

myxalamids, potent inhibitors of the respiratory electron transport chain1,2. The last step in 

biosynthesis requires the reductive release of myxalamid from the phosphopantetheine 

(pPant) moiety that is covalently linked to the peptidyl carrier protein (PCP) of the final 

module. Owing to the vast structural diversity generated by PKSs, reduction by the 

myxalamid terminal module (MxaA) to yield alcohol derivatives is of great interest for the 

design of new, modified natural products; in particular, those with fuel-like properties. With 

the increase demand of biofuels and its projected 27 % contribution of all global 

transportation fuel by 2050, there is a need for new strategies in biofuel development 3,4.  

The biosynthesis of myxalamid is a multi-step process initiated by a Type I modular PKS 

consisting of six modules that biosynthesize the pentadiene 8 (Fig. 5-1A) 1, which is then 

transported to MxaA, the terminal NRPS module 1. The adenylation (A) domain activates 

alanine as a building block    and the   condensation (C) domain   catalyzes     peptide    bond 
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formation to yield the penultimate hybrid polyketide/peptide intermediate 9 appended to the 

MxaA PCP 5,6. The terminal R domain then catalyzes the termination step. The R domain 

belongs to a recently characterized class of NADPH-dependent reductases, which catalyze 

accomplish this, the PCP-bound peptidyl-acyl thioester is first reduced to a terminal alanal 

intermediate 9b, which following a second NADPH equivalent reduction of 9b, yields the 

final 2-aminopropanol-containing product 10 (Fig. 5-1A). Many researchers have vigorously 

pursued the study of R domain in order to leverage this unique terminal domain for the 

production of potential replacement fuel or commodity chemicals, such as 1-decanol 13 (Fig. 

 

Figure 5-1. (A) Biosynthetic pathway of Myxalamid S. The R domain is responsible for the 
four-electron pPant reductive release and substrate modification to yield the final mxa product 
10. (B) The R domain accepts hydrocarbon substrates to yield fully reduced decanol product 13. 
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5-1B). However, such an engineering effort requires a blueprint for the R domain, namely a 

high-resolution structure of R domain. 

Here, we report the 1.84 and 1.90 Å structures of the MxaA R domain in the absence 

and presence of NADPH from Stigmatella aurantiaca Sga15 and, in combination with 

structure-based mutagenesis and molecular dynamic simulation, provide a clear landscape of 

global and local interactions between the PCP and R domain, and interactions between the R 

domain and cofactor/substrate that are essential for catalysis. Furthermore, mutational 

analysis of the R domain served a second function as the rational mutation of a key active 

site arginine (R1339) afforded an engineered MxaA with vastly improvement toward 

hydrocarbon reduction. The work described below therefore paves the foundation for a new 

strategy in biofuel production. 

  

5.3 Results and discussion 

5.3.1 The crystal structure of the MxaA R domain 

To visualize MxaA R domain, we crystallized the R domain with and without the 

cofactor NADPH. The structure of MxaA R was determined using selenomethionine-

substituted protein by multi-wavelength anomalous dispersion (MAD) method to a resolution 

of 1.84 Å (Table 5-S2), and the apo MxaA R domain  structure was refined to 1.84 Å (Table 

5-S2). The NADPH-bound crystal structure was determined by molecular replacement using 

the apo MxaA R structure (Table 5-S2).  
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Figure 5-2. (A) Crystal structure of the MxaA R domain bound to NADPH. The R domain 
consists of an N-terminal subdomain that contains a Rossmann fold NADPH binding motif and a 
C-terminal subdomain responsible for substrate binding. (B) The MxaA R domain forms a 
crystal dimer. (C) The nicotinamide portion of the NADPH is in close spatial proximity to the 
catalytic threonine, tyrosine and lysine catalytic triad. 
 

MxaA was solved as a dimer, with an RMSD of 0.45 Å between monomers A and B. 

The overall structure displays high structure similarities to short-chain 

dehydrogenases/reductases (SDRs), containing an NADPH binding N-terminal subdomain 

and a C-terminal substrate binding subdomain (Fig. 5-2A-C) 7. Hidden Markov models 

(HMM) show that the MxaA R domain has a high structural homology with the extended 

type E of SDR’s 8,9.  The N-terminal subdomains displays an extended NADPH-binding α/β 

Rossmann fold with seven parallel beta sheets (Fig. 5-2A).  The seven parallel beta sheets are 

arranged in a (β3- β2- β1- β4- β5- β6- β10) order and are flanked by five helices (α2- α3- α4- 

α6- α8- α11) (Fig. 5-2A, Fig. 5-S3). These structural features correlate well with the 



 133 

previously solved Nrp R domain structure with an RMSD of 2.19 Å. Similar features include 

the Tyrosine-dependent SDR catalytic triad (Thr, Tyr, Lys) (Fig. 5-2C, Fig. 5-S3) and a 

distinctive helix-turn-helix motif (α3- α4) (Fig. 5-2A) 10. 

Substrate recognition in the SDR family often occurs in the C-terminal subdomain. 

While the N-terminal subdomain in SDRs have a highly conserved structural motif, the C-

terminal domains differ in structural and sequence homology, which supports that the C-

terminal subdomain is more important for substrate specificity of SDRs 7.  The C-terminal 

subdomain in MxaA consists of 5 helices (α12- α15- α16- α17- α20) and two parallel beta 

sheets (β9- β11), which is substantially larger (~130 residues) than those in typical SDRs 

(Fig. 5-S3) 8,11. A notable inserted helix-turn-helix motif between residues Y1431 and Q1456 

of α16-α17 contains several conserved hydrophobic residues (W1433, L1437, L1450, 

L1451). These conserved hydrophobic residues are present in the R domains that conduct 

chain termination with 2 or 4 electron reductions (Fig. 5-S1, 5-S2). The helix-turn-helix 

motif defines the bottom substrate cavity, suggesting an important role in substrate binding 

(Fig. 5-4). Additionally, the helix-turn-helix motif is directly involved in the dimer interface 

of the MxaA R domain. More noticeable, the electrostatic interactions between S1445, 

G1438 of the C-terminal helix-turn-helix and Y1250, S1245 of α11 on the N-terminal 

subdomain (Fig. 5-S2) help stabilize the C-terminal helix-turn-helix. In sum, the above 

analysis provides evidence for substrate specificity in the C-terminal subdomain of the 

MxaA R domain. 
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5.3.2 Structure analysis of NADPH-bound R domain 

Currently, the only R domain structure, associated with an NRPS dedicated to 

glycopeptide biosynthesis, had been solved to 2.30 angstroms, but unfortunately lacks the bound 

NADPH cofactor. In order to delineate the mechanistic detail of cofactor binding in MxaA R, 

co-crystals of MxaA R bound with NADPH were solved to 1.90 Å (Table S5-2).  NADPH 

binds to the well-known TGxxGxxG Rossmann fold nucleotide-binding motif (Fig. 5-2C, 

Fig. 5-S2) with the backbone di-phosphate moiety forming several key hydrogen bond 

interactions with G1155, T1157, G1158, L1160, and G1161. The G1158 backbone amide 

coordinates a 2.9 Å hydrogen bond with one of the di-phosphate oxygen atoms connecting 

the ribose rings (Fig. 5-2C).  The second di-phosphate is coordinated by a 3.0 Å hydrogen 

bond to the amide in L1160. The backbone carbonyl of G1155 forms a 3.5 Å hydrogen bond 

with the 3’-hydroxyl group of the adenine tethered 2’-phospho ribose ring. The oxygen 

atoms in the 2’-phosphate group from the adenine tethered ribose ring forms several 

electrostatic interactions with highly conserved T1157, R1181 and R1191 (Fig. 5-2C). The 

nicotinamide moiety of the NADPH is oriented and coordinated by the catalytic triad T1283, 

Y1311, K1315 and the backbone carbonyl of G1338.  Both the 2’- and 3’- hydroxyl groups 

of the nicotinamide tethered ribose ring are coordinated by 3.1 Å and 3.2 Å electrostatic 

interactions with K1350. In addition, the Y1311 hydroxyl moiety further hydrogen bonds 

with the 2’-hydroxyl to a distance of 2.6 Å. The amine group from the nicotinamide forms a 

3.8 Å hydrogen bond with the carbonyl of G1338, further coordinating NADPH for 

reduction of the pPant-tethered substrate. Several coordinated water molecules are present 

between the catalytic residues Y1311, T1283 and the non-catalytic S1285. One water 

molecule is positioned 2.7 Å from the hydroxyl of Y1311 and 2.8 Å from T1283, where the 
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thioester carboxylate putative Y-T catalytic oxyanion hole is generated upon first reduction 

10. A second water molecule is situated between T1283 and S1284, forming 3.3 and 2.9 Å 

hydrogen bonds. Several SDR studies suggest a proton relay system involving the hydroxyl 

of T1311, 2’-hydroxyl of the nicotinamide ribose, K1355, and a water molecule position in 

closed proximity 11,12. The path for hydride reduction of the pPant thioester bond can be 

further extended through ordered, conserved water molecules, possibly being positioned by 

carbonyls contained in the amide backbone 13. Overall, the orientation of NADPH for pPant 

reduction is coordinated by the catalytic T, Y, K along with the conserved TGxxGxxG motif 

position on the N-terminal subdomain. Structural comparison of the apo and NADPH bound 

MxaA R domain shows little conformational changes.  A global RMSD of 0.63 Å of the 

polypeptide backbone in the apo and NADPH bound structure indicates very little structural 

change after NADPH binding.  Comparing the RMSD of N- vs. C-terminal subdomain, 

however, shows a small yet significant change in backbone conformation. RMSD of the N-

terminal subdomain in the apo and NADPH structures shows a 0.43 Å deviation. The C-

terminal subdomain comparison shows a higher RMSD value of 0.73 Å between apo and 

NADPH bound structure, suggesting larger conformation change in the C-terminal 

subdomain upon NADPH binding. 

  

5.3.3 Molecular dynamics analysis  

We further attempted to elucidate the structural dynamics of NADPH and mxa 

substrate binding in MxaA R by analyzing conformational changes in 100 ns molecular 

dynamic (MD) simulations. The atomic coordinates of the MxaA R domain were obtained 

from the crystal structure of the NADPH bound MxaA R domain chain B. The default force 
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field choice in Amber14 was used for the protein molecule and AM1-BCC for the ligand 

14,15. The system was explicitly solvated with a buffer of 10 Å TIP3P waters in a truncated 

octahedron box after neutralizing with counter ions.  A two system minimization was 

performed using SANDER 14,15. PMEMD was utilized for production runs. 

The NADPH bound MxaA R domain was allowed to equilibrate after heating up the 

system to 300K and subsequently allowed to run over 100ns. 2D RMSD maps were 

generated and revealed an RMSD range of 0.61 – 2.41 Å for the MxaA R domain minimal 

backbone (Fig. 5-3A). Further dissection of the N- vs. C-term subdomains revealed RMSD 

ranges of 0.54 – 1.49 Å and 0.52 -2.25 Å, respectively (Fig. 5-3B,C). These results, in 

agreement with RMSD values found in our crystal structures, suggest higher flexibility and 

movement of the mxa binding C-terminal subdomain. The most noticeable R domain region 

of flexibility was observed on the C-terminus helix-turn-helix motif containing several 

conserved hydrophobic residues between Y1430 and Q1455 of α16-α17. The α16-α17 

displayed an average RMSD of 0.82 Å in the NADPH bound model (Fig.5-2B, Fig. 5-S6). 

Numerous salt bridges are critical in stabilizing the α16-α17 helix-turn-helix motif. R1426, 

E1436 of helix-16 demonstrates moderate electrostatic interactions with beta strand-11 (Fig. 

5-S6). During the 100 ns NADPH bound run, the ζC of R1426 maintains a distance of ≤ 6.0 

Å with either εO of E1436 34.5 % of the simulation. D1444, the turn residue between helix-

16 and helix-17 maintains a tight salt bridge interaction with a distance ≤ 3.5 Å between the 

ζC of R1364 through stochastic sampling of either helix-13 D1444 δO during 73.2 % of the 

simulation (Fig. 5-S6). Moderate electrostatic interactions were observed between helix-12 

R1357 and helix-17 E1446, with the ζC of R1357 maintaining a distance ≤ 6.0 Å for 68.7 % 

of the simulation. 



 137 

The catalytic T1283, Y1311, K1315 triad demonstrates very little movement with an 

average of 0.07 Å per residue throughout the entire 100 ns run. The phosphate oxygens 

attached to the nicotinamide  ribose 5’ carbon remain positioned well within 1.99 and 2.09 Å 

of the Rossmann TGxxGxxG motif. A representative cluster ensemble was generated from MD 

using RMSD scoring as implemented in Chimera.16. RMSD scoring reduced the initial set of 

1000 frames generated to the 46 most unique frames. 

In silico docking of the mxa-pPant using all of the 46 unique frames from the previous 

MD run by the program GOLD revealed a large binding cavity under the α16-α17 helix-turn-

helix motif (Fig. 5-4A)17.  We ranked the docking solutions using the ChemPLP scoring 

function and took the best docked structure for MD analysis 17.  Utilizing the same system 

MD system parameters as before, we allowed the mxa-pPant and NADPH bound R domain 

chain B to run for 100ns.  RMSD 2D map analysis of the MxaA R domain in complex with 

the myxalamid-pPant intermediates reveals a RMSD range of 0.60 - 1.99 Å (Fig. 5-3D), 0.42 

Å lower than the RMSD range for R domain with NADPH bound and without substrate (Fig. 

5-3A). The NADPH binding N-terminal subdomain demonstrates a similar RMSD range of 

0.55 – 1.49 Å to the previous NADPH MD run. The C-terminal subdomain displays a 

decrease in movement upon myxalamid-pPant binding, with a max RMSD of 1.49 Å (Fig. 5-

3E-F).  More specifically, the C-terminal helix-turn-helix motif containing the conserved 

hydrophobic residues between Y1431 and Q1456 of α16-α17 are more stable when 

interacting with the myxalamid substrate (Fig. 5-4A-C).  The terminal helix-turn-helix motif 

displays a slightly lower average RMSD of 0.76 Å, while the pPant moiety displays larger 

movements than the sequestered myxalamid segment. D1353 displays strong hydrogen 

bonding with the amide moiety of the pPant group, averaging a 3.0 Å distance for more than 
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70 ns of the MD run (Fig. 5-4). The second carbonyl of the myxalamid portion generates a 

tight 2.0 Å interaction with R1339, highlighting the importance of electrostatic interactions  

 

Figure 5-3. Backbone dynamics of the MxaA R domain in the absence and presence of 
myxalamid. 2D RMSD heat map of (A) MxaA R domain with NADPH and a dissection of the 
N-terminal (B) and C-terminal subdomain (C). Similar analysis was done with the MxaA R 
domain with NADPH and docked with pPant-Mxa (D-F). Low RMSD deviation is seen in blue 
and higher RMSD deviation is observed in red. 
 

 
between the myxalamid and R domain (Fig. 5-4C).  The aliphatic methyl-branched-diene 

moiety of the myxalamid substrate forms intermolecular hydrophobic interactions, kinking 

the mxa substrate back towards the thioester moiety of the pPant. F1248 in MxaA R aids in 

stabilizing these hydrophobic interactions (Fig. 5-4). The two hydroxyl groups in the 

myxalamid intermediate form hydrogen bonds with S1285 and D1461 of the R domain. 

S1285 forms an average 3.0 Å hydrogen bond with the terminal hydroxyl group in the 
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myxalamid intermediate for more than 95% of the MD simulation.  Similarly, D1461 forms 

an average 3.2 Å hydrogen bond with the first hydroxyl group for more than 80% of the MD 

run. Both S1285, D1461 along with R1339 and F1248 may play a key role in myxalamid 

substrate recognition and orienting the substrate for reduction by the neighboring NADPH 

molecule.  The overall MxaA R domain architecture suggest the C-terminal subdomain is 

highly mobile until myxalamid substrate binding quenches the movement, more specifically 

the helix-turn-helix motif, for the first round of reduction.  

 

5.3.4 Docking analysis of pPant-mxa substrate and PCP domain 

Using in silico docking we further probed for substrate binding residues of the R 

domain by docking the pPant-tethered mxa intermediate to the R domain. The 100ns MD 

simulation of NADPH bound MxaA R identified 46 unique clusters, indicative of 46 distinct 

MxaA R domain conformations. A frame from each cluster was obtained and was used as the 

receptor to dock against the pPant-mxa ligand using the program GOLD 17. Each frame 

generated 100 solutions that were scored and ranked using the ChemPLP scoring function 17. 

The program LIGPLOT in parallel with visual inspection were utilized to analyze and 

identify ligand-protein residue interactions 18. R domain residue–ligand interactions between 

2.5- 4.0 Å for each frame were tallied and a residue interaction heat map was generated, 

indicative of ligand-residue interaction within various R domain conformational changes 

(Fig. 5-4B). Not surprisingly, the catalytic residues showed a high count of interactions. 

T1283 showed interactions close to the thioester linkage 28 out of the 46 frames (Fig. 5-4A-

C).  Additionally, Y1311 interacted 18 out of the 46 frames and the water coordinating 

S1285 interacted in 35 out of the 46 frames. The majority of the residues that interacted with 
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the mxa portion of the ligand were localized on the C– terminal subdomain. Out of the 46 

frames, R1339 showed 37 frames forming electrostatic interactions with one of the two 

carbonyl groups in mxa close to the thioester pPant linkage (Fig. 5-4A-C). The pentadiene 

motif on the mxa substrate kinks several times causing the end of the mxa to bend back on 

itself towards the thioester pPant linkage (Fig. 5-4A).  Residues that outline the back of the 

substrate-binding pocket illustrated several hydrogen and hydrophobic interaction with the 

mxa-kinked intermediate.  V1308, Y1430 and R1468 show   hydrophobic   and   electrostatic  

 

Figure 5-4. (A) Stereo image docking analysis of the MxaA R domain with NADPH and 
myxalamid. (B) Residue interaction probability of the 46 distinct PDB structures identified from 
molecular dynamics and docked with myxalamid. (C) Cartoon representation of myxalamid-
pPant and interaction MxaA R domain residues. 
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interactions with several diene motifs and hydroxyl groups of mxa (Fig. 5-4A-C). The high  

frame counts from the heat map indicates the importance of these residues in substrate 

recognition and orientation.  

To situate the R domain in the perspective of the termination module MxaA, more 

specifically the PCP-R domain protein interactions for the reductive release of the final 

product, we docked the R domain with the PCP domain. Using the HHPRED server, we 

generated a tertiary homology model of the MxaA PCP domain and proceeded to docking 

the R domain using the ZDOCK server 19,20,21. The previously solved SrfA-C terminal 

module structure from B. subtilis reveals the PCP domain positioned closely to the catalytic 

C, A domain platform and the TE domain, providing evidence for the spatial importance of 

the PCP interaction with the C, A and TE domain (Fig. 5-S5E) 22. We utilized the SrfA-C 

terminal domain structure as biochemical and structural guidance to assess protein-protein 

docking analysis. The N-terminal segment of helix II and most of helix III in the PCP forms 

several protein surface interactions with surface residues in both N- and C-terminal 

subdomains of the MxaA R domain (Fig. 5-S5A-D). Dissecting the surface interface of the 

PCP reveals several degrees of both negative and positive charges that complement with the 

interacting surface of the R domain (Fig. 5-S5C,D). The conserved S56 of the PCP that 

tethers the pPant is 12.0 Å away from the catalytic T1283, Y1311, K1315 (Fig. 5-S5C). The 

helix-turn-helix motif of the C-terminal R subdomain makes several electrostatic and pi-pi 

stacking interactions with helix III of the PCP domain. These include the Q1445 of the R 

domain with R77 from the PCP domain and the carbonyl backbone of S1442 of the R 

domain with the D73 side chain of the PCP domain. Additionally, a pi-pi interaction occurs 

between F1453 in the R domain and Y60 of the loop connecting helix II and III in the PCP 
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domain (Fig. 5-S5C). These results demonstrate the importance of electrostatic charges on 

the surface of both the R and PCP domains for protein-protein interactions. Moreover, the 

substrate binding helix-turn-helix motif in the R domain that may also have an additional 

role in PCP recognition.  

  

5.3.5 Biochemical analysis of the NADPH and substrate-binding pockets 

Moving beyond the structural and computational results pertaining to reduction of 9a 

to 10, and in the context of advanced biofuel production 11 to 13 (Fig. 5-1), we aimed to 

provide biochemical support for residues involved in NADPH binding and the requirement 

of the Lys, Tyr, Thr catalytic triad. As structural data revealed NADPH to contact the amide 

backbone of G1155, G1158 and G1161, as would be expected with the conserved 

TGxxGxxG Rossmann fold motif found in NADPH binding domains, we generated single 

Gly to Ala mutants for each residue to examine NADPH binding capacity. Likewise, 

residues composing the putative catalytic triad were mutated one at a time (T1283A, 

K1315A and Y1131F) to similarly determine effects on both NADPH binding and catalytic 

activity. NADPH binding studies, as determined by intrinsic fluorescence measurements 

with the wild type and mutant reductases, clearly demonstrated disruption of the TGxxGxxG 

motif by alanine substitution as well as mutants Y1131F and K1315A abolished NADPH 

binding (Fig. 5-S7). Surprisingly, although similar to previous reports,10 the T1283A mutant 

possessed an approximate 50% increase in NADPH binding affinity (Kd(WT) = 45 ± 3.7 µM 

vs. Kd(T1283A) = 31.7 ± 1.6 µM, (Fig. 5-S7). This could be rationalized by the fact that while the 

three glycine residues, Y1131 and K1315 provide key hydrogen bonds to NADPH, T1283, while 

a member of the catalytic has no direct contact with the cofactor and removal of its steric bulk 
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likely improves access of NADPH to the binding site. These mutants were additionally 

investigated for activity toward the reduction of decanal. All mutants were catalytically inactive, 

which further verified requirement of the NADPH binding pocket and catalytic triad for catalysis 

(Fig. 5-S8). 

Moving beyond characteristic analysis of NADPH binding motif and catalytic 

residues, we sought to further investigate residues that were putatively indicated to interact 

with mxa as determined through MD simulations and the associated computational docking 

studies. We focused on five residues to investigate. The first, and perhaps most interesting, 

was R1339 as it contained the highest residue interaction probability as indicated by the MD 

run and appeared to have strong interactions with the terminal, pPant-bound alanine moiety. 

Four additional residues with high probability of substrate interaction that appeared to form 

the predominantly hydrophobic mxa-binding pocket were probed for interactions by reversal 

of their polarity or knockout of key functional groups (F1248N, V1308T, Y1430F, R1468A). 

Due to the complexity of the substrates (pPant-mxa 9 and mxa aldehyde 9b) and concerns of 

their aqueous solubility we opted to investigate this system using simplified substrates: 

decanoyl-PCP 11 and decanal 12. Moreover, as our ultimate goal is to use information 

gained in these studies for the production of biologically derived replacement fuels and 

commodity chemicals, examination of the active site in the context of a target compound 

provides valuable information to enable our desired goal, while still providing critical 

information pertaining to the mechanism of this reductase. 

Each mutant was investigated with respect to the full reductive reaction (11 to 12) and 

the second half reaction (12 to 13). Considering that aldehyde reduction was several orders 

of magnitude faster than PCP thioester reduction (Table 5-1), investigation of the full 
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reaction provides rates specific to the first half reaction, thus, we are able to obtain rates for 

both reductions, k1 (11 to 12) and k2  (12 to 13). As both CoA substrates (decanoyl-CoA) and  

  Full Reaction (11 to 13) Second-Half Reaction (12 to 13) 

  
Enzyme Activity 

(pmol/min/mg enzyme) 
Activity Relative 

to wild-type 
Enzyme Activity 

(µmol/min/mg enzyme) 
Activity Relative 

to wild-type 
w.t. 1.37 ± 0.07 1.00 21.5 ± 1.7 1.00 
F1248N 0.46 ± 0.01 0.34 27.2 ± 4.9 1.26 
V1380T 0.69 ± 0.04 0.50 34.1 ± 0.7 1.58 
R1339A 5.59  ± 0.17 4.08 134.41 ± 12.5 6.22 
Y1430F 0.91 ± 0.58 0.66 37.4 ± 4.1 1.73 
R1468A 0.41 ± 0.04 0.30 26.8 ± 3.1 1.24 
!  

apmol/min/mg enzyme; bµmol/min/mg enzyme; c WT is represented as 1.0 where mutants activity is displayed as a 
value normalized to WT. 
 
Table 5-1. Specific and relative activities for wild-type and select mutants with respect to the 
first and second-half reactions.  
 

acylated PCP monodomain (decanoyl-PCP) were not turned over by MxaA R we developed 

a single turnover assay - by way of loading decanoyl-CoA to the PCP-R didomain with the 

promiscuous phosphopantetheinyl transferase SFP - to obtain the fundamental kinetic 

parameters of the first reduction. Given the low reactivity toward the first-half reaction 

multiple time points could be taken within the first three hours without depleting the WT 

enzyme-substrate complex below 1% of the total concentration, therefore, keeping the assay 

under pseudo-saturating (kcat) conditions. Kinetic analysis of the intermediate aldehyde was 

performed by observing NADPH consumption under saturating, multiple turnover 

conditions.  

With respect to the first reduction, we found mutations to the four residues lining the 

mxa-binding pocket to cause significant reductions in activity (Table 5-1). It appears residues 

closer to the NADPH binding site (F1248N and V1308T, approximate 65% reduction in 
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activity) more adversely affected activity than those buried deeper in the pocket Y1430F and 

R1468A (approximate 70% reduction in activity). This is likely due to reduced substrate-

residue interactions as indicated by our docking simulations with the non-native substrate 

(Fig. 5-S10). Interestingly, the same mutations moderately increased activity, compared to 

WT, with regard to aldehyde reduction. Further inspection of the data reveals specific 

activity to be significantly higher for the second half reaction as compared to PCP-mxa 

thioester reduction. While our kinetics show MxaA R to catalyze both reductions roughly 10-

fold slower than previously reported for the Nrp terminal reductase domain,10 the general 

trend in thioester vs. aldehyde turnover numbers (kcat) (Table 5-S1) correlate well. Aggregate 

results demonstrate the first-half reaction to be the rate limiting step of this process and 

acutely sensitive to binding pocket mutations, while aldehyde reduction appears to be more 

robust, and in our investigation, improved by disruption of the binding pocket and active site 

entrance. 

In addition exploring the mutational robustness of the binding pocket we were 

additionally interested to determine if R1339, as indicated by MD and docking simulations, 

interacted with the substrate. Composite computational data revealed an electrostatic 

interaction between the R1339 guanidino group and terminal alanine moiety contained 

within mxa, and therefore, we aimed to determine if R1339 in fact had an impact on 

catalysis.  While kinetic analysis of substrates lacking a terminal alanyl thioester or alanal 

moiety, as found in mxa, can not definitively demonstrate the role of R1339 plays during 

catalysis with the native substrate, comparison of the C10 substrate used in our studies with 

both WT and R1339A MxaA R provides a general understanding as to the nature of this 

residue-substrate interaction, which, as indicated by our computational efforts, appears to be 
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likely. Of significant importance, particularly in light of our goals to apply this enzyme in the 

production of fully reduced alcohols, we found R1339A to dramatically improve the ability 

of MxaA R to reduce C10 substrates with an approximate 4.1- and 6.2-fold increase in 

activity toward the first and second reduction, respectively.  The large increases in activity 

can be rationalized by the fact that reduction of the thioester bond is guided by interactions 

between the PCP, R domain and pPant arm, consequently, it is likely that while this the 

R1339-substrate interaction still affects catalysis it is less dramatic than what we observe 

with the free aldehyde due to covalent attachment on the pPant arm. As the substrate is 

liberated from the PCP-pPant arm electrostatic and polar interactions become more important 

in helping guide the substrate to the active site. Results hint toward the possibility that R1339 

acts as a gatekeeper to the active site, preferentially selecting the terminal alanal group of 9b 

for reduction, but, in its absence, hydrocarbon reduction becomes more favorable as 

mismatched polarity is reduced to allow better access to the NADPH binding pocket and 

improved reduction of 12 (Fig. 5-S11B,C). 

 

5.3.6 MxaA R and NRP R structural comparison 

The MxaA  R domain from Stigmatella aurantiaca displays homology to the  short chain 

dehydrogenase/reductase family of enzymes, which include the previously solved putative 

nonribosomal peptide synthases (NRP) R domain from Micobacterium tuberculosis.  More 

specifically, both domains form part of the tyrosine-dependent class of oxidoreductase known for 

the common Thr, Tyr, Lys catalytic triad. Both MxaA, and NRP reductively release alcohol final 

products through a committed aldehyde intermediate, utilizing 2 NADPH molecules in the 

process. Mutants of the T-Y-K triad for both MxaA and NRP R domains have significantly 
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display lower affinity for the NADPH cofactor and are catalytically inactive. The MxaA shows 

29.1% sequence similarity with the NRP R domain respectively. Structural alignment between 

the MxaA and NRP R domains reveal a 2.19 Å  RMSD of the polypeptide backbone. A close 

inspection of the T-Y catalytic residues in both MxaA and NRP display a highly coordinated 

water molecule, providing evidence for water displacement by the carboxylate group of the 

thioester moiety during the first reduction. This further supports the catalytic role of the T-Y 

residues of stabilizing the carboxylate through an oxyanion hole, typical of the  SDR class of 

reductases 11,12. Structural similarities include the NADPH binding Rossmann fold motif position 

at the N-terminal subdomain with the “helix-turn-helix” motif insertion. This includes the highly 

conserved “TGxxGxxG” motif for NADPH binding.  The C-terminal subdomain of the MxaA R 

domain is assembled by 5 helices and 2 parallel beta sheets.  The NRP R C-terminal R domains 

consist of the similar 5 helix-2 beta sheet motif, yet lacks a small residue portion on the C-term 

end of the “helix-turn-helix” motif .  Docking analysis of both R domains with the decanal (for 

MxaA) or valeryl (NRP) suggest that the “helix-turn-helix” motif are important for substrate 

recognition and specificity 8. 

 

5.4 Biological significance 

Assembly line PKS and NRPS intermediates require release from the pPant tethered 

carrier protein, yielding the final product or an intermediate that can be further modified by 

down stream biosynthetic enzymes. Both TE and R domain mediated chain release provide 

distinct releasing modes and chemical properties, further enriching the chemical diversity of 

polyketide and nonribosomal peptide natural products 23. R domains are an NADPH 

dependent class of SDR-like terminal enzymes capable of reductively releasing acyl and 
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peptide intermediates from the pPant tethered carrier protein. Here, we report the crystal 

structure of the myxalamid PKS-NRPS terminal R domain that catalyzes the nonprocessive 

four-electron reduction of the non-endogenous decanoyl-PCP to yield 1-decanol. 

Computational MD and biochemical analysis support the R domain C-terminal subdomain is 

the most flexible region of the R domain and is responsible for substrate binding and 

selectivity.  Moreover, the first reduction of the decanoyl-PCP 11 to yield the decanal 12 

intermediate is significantly slower than the second reduction of decanal 12 to 1-decanol 13, 

providing evidence for the rate limiting step during R mediated product release. Mutations in 

residues outlining the substrate-binding pocket suggest aldehyde reduction is more robust 

compared to the first decanoyl-pPant reduction.  Furthermore, alanine mutations in the 

putative gatekeeping R1339 residue improved binding and reduction of 11 and 12.  Such 

results demonstrate the feasibility and potential of engineering the R domain to accept a 

broader range of hydrocarbon chains, providing a range of fully reduced hydrocarbon 

products important in pharmaceutical and biofuel production. The mechanistic insights 

afforded by the MxaA R domain structure reported here provides the foundation for the 

potential to engineer the R domain for the reduction of various chemical moieties, which can 

be screened against various bioactivies or used in the production of biofuel-like chemicals.  

 

5.5 Materials and methods  

5.5.1 Cloning 

          The MxaA PCP and R monodomains were amplified using the myxobacterium S. 

aurantiaca PCP-R didomain previously cloned into pET28a with NdeI tagged 5’ forward 

primer and the HindIII tagged 3’ flanking primer. The subsequent amplified product was 
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inserted into the corresponding sites in pET28b (Novagen, Madison, WI) generating N-

terminal thrombin cleavable His6x-tagged constructs. The constructs were transformed into 

Rosetta BlueTM (Millipore) Nova Blue competent cells for construct amplification. Sequence 

was confirmed through automated DNA sequencing. 

 
Cloning Primer Sequence 

 MxaA_PCP_Forward: 5’-  ATATATCATATGCGCGCTGCTCTGCCG 
   MxaA_PCP_Reverse: 5’- ATATATAAGCTTTTAATCATGCGCCGGCAGAGAGC 
   MxaA_R_Forward: 5’- ATATATCATATGTCTCTGCCGGCGCATGATGT 
   MxaA_R_Reverse: 5’- ACATATATAAGCTTTTATTCTGGAGCCTTCAGGAAGCCAC 

 

 

5.5.2 Protein expression and purification  

The recombinant wild type and mutant MxaA R monodomains with an N-terminal His6x-

tag were expressed in BL21 (DE3) E. coli cells (Novagen). Cells containing the MxaA R domain 

plasmid were grown to OD600 = 0.6 at 37 °C in LB media containing 50 µg/mL kanamycin. The 

cell cultures were cooled to 18 °C and expression was induced using 0.5 mM IPTG. The cell 

cultures were incubated for an additional 16 hours at 18 °C and harvested by centrifugation at 

5,525 r.c.f. for 15 minutes. The cell pellets were resuspended in 50mM tris-HCl pH 7.5, 10% 

glycerol, 10 mM imidazole, 300 mM NaCl and 1mg/ml lysozyme. Resuspended cells were 

cooled on ice for 30 min and the cells were disrupted using sonication. The cell debris was 

cleared by centrifugation at 21,036 r.c.f. for 1 hour. The supernatant was collected and batch 

bound to HisPurTM Cobalt Resin (Thermo Scientific) for 1 hour at 4 °C. MxaA R was purified 

according to the manufacturer’s instructions using an imidazole step-gradient. Fractions 

containing pure protein were determined by SDS-PAGE and fractions containing MxaA R were 

combined and dialyzed against 50mM tris-HCl pH 7.5, 10 % glycerol, 300 mM NaCl at 4 °C for 

12 hours.  Removal of the N-terminal His6-tag was conducted by incubating the dialyzed MxaA 
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R at 18 °C for 24 hours with thrombin from bovine plasma (Sigma-Aldrich) at a concentration of 

2 U/mg of MxaA R protein and 3.5 mM CaCl2.  Removal of thrombin and further purification of 

MxaA R was conducted by anion exchange chromatography using HiTrap Q FF (GE Healthcare) 

according to the manufacturer’s instructions. Purified MxaA R was dialyzed against 

crystallization buffer, which consisted of 25 mM tris-HCl pH 7.5, 5 % glycerol, 1 mM 

dithiothreitol. 

Selenomethionine-substituted (SeMet) MxaA R protein was produced in Bl21 (DE3) E. 

coli strain in M9 minimal medium using metabolic inhibition of the methionine biosynthetic 

pathway 24. A 5 ml LB culture grown overnight was used to inoculate 2 X 1L of LB that were 

allowed to grow at 37 °C in the presence of 50 µg/mL kanamycin  until OD600 = 0.6 was 

reached. The resulting cells were pelleted at 5,525 r.c.f. for 15 minutes and washed three times 

by suspension in 40ml of M9 medium and then transferred to  2 x 1L of M9 medium containing 

50 µg/mL kanamycin and the following amino acids: lysine, phenylalanine and threonine (100 

mg/L); isoleucine, leucine and valine (50 mg/L); and L-selenomethionine (40 mg/L) (sigma). 

The temperature was reduced to 18 °C, induced with 0.5 mM IPTG and was allowed to grow 

overnight for 16 hours. The cells were harvested and purified following the WT procedure. The 

incorporation of selenomethionine (10 residues total) was confirmed by MALDI-TOF mass 

spectrometry. 

 

5.5.3 Crystallization, data processing and refinement 

Both Native and SeMet crystals of the WT MxaA R domain (9 mg/ml) grew in 0.22 M 

ammonium acetate, 28 % PEG 3350 and 0.1 M Hepes pH. 7.7 overnight at 25 °C using the 

hanging drop vapor diffusion method. NADPH bound MxaA R crystals formed similarly with 



 151 

the exception of incubating NADPH and MxaA R at a 5:1 molar ratio for 1 hr at 4 °C prior to 

crystal tray set up. Crystals were cryoprotected in well solution and flash frozen in liquid 

nitrogen prior to data collection. Data was collected at beamline 12-2 at the Stanford 

Synchrotron Radiation Lightsource (SSRL) for SeMet crystals. Prior to data collection, initial 

frames were assessed for quality and redundancy using Mosflm and Web-ice 25,26. 

Multiwavelength anomalous dispersion (MAD) data were collected to 1.84 Å for SeMet MxaA R 

at λ = 0.9792 Å (Selenium peak), λ = 0.9611 Å (inflection), λ = 0.9794 Å (remote).  For MAD 

data collection, the exposure time was set to 0.2 s; 0.15° oscillation width for 1920 frames. All 

data were processed using Mosflm to the P21 space group 2. Native NADPH bound MxaA R data 

was collected at the Advance Light Source beamline 822 at the Lawrence Berkeley National 

Laboratory. Single monochromatic x-ray diffraction data (λ = 0.9775 Å, 700 frames at 0.5° 

oscillation width for 1 second exposure) was collected to 1.89 Å and processed with Mosflm 

using the P21 space group 2. Initial phases for MAD data set were obtained using PHENIX 

Autosol (site) and 9 out of the 10 heavy-atom derivatives were located. Initial model was 

constructed using PHENIX Autobuild 4. Refinement was done using PHENIX.REFINE and 

COOT 27,28. Improved phases were used in COOT to model missing side residues  manually and 

waters were added during the last refinement cycles.  For the NADPH co-crystal structure, 

PHENIX LigandFit was used to model the NADPH upon obtaining initial model and phases 

from Phenix Autosol 27. Both apo and NADPH bound structures were validated using 

PROCHECK and PDB_REDO 29,30. Structural figures used in the manuscript were generated 

using PyMol  31. 
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5.5.4 Site-directed-mutagenesis  

The online program PrimerX was used to design primers for all the R mutants using the 

previously described cloned pET28b Wt R DNA template 32. The following primers were used 

for mutagenesis. All mutations were confirmed though automated DNA sequencing. 

 

Mutagenesis Primer Sequence 

MxaA R Y1311F Forward:  5’- GCGGCTTTGCTCAGAGTAAATGGG 
MxaA R Y1311F Reverse:  5’- CTCTGAGCAAAGCCGCCCACC 

MxaA R K1315A Forward:  5’- GAGTGCGTGGGTCGCGGAAAAGCTGG 
MxaA R K1315A Reverse:  5’- GACCCACGCACTCTGAGCATAGCCGC 

MxaA R T1283A Forward:  5’- GTTAGCGCGGTCTCTGTGCTGCCGC 
MxaA R T1283A Reverse:               5’- CAGAGACCGCGCTAACATAGTGCAGCGG 

MxaA R G1155A Forward: 5’- ACCGCGGCTACGGGTTTTCTGGGC 

MxaA R G1155A Reverse:               5’- CCCGTAGCCGCGGTCAGCAGG 
MxaA R G1158A Forward: 5’- ACGGCGTTTCTGGGCGCGTTCCT 

MxaA R G1158A Reverse:   5’- CCCAGAAACGCCGTAGCACCGGTC 
MxaA R G1161A Forward: 5’- TTCTGGCGGCGTTCCTGCTGGAAG 

MxaA R G1161A Reverse:               5’- GGAACGCCGCCAGAAAACCCGTAG 

MxaA R F1248N Reverse:  5’- CGGATACAGATTATTGACCAGTGCACC 
MxaA R F1248N Forward:  5’- AGCCTGACGGGCGGCTATGCTCAGAG 

MxaA R V1308T Forward:  5’- AGCCTGACGGGCGGCTATGCTCAGAG 
MxaA R V1308T Reverse:  5’- CGCCCGTCAGGCTGCTCGGAC 

MxaA R R1339A Forward:  5’- GGGTGCGGTGACCGGTCATTCACGC 
MxaA R R1339A Reverse:               5’- GGTCACCGCACCCGGACGCAGG 

MxaA R Y1430F Forward: 5’- CCGTTTGACCAGTGGCTGAGC 

MxaA R Y1430F Reverse:               5’- CACTGGTCAAACGGCAGAACGC 
MxaA R R1468A Reverse:               5’- CGGTCCGGCGATGGTGGTTTGCG 
MxaA R R1468A Forward: 5’- GCAACCGCCAGGCCGCTACCAC 

 

5.5.5 Molecular dynamics 

Molecular dynamics was carried out using Amber 1415. Both protein and ligand were 

prepared for docking by using the program Chimera16. Charges were calculated using the 

AMBER ff14SB force field. Selenomethionine (MSE) residues were converted to methionine 
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(MET) residues, solvent was deleted and hydrogens were added. LEaP was used to neutralize the 

system by adding eight Na+ ions, and solvating the apo enzyme in a 10 Å water buffer TIP3P 

truncated octahedron box.  The fully solvated system contained 42 865 atoms.  Minimization 

using SANDER was performed in two stages to remove any steric clashes present in the initial 

crystal structure.  The initial stage was carried out over 2500 steps for the solvent and ions with 

the protein and cofactor restrained by a force constant of 500 kcal/mol/Å2, followed by a second 

stage carried out over 5000 steps of the entire system.  A short 20 ps simulation with weak 

restraints (force constant of 10 kcal/mol/Å2 on the protein and cofactor) was used to heat up the 

system to a temperature of 300K using a langevin temperature equilibration scheme. Periodic 

boundary conditions were used, along with a non-bonded interaction cutoff of 10 Å.  For the 

simulation, hydrogen atoms were constrained using the SHAKE algorithm, allowing for a 2 fs 

time step.  The simulation was run over 100 ns (50 000 000 time steps). Simulation speeds of 4.0 

ns/day were observed. A representative cluster ensemble was generated from MD using RMSD 

scoring as implemented in Chimera 1.916.  RMSD scoring reduced the initial set of 1000 frames 

generated to the 46 most unique frames.  Molecular graphics and analyses were performed with 

the UCSF Chimera package. RMSD scoring was also used to calculate changes in the C-terminal 

and N-terminal domains. Highly mobile residues were identified in a similar approach. 

 

3.5.6 In silico docking 

The docking program GOLD was used for docking between the MxaA R domain and the 

phosphopantetheine-tethered myxalamid intermediate17. Both protein and ligand were prepared 

for docking by removing waters, adding hydrogens, and converting the pdb files to Mol2 files 

using the program Chimera14. The MxaA R ligand-binding pocket was defined as residues within 



 154 

20 Å of the hydrogen atom on the hydroxyl group of Threonine 1283. Docking was performed 

using the default settings with 100 docking trials performed. The docking solutions were ranked 

using the ChemPLP scoring functions. Molecular dynamic simulations generated 46 clusters 

with significant RMSD differences. A frame from each cluster was used to dock the 

phophopantetheine-tethered myxalamid using the same docking parameters.  

Prior to MxaA PCP-R domain docking, a PCP homology model was generated using the 

structure prediction HHpred 19. The R domain monomer was docked with the PCP homology 

model using the protein-protein docking server Z-dock20. The ZDOCK 3.0/3.02 scoring function 

was used to identify the correct binding motif 21. 

 

5.5.7 Circular dichroism (CD) 

All samples, both mutant and Wt, were prepared by diluting protein to 0.1—0.2 mg/ml in 

20mM Tris-HCl (pH 7.5). The CD data was collected using a Jasco J810 CD spectropolarimeter. 

Spectral scans were collected at 20 °C from 190 to 260 nm using 0.5nm steps with 5 repeats.  

 

5.5.8 NADPH consumption time course  

Consumption of NADPH by MxaA, or variants thereof, was measured by decrease in 

absorption at 340 nm.  5.0 µM of the MxaA R was incubated in 100 mM potassium phosphate 

(pH = 7.0) buffer containing 200 µM NADPH and 1.0 mM decanal, in order to keep the 

substrate near saturating conditions. Measurements were recorded in triplicate and averaged, 

spontaneous NADPH degradation was accounted for in a control reaction lacking enzyme. 
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5.5.9 Fluorescence titration of MxaA R and mutants 

 Assays were prepared by adding NADPH (1 mM stock solution, 1-130 µM final 

concentration) to 10 µM MxaA or mutant R in buffer containing 100 mM phosphate and 300 

mM NaCl at pH 7.25. Fluorescence was measured on a Teacan Safire fluorimeter (λex = 340 nm, 

λem = 460 nm with excitation and emission slits set to 7.5 nm) and the relative increase in 

fluorescence was measured by subtracting auto fluorescence of NADPH samples in the absence 

of enzyme from those interacting with the reductase domain. The Kd and relative maximum 

fluorescence were determined by plotting  data and fitting to the Michaelis-Menten equation. 

 
5.5.10 Determination of enzyme specific activities with decanal 

 MxaA (WT or mutant) (20 µM final concentration) was added with NADPH (250 µM) 

and decanal (2 mM, saturating) to the reaction buffer (150 mM sodium phosphate, 200 mM 

NaCl) at a total volume of 200 µL. These reactions were monitored at 340 nM for the depletion 

of NADPH over ten minutes, corrected for background NADPH consumption and the resultant 

slope was used to calculate the specific activity. Conversion to decanol was verified by GCMS. 

 

5.5.11 Single turnover assay for MxaA R reduction  

MxaA (WT or mutant) (50 µM final concentration) was combined with decanoyl-CoA 

(200 µM), MgCl2 (10 mM), Sfp phosphopantetheinyl transferase (10 µM) in the reaction buffer 

(150 mM sodium phosphate, 200 mM NaCl) at a total volume of 300 µL. Sfp-mediated pPpant 

loading proceeded for 2 h and was initiated with NADPH (250 µM). Reactions, done in 

duplicate, were stopped at 1h, 2h and 3h with the addition of 30 µL 10 % (v/v) acetic acid. 

Reactions were extracted with 2 x 300 µL hexanes containing an internal standard of 100 µM 
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dodecanol. Combined extracts were concentrated ~10-fold and mixed with an equal volume of 

N,O-Bis(trimethylsilyl)trifluoroacetamide (BSTFA)  and analyzed on a Hewlett Packard 6890 

series GC fitted with an Agilent 5973Network mass detector with a 30m x 0.25mm DB-5MS 

column (Agilent).  Samples were injected at 80 °C, held at that temperature for 2.0 min and then 

ramped to 300 °C at 25 °C /min r 1.0 min and returned to the initial temperature.  Samples were 

compared to an authentic decanol standard curve and normalized to internal dodecanol. 
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5.5.12 Additional supplementary figures 

 

 

 

Figure 5-S1. Examples of R-mediated pPant release by two, four electron reduction and 
Dieckmann mediated condensation. 
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Figure 5-S2.  Multiple sequence alignment of the MxaA R domain with other SDR and R 
domain classes.  
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Figure 5-S3. Secondary structural (topology) analysis of the MxaA R domain with the Nrp 
reductase and other SDR structures. 
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Figure 5-S4. SA-omit maps of the MxaA R domain crystal structure (A) and MxaA R domain-
NADPH co-crystal structure (B). 
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Figure 5-S5.  In silico docking of the R domain PCP docking analysis (A-D) identified various 
hydrogen bond and electrostatic interactions. The SrfA NRPS terminal multi-domain module 
was used as a spatial reference for R domain docking. 
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Figure 5-S6.  Closer inspection of MxaA R domain residue interactions during 100ns molecular 
dynamic simulation. Distance vs. nano second plots of various MxaA R domain residues. 
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Figure 5-S7. Determination of NADPH binding constants for wild-type MxaA R and select 
mutants of NADPH-interacting residues. 
 
 
 

 
Figure 5-S8. Consumption of NADPH by MxaA and selected mutants in the presence of 
saturating decanal as determined by decrease in absorbance at 340 nm. 
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Figure 5-S9. Circular dichroism analysis of WT and mutant MxaA R domain constructs. 
 
 
 
 
 

  WT T1238A K1315A Y1311A G1155A G1158A G1161A 
Flmax

a
   3750 ± 128 5059 ± 94 1408 ± 167 1007 ± 100 1063 ± 608 1183 ± 186 5087 ± 8387 

Kd
b

   45 ± 3.7 31.7 ± 1.6 99.0 ± 21.1 45.4 ± 10.8 149 ± 133 89.9 ± 26.2 1125 ± 1767 
aFlmax is reported in arbitrary units; 

b
 Kd is reported in µM. 

 
 
Table 5-S1. Absolute values for maximum fluorescence (Flmax) and Kd values for NADPH 
binding with MxaA and select mutants of the NADPH binding pocket. 
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Figure 5-S10. In silico docking analysis of unnatural substrates used in kinetic analyses. (A) 
Decanal in pink. (B) Decanoyl-pPant in green. (C) Octanoyl-pPant in purple. 
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Figure 5-S11. (A) Proposed two-step reduction of Mxa. (B) Electrostatic interaction between 
decanoyl-PCP and R 1339 and (C) relieved interaction between R1339A and decanoyl-PCP. 
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Table 1: Data collection, phasing and refinement statistics for MxaA R domain 

 
Table 5-S2. Crystallographic statistics for MxaA R domain structures. 
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CHAPTER 6 

CONCLUSIONS AND FUTURE DIRECTIONS 

 

6.1 Conclusions 

 The broad bioactivities of polyketide natural products are among the most useful classes 

of natural products, and they include biotoxins, antibiotics and anti-neoplastics 1. Polyketide 

synthases (PKSs) exhibit diverse structural organization and share similarities to fatty acid 

synthases (FASs). The structural association of FASs and PKSs enzymes can be classified into 

type I, II and III complexes. Type I systems are classified as either iterative or modular PKSs. 

The iterative PKSs repeatedly reuse one set of enzymatic domains, whereas the modular PKSs 

use enzymatic domains in a serial “assembly line” manner 2. In the type II system, polyketides 

are synthesized by separate monofunctional enzymes 2.  Type III PKSs are monofunctional 

enzymes that lack acyl carrier proteins. PKSs can be tethered to non-ribosomal peptide 

synthetases (NRPSs), which contribute to the complexity of PKS natural products by 

incorporating amino acids. Past and current natural product research focuses on identifying 

natural product templates for new drug development 3. Between the period of 2000-2008, more 

than 300 natural metabolites with antimicrobial activity have been reported 3. Yet little is known 

about the structural and functional interactions between the PKS enzymes that biosynthesize 

such natural products. A further understating of polyketide enzyme-enzyme interactions and 

enzyme-substrate interactions is important because 1) PKS catalytic domain engineering, and 2) 

domain swapping, or “combinatorial” PKS biosynthesis, gear toward the synthesis of new 

polyketides. But these bioengineering efforts often fail due to a lack of understanding of protein-

protein interactions. The structural characterization of protein-protein and protein-substrate 
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interactions is significant and will aid in closing the knowledge gap for PKS engineering and 

combinatorial biosynthesis. The focus of this dissertation is on the structural enzymology of type 

I iterative and modular PKS and NRPS enzymes. More specifically, for protein-protein 

interactions between acyl carrier proteins, product template domains, and reductase domains. In 

addition, we further developed the atom replacement probes and pantetheine-based crosslinkers, 

important in the stabilization of transient PKS protein-protein and protein-substrate interactions.  

 In Chapter 2, we describe the atom replacement strategy that is used to mimic otherwise 

unstable linear and cyclic polyketide intermediates. Moreover, we describe a method to further 

modify pantetheine-tethered atom replacement probes by regio-phosphorylating the 4’-hydroxyl 

group of the pantetheine segment, yielding better mimics of the 4’-pPant moiety of endogenous 

PKS intermediates. The chemoenzymatic phosphorylation and HPLC purification of such probes 

allows for an efficient alternative to synthetic phosphorylation. To the best of our knowledge, 

this is the first scale-up synthesis of such a complicated pPant-polyketide mimic with such a high 

yield. The phosphorylated probes have been successfully applied to study the substrate 

stereoselectivity of act KR domains in type II PKSs and the chain length specificity in the 

iterative type I product template domain.  

In Chapter 3, the atom replacement mimics were applied for the first time to study chain 

length control and regioyclization of linear polyketides in the fungal iterative non-reducing 

polyketide synthases (NR-PKSs). Both non-phosphorylated and phosphorylated pPant atom 

replacement surrogates from Chapter 2 were systematically screened against the aflatoxin NR-

PKS product template (PksA PT) domain.  Co-crystal structures of the PksA PT with the 

phosphorylated tetra- and heptaketide mimics identified key pPant and polyketide binding 

residues that were previously unidentified in the original PksA PT crystal structure 4. The 
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phosphate group in the pantetheine moiety is essential for adequate substrate binding and 

substrate selectivity. The previously unidentified R1623 and K1396 along with several conserved 

hydrophobic residues play a key role in orienting linear polyketide substrates into the PT 

catalytic pocket.  The linear heptaketide mimic reveals carbon 4 of the polyketide mimic in close 

proximity to the catalytic His 1345, providing the first visualization of first ring cyclization. Site-

directed mutagenesis in parallel to enzymatic biochemical analysis confirms the importance of 

pPant binding residues along with several polyketide-binding residues. Sequence-structure 

alignments against various PT sequences reveal a semi-conserved electropositive patch at the 

entrance of PT catalytic pockets. In addition, the truncation of the hexyl-binding region by 

mutations support that PT is partially in control for chain length determination. In silico docking 

of PksA PT substrate intermediates along with heptaketide co-crystal structures provide 

mechanistic insights into regiocyclization of fungal unreduced polyketide intermediates. These 

studies further support the application of atom replacement probes as a new tool to study 

polyketide biosynthesis.  

 In Chapter 4, we further investigate PT cyclization and explore the surface interactions 

between ACP and PT in fungal NR-PKSs. Utilizing mechanism-based pantetheine crosslinkers 

developed for the dehydratase (DH) domain, the PT domain from the melanin biosynthetic 

pathway was covalently crosslinked to the non-endogenous bikaverin ACP 5-8.  Mutagenesis on 

the PT domain confirmed the DH crosslinkers are mechanism specific to PT domain. These 

results further support the structural and functional similarities between FAS DH domains and 

PKS PT domains. The crosslinking efficiency between ACP and PT correlate with PKS activity 

based on in vitro reconstitution assays. Surface mutagenesis, in combination with in silico 

docking, crosslinking, and in vitro reconstitution analysis identified key residues important in 
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ACP-PT interactions. D7R8 and E86R Pks4 ACP mutants between helix II and III display higher 

product formation. Previous and current work on ACP NMR substrate analysis shows high 

residue dynamics between helix II and III of act ACP during substrate binding, which supports 

the ACP sequestration hypothesis 9. These results, in combinations with the PT-ACP 

crosslinking analysis, provide evidence for the importance of ACP helices II-III to interact with 

target PKS enzymes upon substrate sequestration. These results lay the foundation for PKS 

reprogramming and bioengineering of ACP enzymes, essential in nascent polyketide 

intermediate enzymatic processing.  

 In Chapter 5, the structural enzymology of the terminal R domain from the myxalamid 

biosynthetic pathways was investigated. The crystal structure of the MxaA R domain showed an 

N-terminal subdomain containing a nucleotide binding Rossmann fold motif along with a C-

terminal subdomain responsible for substrate binding. The MxaA R domain is a nonprocessive 

four electron NADPH-dependent reductase capable of reducing hydrocarbon derivatives to 1-

decanol. In silico docking in parallel with molecular dynamics simulations reveal a highly 

mobile C-terminal subdomain that is stabilized upon substrate binding.  The role of the catalytic 

residues was investigated by site-directed-mutagenesis. Mutation in T1283, Y1311, K1315 

abolish catalytic activity. These results highlight important NADPH-binding residues and 

catalytic residues necessary for adequate substrate reduction. 

 The C-terminal subdomain contains a “helix-turn-helix” motif responsible for the binding 

of the endogenous mxa substrate. Mutations in F1258, Y1308T, Y1430 and R1468 show a 

significant decrease in the reduction of pPant-octanethioate intermediate. Furthermore, replacing 

a hydrophobic alanine in place of R1339 in the substrate-binding region demonstrates a 

significant increase in 1-decanol production. These results are significant in identifying 
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important residues responsible for substrate specificity. Moreover, it provides, for the first time, 

support for the potential to engineer the reductase domains for the production of various alcohol 

derivatives. The above work provides the structural and mechanistic details that will aid in the 

design of novel termination domains with altered catalytic specificity for the biosynthetic 

production of useful chemicals and next-generation biofuels. 

  

6.2 Future directions 

6.2.1 Next generation PT crosslinkers 

 In Chapter 4, a library of DH crosslinkers previously synthesized by the Burkart group 

were screened against several NRPKS PT domains 5-7,10. The pantetheine containing sulfone 

alkyne crosslinker demonstrated the highest crosslinking efficiency of ~50 % during the covalent 

crosslinking of Pks4 ACP and Pks1 PT (Fig. 6-1). These results show that the “one-pot” 

chemoenzymatic/ crosslinking mixture contained 50 % of free Pks1 PT. One possible 

explanation for not crosslinking all of the PT in solution could arise from the potential modular 

nature of the Pks1 PT. The Pks1 PT domain exists as a dimer in solution. The crosslinking of one 

PT monomer to the ACP could cause a conformational change on the second PT monomer, 

altering the catalytic pocket, making it inaccessible for the second ACP crosslinking. In addition, 

the hydrophobic nature of the DH sulfone crosslinker was originally intended for hydrophobic 

DH enzymes and not PT domains. Therefore, based on the PksA PT substrate analysis of 

Chapter 3, we developed the design of next generation of PT specific crosslinkers (Fig. 6-1) 4.  

We propose several alkyne-containing sulfone crosslinkers that lack the hydrocarbon chain and 

contain diketone mimetics in the form of isoxazole rings.  These crosslinkers could results in 
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higher crosslinking efficiencies for various fungal NR-PKS PT domains. Moreover, such suicide 

inhibitors could be used to stabilize PT domains, important for protein structure determination. 

 

 

Figure 6-1. Original DH crosslinker used to crosslink the Pks1 PT with Pks4 ACP.  The next 
generation PT crosslinkers contain diketide mimics in the form of stable isoxazole rings. 
 

6.2.2 Optimization and structure determination of various PT domains 

 A thorough structural comparison analysis between various PT domains can provide 

further insights into region-specific cyclization of linear polyketides. Current literature suggests 

there are more than 6 clades of PT domains, each one cyclizing a distinct carbon pattern on 

various linear polyketide intermediates 11-13. The lack of PT structures has hampered our 

structural understanding of fungal regiocyclization. Future work would concentrate on obtaining 

various crystal structures of PT domains that can catalyze other cyclization patterns. Both the 

Pks1 and Pks4 PT cyclize a C2-C7 pattern and various crystals have been optimized. Pks1 PT 

crystals diffract to ~4.5 Å (Fig. 6-2). Such crystal conditions should be further optimized and 

these PT’s should be cloned into both FLAG and MBP tag constructs for further crystal 

screening.  The fact that PT constructs easily crystallize makes this future work a feasible task 

that can provide much needed structural information. 

 

 



 177 

6.2.3 Crystal structure of crosslinked PT-ACP complex 

 The biochemical characterization of ACP surface residues interacting with PT domains 

was investigated in Chapter 4. However, a crystal structure of the PT-ACP complex can provide 

more detail on the protein-protein interactions. In addition, it will further aid in supporting the 

findings presented in Chapter 4. The crystal structure of a fungal PT-ACP complex would be 

significant in understanding protein-protein interactions important in combinatorial PKS 

biosynthesis.  

 

Figure 6-2. Protein crystals of the Pks4 bikaverin PT and the Pks1 TH4N PT. Crystals of the 
Pks1 PT diffract to ~4.5 Å. 
 

6.2.4 Isothermal calorimetry analysis on Pks4 ACP surface mutants  

 The results illustrated in Chapter 4 identified various Pks4 ACP mutants capable of 

interacting with the non-endogenous Pks1 PT domain. It would be of interest to quantitatively 

measure the binding affinity of mutant and WT Pks4 ACPs with the non-endogenous Pks1 ACP. 

Isothermal calorimetry analysis would provide useful information on binding constants and 

could be utilized as a pre-screening method to evaluate non-endogenous ACP binding against 

various PKS target enzymes. This future work can further improve our understanding of ACP 

compatibility and aid in combinatorial PKS biosynthesis. 
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6.2.5 Further ACP engineering: generating ACP hybrids 

 The importance of engineering ACPs to match target PKS biosynthetic pathways is of 

utmost importance for the practical use of combinatorial PKS enzyme natural product 

engineering. Our current structural and biochemical understanding of ACPs suggest a 

sequestration mode of stabilizing polyketide intermediates from the solvent. The current findings 

by the Crump, Burkart and Tsai groups support a “chain-flipping” mechanism for ACP substrate 

transportation 14.  The nascent polyketide intermediate is sequestered between helices II-IV. 

Upon reaching the appropriate chain length, the sequestration causes a significant conformational 

change between the N-term of helix II and all of helix III 9. Such conformational changes 

between helices II and III may be important in protein-protein recognition for subsequent 

polyketide processing. Evidence for such conformational changes has been shown by the recent 

 

Figure 6-3. The ACP is composed of a four-helix bundle (A). Helix III shows high 
conformational changes upon substrate sequestration. (B) Generating hybrid ACPs by switching 
helix III and testing in vitro can lead to new polyketide natural products.  The act ACP sequesters 
a 16C polyketide intermediate and the Pks4 ACP sequesters an 18C intermediate. Hybrid ACPs 
may sequester the endogenous substrate and be able to interact with non-endogenous tailoring 
enzymes, generating new natural products in the process. 
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atom replacement mimetic studies by Shakya et al. 9.  

 Based on the previously mentioned work, we propose the development of hybrid ACP 

constructs where helix III is substituted for a non-endogenous helix III from other ACPs (Fig. 6-

3).  Hybrid ACPs can be expressed, purified and reconstituted in vitro against various known 

PKS reconstituted pathways. Two well know reconstituted PKS systems include the bacterial 

actinorhodin type II PKS and the fungal bikaverin type I PKS pathway. ACP hybrids may allow 

for sequestration of the endogenous linear polyketide intermediate yet have the capability of 

recognizing non-endogenous tailoring enzymes, generating new natural products. These findings 

would be significant and provide fundamental information for the engineering of ACPs for 

various combinatorial PKS pathways. 

 

6.2.6 Engineering the MxaA R domain for broader substrate specificity  

 The results presented in Chapter 5 provide insights into the structural mechanism for the 

reduction of myxalamid and non-endogenous hydrocarbon chains.  Evidence of increase binding 

specificity against non-endogenous hydrocarbon chains was observed in the R1339A. Most of 

the substrate-binding region consists of a “helix-turn-helix” motif on the C-terminal subdomain. 

Future work should focus on engineering the R domain, more specifically on the C-terminal 

subdomain, to process the reduction of a broader range of substrates. A systematic mutation 

analysis of the “helix-turn-helix” and screening against various hydrocarbon chain substrates that 

are reduced, partially reduced, and methylated can provided a better understanding for the 

substrate tolerance of the R domain. These findings can be significant in the biosynthetic 

production of various commodity chemicals. 
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