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ABSTRACT OF THE DISSERTATION 

Structural and Functional Studies of Enzymes Involved in Polyketide and Fatty Acid 

Biosynthesis 

By 

David Richard Jackson 

Doctor of Philosophy in Chemistry 

University of California, Irvine, 2015 

Professor Shiou-Chuan (Sheryl) Tsai, Chair 

 

 Polyketides and fatty acids (FAs) are naturally produced molecules, which are both 

biosynthesized from acyl-CoA building blocks and have similar enzymatic machinery. However, 

the structures and functions of polyketides and fatty acids are very different. Polyketides are 

secondary metabolites that have been used as pharmaceuticals and leads in drug discovery, 

whereas fatty acids are the components of cell membranes and have roles as signaling molecules. 

The goal of this dissertation is to gain a better understanding of how the enzymes in type II 

polyketide synthases (PKSs) and fatty acid synthases (FASs) generate their diverse products.  

Type II PKSs generate reactive poly-!-ketone intermediates, which are regiospecifically 

cyclized and aromatized by aromatase/cyclase (ARO/CYCs) enzymes. In Chapter 2, the 

structural and functional studies of two functionally divergent di-domain ARO/CYCs are 

discussed. This work reveals the role of each domain in these di-domain enzymes, and identifies 

residues in the active site pockets that are important for catalysis. 

Type II PKSs typically have an acetyl-starter unit; however, some polyketide natural 

products exist that contain non-acetate starter units. The incorporation of non-acetate starter unit 



! "#"!

adds molecular diversity to the poly-!-ketone scaffold. DpsC is the enzyme responsible for the 

enzymatic incorporation of a propionyl starter unit during daunorubicin biosynthesis. Structural 

studies of DpsC that reveal insight into its mechanism and substrate specificity are discussed in 

Chapter 3. AuaEII is the CoA-ligase responsible for the generation of anthranoyl-CoA, which is 

used as a starter unit during the biosynthesis of a class of hybrid type II polyketides named the 

aurachins. Chapter 4 discusses the crystal structure of AuaEII and its implications for starter unit 

specificity of the aurachin biosynthesis pathway. An additional enzymatic strategy to generate 

structural diversity in type II polyketide natural products is polyketide oxidation. BE-7585A is a 

type II polyketide natural product that is proposed to catalyze an oxidative rearrangement during 

biosynthesis. The FAD/NADPH-dependent oxygenase BexE is proposed to catalyze this 

oxidation. The crystal structure and initial in vitro characterization of BexE are discussed in 

Chapter 5. 

The acyl carrier protein AcpP plays a central role in type II FA biosynthesis in E. coli. 

AcpP carries the nascent FA chain and delivers intermediates into the active sites of over 12 

other enzymes during FA biosynthesis. The protein-protein interactions between AcpP and its 

target enzymes are transient, and this has hampered efforts to gain information about how AcpP 

interacts with target enzymes. Chapter 6 describes the application of mechanism-based 

crosslinkers to generate stable complexes between AcpP and two different partner enzymes: the 

dehydratase FabA and the ketosynthase FabB. Comparative analysis of the AcpP=FabA and 

AcpP=FabB crystal structures reveals differential AcpP interactions with partner enzymes during 

FA biosynthesis. This work serves as a basis for engineering protein-protein interactions to 

modulate the affinity of AcpP for different partner enzymes and alter fatty acid profiles in vivo 

for biofuel production. 
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Chapter 1 

Introduction 

 

1.1 Natural Products: History, Medicine, Ecology, and Diversity 

Natural products are a diverse class of molecules produced by living organisms and have 

been used for medicinal purposes for thousands of years. The Egyptians collected and catalogued 

plants with medicinal uses as early as 1550 BC. Undoubtedly, throughout human history, plants, 

bacteria, and fungi have played major roles in treating disease(1). In China, during the Eastern 

Han dynasty (25-220 AD), a collection of information regarding medicinal plants and animals 

was recorded and included as instructions for the use of plants such as Ephedra sinica, which 

contains the alkaloid ephedrine(1). Ephedrine use has spanned thousands of years into modern 

times, and it is currently used as a stimulant, decongestant, appetite suppressant, and recreational 

drug(2). Another example from traditional Chinese medicine is the natural product artemisinin, 

which is isolated from Artemesia plants. It is an FDA approved and widely used anti-malarial 

drug(3). Historically, humans did not know why drinking liquid concoctions such as Ephedra 

sinica tea would bring on a sense of euphoria, or why Artemasia extracts would ward off 

malaria. The ancient people just accepted the fact that certain plants had certain medicinal 

effects. The development of modern chemical and biological sciences has led to the discovery of 

specific, naturally produced small molecules as the true reasons behind the therapeutic effects of 

plants, bacteria, fungi, and animals. 

In more recent years, natural products have revolutionized medicine and saved the lives 

of millions of people worldwide. In 1928, Alexander Flemming discovered that the fungus 

Penicillium rubens produces the antibiotic commonly known as penicillin, and this discovery 
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ushered in the era of antibiotics (from the 1940s – 1970s) that provided many of the natural 

!
!

!
!

!
Figure 1-1. Structurally diverse and bioactive natural products. (A) Staurosporine, 
calicheamycin, and rapamycin are structurally complex natural products with unique 
bioactivity that have inspired both chemists and medical researchers for decades.                   
(B) Polyketides with desirable medicinal properties and diverse chemical structures.             
(C) Polyketides that are detrimental to human health. 
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product-based antibiotics we use today such as chloramphenicol, tetracycline, erythromycin, 

vancomycin, and rifamycin(4, 5). Although many potent antibiotics have been isolated and 

identified from natural sources, antibiotic resistance is a growing problem in the world, and there 

is a need for the development of new molecules with augmented therapeutic potential. Natural 

product discovery has been accelerated recently by advances in DNA sequencing, DNA 

synthesis, and synthetic biology. Hopefully, these advances will lead to further discovery of 

novel therapeutics(6). 

Antibiotics were not the only class of molecules that were isolated from natural sources 

in the later half of the 20th century. Natural products with diverse bioactivities such as anticancer 

(doxorubicin), immuno-modulating (rapamycin), and cholesterol-lowering (lovastatin) were also 

discovered from bacteria and fungi, each with unique modes of action (Figure 1-1)(7-9). Because 

these compounds are primarily used for therapeutic purposes, they represent an essential tool for 

the understanding of drug mechanism of action, as well as further development of new drugs. 

The alkaloid staurosporine from Streptomyces staurosporeus, for example, was found to be a 

kinase inhibitor that competes for the ATP binding site. Serendipitously, staurosporine was 

shown to be effective towards specific classes of kinases because of subtle structural variations 

of the ATP binding site, which inspired the development of a new class of selective kinase 

inhibitors(10). The novel chemistry and biology of staurosporine has paved the way for the 

development of selective kinase inhibitors, which was previously thought to be impossible(11). 

Another important class of medicinal natural products is the calicheamicins, a group of 

extremely cytotoxic enediyne polyketide natural products isolated from Micromonospora 

echinospora that cause DNA cleavage. The mechanism of DNA cleavage by calicheamicins is 

highly specific and mechanistically unprecedented. Calicheamicin DNA cleavage involves the 
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generation of a 1,4-didehydrobenze di-radical which reacts with and damages a DNA 

backbone(12). Knowledge of this elegant DNA cleavage chemistry would not exist if the 

calicheamycins had not been isolated from nature. The calicheamicins are currently used in 

antibody-drug conjugates for cancer treatment(13). Another extraordinary polyketide natural 

product is the immunosuppressant rapamycin, which is produced by Streptomyces hygroscopicus 

and has been implicated in lifespan elongation in mice(8). Rapamycin’s mode of action is 

striking in that it simultaneously binds the surface of a cytosolic protein FKBP12 and also the 

mTOR complex, which ultimately results in the inhibition of the mTOR pathway(14). 

Rapamycin is the drug of choice for patients who undergo organ transplants and are at risk for 

rejection because of its immunosuppressant properties(15). Molecules such as staurosporine, the 

calicheamicins, and rapamycin are great examples of how natural products serve not only as 

useful therapeutics but also reveal novel therapeutic mechanisms of action that may be difficult 

to imagine otherwise. Currently, approximately 75% of FDA approved drugs are natural 

products or derived from natural product-based molecular scaffolds, which highlights the 

importance of these compounds in disease control and prevention(16). 

A single gram of healthy soil can contain as many as 10 million microbes, which interact 

constantly by means of chemical communication(17). Ecologically, natural products play 

indispensible roles as signaling molecules and serve as a means for chemical defense, quorum 

sensing, and pathogenesis(18). Acyl-homoserine lactones, for example, allow bioluminescent 

bacteria to synchronize with each other and produce large flashes of light. Additionally, complex 

siderophores control the swarming behavior of the microbe Vibrio alginolyticus(19, 20). For 

millions of years, a symbiosis between Attine ants and their fungal food source has evolved, and 

natural products play a key role in their obligate mutualism(21). Attine ants have a special 
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compartment in their bodies that houses a type of Actinomycete bacteria belonging to the 

Pseudonocardia genus, which produces a class of antifungal compounds that are biosynthesized 

by a hybrid non-ribosomal peptide/polyketide synthase. These antifungal compounds selectively 

inhibit growth of a parasitic fungus that attacks the ant’s fungal food source(22). Bacterially 

produced small molecules can also cause cellular differentiation and changes in morphology of 

eukaryote cells(23). Although researchers tend to focus on the medicinal properties of natural 

products, much less is known about the ecological function and evolution of natural products. 

!
!!
Figure 1-2. Shuffling of biosynthetic gene clusters leads to rearrangements and natural 
product diversification. Clorobiocin and simocyclinone share similar genes to produce an 
aminocoumarin moiety but are otherwise structurally unrelated. Simocyclinone and 
landomycin share a similar angucyclic polyketide moiety that is produced by similar genes in 
their respective gene clusters, yet their overall structures are quite different from 
simocyclinone, which contains a polyene-linked amincoumarin, while landomycin is linked to 
a polysaccharide (Figure adapted from reference 26).  
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One advantage of using natural products for drug development is that we already know they 

contain bioactive scaffolds as a direct result of natural selection over millions of years. 

Unfortunately, in the vast majority of cases, we are unsure about what was selected for 

originally. Therefore, studying the enzymes and gene clusters involved in natural product 

biosynthesis provides a better understanding of how natural products evolve and are 

biosynthesized, which has a direct impact on therapeutic development.  

All organisms contain metabolic pathways associated with primary metabolism, which 

are necessary for survival. Additionally, secondary metabolic pathways exist and produce 

bioactive natural products that confer an advantage to an organism but are not essential for 

survival (as discussed above)(24). Secondary metabolism uses chemical building blocks from 

primary metabolic pathways to generate structurally complex natural products. The bioactivity of 

natural products is a direct result of their complex molecular architecture, and the combinations 

of various enzymes inside living organisms generate that architecture. Typically, in bacteria and 

fungi, natural products are synthesized by sets of enzymes whose genes are located near each 

other and these collective gene groups are defined as biosynthetic gene clusters(25). Biosynthetic 

gene clusters can easily be transferred between organisms and can undergo recombinatorial 

events to yield new gene clusters and generate new products (Figure 1-2)(26). The evolutionary 

elasticity of biosynthetic gene clusters is readily apparent in natural products such as 

daunorubicin (anticancer), erythromycin (antibiotic), and nystatin (antifungal) that are all 

polyketides but have remarkably different structures and bioactivities. (Figure 1-1)(27, 28). 

Although these polyketides display diverse bioactivity, they contain similar gene clusters, which 

are most likely derived from a common ancestral gene cluster. The chemical complexity and 

resulting bioactivity present in secondary metabolism is amazing and inspiring. 
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Secondary metabolic pathways gain access to a wide variety of building blocks from 

primary metabolic pathways by using and modifying primary metabolites to evolve complex 

chemical structures. (Figure 1-3) For example, both acetyl-CoA and malonyl-CoA are both used 

as extender units in polyketide and fatty acid biosynthesis(29). Tryptophan, 

and other amino acid derivatives are commonly recruited for use in alkaloid biosynthesis(30). 

Various sugars such as glucose are commonly modified and appended to all types of natural 

products, and glycosylation has been found to be very important for the bioactivity of many 

natural product based drugs(31). There are also sets of biosynthetic enzymes that accept simple 

amino acids such as tryptophan and turn them into indole alkaloids with anticancer properties, or 

!
Figure 1-3. Acetyl-CoA is at the center of both primary and secondary metabolism. Glucose 
is converted to pyruvate during glycolysis then processed to yield acetyl-CoA. Acetyl-CoA 
can enter the TCA cycle and used to generate amino acids and ATP, which can be used to 
produce peptides, proteins, and alkaloids. Acetyl-CoA can be converted to malonyl-CoA and 
then used to generate fatty acids and polyketides. Acetyl-CoA can also be routed through the 
mevalonate pathway to produce sterols and terpenoids. 
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giant polyketide megasynthases that accept acyl-CoA building blocks and turn them into 

antibiotics such as erythromycin. These enzymes are the links between primary and secondary 

metabolism. Understanding the structures and functions of enzymes involved in polyketide 

biosynthesis is a major aim of this dissertation. 

Polyketides are typified by a poly-!-ketone substructure with varying degrees of 

reduction and are biosynthesized by a type I, type II, or type III polyketide synthase (PKS)(32). 

Type I PKSs are generally large multi-domain enzymes that produce polyketides in an assembly 

line fashion to generate compounds such as the antibiotic erythromycin. They are commonly 

found in bacteria and fungi(33). Type I PKSs produce polyketides with varying degrees of 

reduction, and often produce macrocyclic compounds. Type II PKSs are discrete enzymes that 

produce polycyclic aromatic compounds such as daunorubicin, and they are commonly found 

Figure 1-4. The process of elongation, reduction, and dehydration, which occurs (to differing 
extents) in polyketide and fatty acid biosyntheses. Malonyl-ACP is condensed with a primed 
ketosynthase and iterative condensations lead to an unreduced polyketide. When 
ketoreduction, dehydration, and enoyl reduction occur after each step of elongation, a fully 
reduced fatty acid is generated. In many polyketide biosynthetic pathways, varying degrees of 
reduction and dehydration occur that leads to partially reduced products. The example of a 
partially reduced polyketide is numbered (for reference) in the standard manner for 
polyketides and fatty acids.!
!!
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Figure 1-5. Domain architecture of PKSs and FASs. (A) Type I FASs are large multi-domain 
enzymes encoded on single polypeptide chains in eukaryotes. (B) Type II FASs are present in 
bacteria, chloroplasts, and mitochondria, and are composed of individual enzymes. Both type 
I and type II FASs act iteratively to produce fatty acids. (C) Modular type I PKSs consist of 
multiple large multi-domain enzymes and each domain typically modifies a growing substrate 
once in a linear assembly line-like manner. (D) Iterative type I PKSs can be reducing (contain 
reductive domains) or non-reducing (lack reductive domains) and iteratively elongate a 
growing polyketide. (E) Iterative type II PKSs can be reducing (contain a KR) or non-
reducing (absence of KR) and iteratively elongate a polyketide. Iterative type II PKSs can also 
contain a variety of tailoring enzymes such as oxygenases (OXY) methyltransferases (MT), 
and glycosyltransferases (GT). (F) Type III PKSs are found in plants and do not contain an 
acyl carrier protein; ketosynthases (KSs) elongate a growing polyketide iteratively using 
malonyl-CoA. 
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soil dwelling in bacteria(34). Type III PKSs are typically found in plants and produce small 

aromatic polyketides derived from malonyl-CoA (35). Polyketides and fatty acids are 

synthesized in a very similar manner and share many of the same types of enzymes and domain 

architectures (Figures 1-4 and 1-5).                

Although the motivation for this dissertation is primarily to understand natural product 

biosynthesis, a considerable portion of this dissertation will focus on fatty acid biosynthesis. I 

would like to make it clear to the reader that the term “natural product” is typically not used to 

describe a fatty acid, but I view fatty acids as specialized natural products for membrane 

formation and signaling. Therefore, it would be advantageous for the reader to consider this view 

while reading this dissertation in order to better understand the relationship between polyketides 

and fatty acids. In contemplating the biosynthesis of polyketides and fatty acids, it is useful to 

think of fatty acids as fully reduced polyketides, or conversely, polyketides as fully unreduced 

fatty acids (Figure 1-4). There is an evolutionary link between the two systems; therefore, using 

this type of mental framework is helpful in guiding one’s thought process when trying to 

understand the structure and function of enzymes from both pathways. The following sections of 

the introduction will give a brief description of key enzymes involved in polyketide and fatty 

acid biosynthesis. Fatty acid synthases (FASs) were characterized before PKSs, and PKS 

enzymes have been named and classified based on related their FAS counterparts. Therefore, the 

organization, biochemistry, structure, and function of FASs will be discussed first, followed by 

PKSs. Grab a cold beer (or a drink of your choice) and enjoy! 
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1.2 Fatty Acids and Fatty Acid Biosynthesis 

 Fatty acids constitute the cell membranes of all living organisms, and fatty acid 

derivatives can act as potent signaling molecules (36). Most eukaryotes produce fatty acids (FAs) 

from acetyl- and malonyl-CoA using a large multi-domain enzyme called the type I fatty acid 

synthase (FAS)(37). The mammalian type I FAS consists of the 10 domains listed above, which 

are covalently linked on a single polypetide chain (Figure 1-6)(38). In contrast, bacteria produce 

fatty acids using a type II FAS, which consists of KS, AT, ACP, KR, DH, ER, and TE as discrete 

enzymes that need to form transient complexes for FA biosynthesis(39). The enzymes listed 

above for both type I and type II FAS perform very similar functions when compared to their 

PKS counterparts. In the following sections, the eukaryotic type I FASs will only be discussed 

!
Figure 1-6. The structure and domain arrangement of the mammalian and yeast type I FAS. 
(A) The dimeric mammalian FAS crystal structure reveals the structure and orientation of 
domains (except the ACP and TE due to lack of electron density). (B) The hetero-
dodecameric yeast FAS structure is composed of three !- and three "-chains that form a large 
central reaction chamber. (Figure adapted from reference 37) 
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Figure 1-7. Type II FAS ACP activation and initial condensation reactions. The ACP is 
activated by posttranslational modification of Ser36 with phosphopantetheine (PPT) by the 
enzyme AcpS using CoA as a substrate to generate holo-ACP. The acyltransferase (AT) 
FabD, also known as malonyl-CoA:ACP transacylase, transfers a malonyl unit from malonyl-
CoA onto the terminal thiol of the PPT on ACP to generate malonyl-ACP. The malonyl-CoA 
used in this process is generated by carboxylation of acetyl-CoA by acetyl-CoA carboxylase 
(ACC). Malonyl-ACP is then condensed with acetyl-CoA primed ketosynthase (KS) FabH, 
which is also known as 3-oxoacyl-ACP synthase, to form acetoacetyl-ACP that is elongated 
by other KSs. (Figure from reference 39) 
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briefly; bacterial type II FASs will be the main focus for an introduction to the structures and 

mechanisms of FAS enzymes. 

 

1.2.1 Mammalian and Yeast Type I FAS 

 The crystal structures of the mammalian and yeast type I FASs have been solved (Figure 

1-6)(38). The mammalian FAS consists of the domains listed above and is a homodimer in 

solution and in the crystal structure. In the mammalian FAS crystal structure, the ACP and TE 

could not be visualized due to high flexibility associated with the dynamic character of ACP. The 

yeast FAS consists of six !-chains (AT, ER, DH, and malonyl/palmitoyl transferase (MPT)) and 

a six "-chains (ACP, KR, KS, and phosphopantetheinyl transferase (PPT))(40). The 

heterododecameric yeast FAS forms a large cylindrical structure with an inner cavity, which acts 

as a reaction chamber. Collectively, these structures show that type I FASs are large multimeric 

enzymes which act in an iterative fashion to produce fatty acids and certain domains (such as the 

ACP and TE in the mammalian FAS) are highly mobile. 

 

1.2.2 Bacterial Type II FAS 

 FASs are present in all bacteria, and the E. coli FAS has served as a model type II FAS 

for many years. The E. coli type II FAS consists of a priming ketosynthase (KS) FabH, two 

elongating KSs (FabB and FabF), malonyl-CoA:ACP transacylase (AT) (FabD), acyl carrier 

protein (ACP) (AcpP), ketoreductase (KR) (FabG), dehydratase (DH) (FabA), and enoyl 

reductase (ER) (FabI). All of the above domains interact during FA biosynthesis to elongate and 

modify growing fatty acids(39). E. coli produces a variety of saturated and unsaturated FAs, with 

the most common FA being palmitate (a 16-carbon fatty acid)(41). Due to the requirement of 



! "#!

FAs for cell viability, type II FAS enzymes are the targets of multiple antibiotics such as 

isoniazid (ER) and platensimycin (KS)(42, 43). Additionally, E. coli is the choice organism for 

the production of FA derived biofuels such as volatile medium-chain alkanes, alcohols, and fatty 

acid methyl esters (FAMEs)(44). Extensive research efforts have been aimed at understanding 

the biochemistry and structural biology of the E. coli type II FAS and these efforts have yielded 

the crystal structures of all enzymes in the pathway, as well as complete in vitro reconstitution 

and kinetic analysis(45). Despite this large body of work, very little is known about how type II 

 

Figure 1-8. The elongation, reduction, and dehydration in bacterial type II FAS. Acyl-ACP is 
transferred to the active site of the ketosynthase (KS) FabB, also known as 3-oxoacyl-ACP 
synthase, and condensed with malonyl-ACP. The newly elongated substrate is transferred 
back onto PPT of ACP. The NADPH-dependent ketoreductase (KR) FabG, also known as 3-
oxoacyl-ACP reductase, reduces the C3 carbonyl to an alcohol. The resulting alcohol is 
undergoes dehydration by the dehydratase (DH) FabA, also known as 3-hydroxyacyl-ACP 
dehydratase, to form and alkene between C2 and C3. The C2-C3 alkene is reduced by the 
NADH-dependent enoyl reductase (ER) FabI. This entire process can be repeated until a 
mature fatty acid is produced and then released from ACP. (Figure from reference 39) 
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FAS enzymes interact in vivo and form complexes during FA biosynthesis. Below is a brief 

description of the structure and functions of E. coli type II FAS enzymes.  

 The ACP of the E. coli type II FAS is called AcpP, which carriers the growing fatty acid 

during elongation and delivers the fatty acid intermediates to the active site of each enzyme in 

the FAS pathway (Figures 1-6 and 1-7). AcpP is composed of four-helicies (helix 1, 2, 3, and 4) 

and has a conserved serine residue (Ser36) that is postranslationally modified with 

phosphopantetheine (PPT)(46). Before AcpP is phosphopantetheinylated, it is termed “apo-

AcpP”; after phosphopantetheinylation it is termed “holo-AcpP”. The terminal thiol of holo-

AcpP is responsible for carrying the growing intermediates during FA biosynthesis (Figure 1-8). 

AcpP is a small (~10 kDa) and highly acidic (pI ~ 4) protein. AcpP is extremely important in E. 

coli and serves not only to shuttle intermediates in the FAS but also is involved in lipid A and 

biotin biosynthesis(47, 48). Multiple crystal structures of the E. coli AcpP have been solved, 

 

Figure 1-9. The structure and function of the E. coli type II FAS ACP (AcpP). (A) Apo-AcpP 
(PDB ID: 1T8K) is a four-helix bundle with a conserved serine residue (Ser36) at the end of 
helix 2. (B) Surface representation of apo-AcpP showing lack of a fully formed internal 
cavity. (C) Surface representation of decanoyl-AcpP (PDB ID: 2FAE) showing  the formation 
of an internal cavity which sequesters a decanoyl fatty acid intermediate linked to Ser36 . 
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including the apo- (PDB ID: 1T8K), decanoyl- (PDB ID: 2FAE), and multiple acyl-ACP forms 

(Figure 1-9)(49, 50). Crystallographic and NMR structure studies have revealed that AcpP-

linked intermediates can be sequestered into an internal hydrophobic cavity, which may help 

stabilize reactive intermediates. The sequestration of specific intermediates may also influence 

 

Figure 1-10. Structure and mechanism of the E. coli type II FAS acyltransferase FabD. (A) 
The crystal structure of FabD (PDB ID: 2G2Z) was solved after incubation with malonyl-
CoA, showing the active site Ser92/His201 catalytic dyad with Ser92 acylated. (B) The 
malonyl-linked Ser92 ester carbonyl forms hydrogen bonds with the Gln11 and Ser92 amide 
hydrogens. The terminal carboxylate of the Ser92-linked malonyl moiety forms a salt bridge 
with Arg117. (C) Ser92 is activated by the neighboring His201 for nucleophilic attack onto 
the thioester bond of malonyl-CoA. The resulting negatively charged tetrahedral intermediate 
is stabilized by amide hydrogens of Gln11 and Ser92, which collapses to form the Ser92 acyl 
intermediate and releases CoA. (D) The PPT thiol of ACP enters the active site and reacts 
with the Ser92 linked acyl intermediate to transfer the malonyl group to the PPT thiol of ACP. 
This transfer involves the formation of a negatively charged tetrahedral intermediate, which is 
stabilized by amide hydrogens of Gln11 and Ser92. 
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AcpP structure and thus fine-tune the protein-protein interactions between AcpP and its FAS 

enzyme partners. 

!
Figure 1-11. Structure and mechanism of the E. coli type II FAS priming ketosynthase FabH. 
(A) The crystal structure of FabH (PDB ID: 1EBL) was solved and shows that FabH forms a 
tight homodimer, with each monomer containing a functional active site. (B) The active site 
of FabH contains Cys112, Asn274, and His244 that are located at the end of the active site 
tunnel. Cys112 is located at the end of a long !-helix and the helix dipole is proposed to lower 
the pKa of the Cys112 thiol and increase its nucleophilicity. (C) Cys112 attacks the thioester 
bond of acetyl-CoA, forming a negatively charged tetrahedral intermediate, which is 
stabilized by the amide hydrogens of Cys112 and Gly306. The tetrahedral intermediate 
collapses to transfer the acetyl group onto Cys112 and release CoA. (D) The elongation 
occurs after Cys112 is primed by acetyl-CoA, and malonyl-ACP enters the active site. 
Asn274 and His244 facilitate the decarboxylation of malonyl-ACP by stabilizing the negative 
charge of the resulting enolate. (E) Once formed, the stabilized enolate undergoes 
condensation with acyl-Cys112. The resulting tetrahedral intermediate is stabilized by the 
amide hydrogens of Cys112 and Gly306, and collapses to release acetoacetyl-ACP. 

!



! "#!

 The elongation by FAS requires malonyl-CoA to be first transferred to the terminal thiol 

of PPT on AcpP to form malonyl-AcpP, which is catalyzed by FabD (Figure 1-10). FabD first 

binds malonyl-CoA and transfers the malonyl group onto the active site serine to form an acyl 

enzyme intermediate. AcpP then binds FabD and the malonyl group is transferred from the FabD 

active site serine to the terminal thiol on the PPT of AcpP. The primed malonyl-AcpP is then 

elongated by the appropriate KS (FabH, FabB, or FabF). The crystal structure of the E. coli FabD 

has been solved and revealed that the active site contains a Ser-His catalytic dyad (51). This type 

of active site is common in hydrolases and also other acyltransferases (ATs), but the hydrolases 

typically contain an active site triad where the histidine is further stabilized by a neighboring 

negatively charged residue (aspartic acid or glutamic acid)(52). The main difference between 

ATs like FabD and other members of the hydrolase family with similar active sites is the stability 

of the acyl enzyme intermediate. In the hydrolases, the acyl intermediate is rapidly hydrolyzed, 

which is facilitated by two amide hydrogens that form a strong oxyanion hole to stabilize the 

resulting tetrahedral intermediate, resulting in nuclephilic attack of water onto the acyl 

intermediate. In the case of FabD, the acyl intermediate is long-lived and is not readily 

hydrolyzed. Therefore, it was hypothesized that it contains a weaker oxyanion hole when the 

acyl intermediate is present(51). It is proposed that upon binding malonyl-CoA or AcpP, a small 

conformational change occurs to generate a stronger oxyanion hole and favor the transacylation. 

FabD is specific for the substrate malonyl-CoA, but other similar ATs exist, especially in the 

secondary metabolic pathways with relaxed substrate specificity that can load ACP with a 

variety of acyl-CoAs, leading to structurally diverse products(53). 

 The E. coli type II FAS has three enzymes that are responsible for elongating growing 

fatty acids: the priming KS FabH, and two elongating KSs, FabB and FabF. All three KSs are 
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dimeric and have the same thiolase fold, but they have different active site residues. The crystal 

structures of the E. coli FabH, FabB, and FabF have all been determined(54-56). FabH is 

responsible for catalyzing the initiating step of fatty acid biosynthesis and is primed by acetyl-

CoA, which is then condensed with malonyl-ACP to form acetoacetyl-ACP (Figure 1-11). FabB 

!
Figure 1-12. Structure and mechanism of the elongation ketosynthase FabB. (A) The crystal 
structure of FabB (PDB ID: 2VB9) was solved and showed that FabB forms a tight 
homodimer, with each monomer containing a functional active site. (B) The active site of 
FabB contains Cys163, His333, and His298, which are located at the end of the active site 
tunnel. Cys163 is located at the end of a long !-helix, and the helix dipole is proposed to 
lower the pKa of the Cys163 thiol and increase its nucleophilicity. (C) Cys163 is primed by 
an acyl-ACP, and the resulting acyl-Cys163 undergoes condensation with malonyl-ACP. 
His333 and His298 facilitate the decarboxylation of malonyl-ACP by stabilizing the negative 
charge on the resulting enolate. (D) Once formed, the stabilized enolate can undergo 
condensation with acyl-Cys163. The resulting tetrahedral intermediate is stabilized by the 
amide hydrogens of Cys163 and Phe392, and it collapses to release an acyl-ACP that is 
elongated by two carbons. 

!
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and FabF catalyze the elongation of longer acyl-ACP intermediates and exhibit differences in 

substrate specificity. FabB is capable of elongating intermediates between the lengths of C4 to 

C14, whereas FabF can elongate C16 intermediates(41). FabB is also implicated in unsaturated 

FA biosynthesis and is responsible for elongating cis-3-decanoyl-ACP, a reaction that is not 

observed with FabF(57).  

 All three KSs contain a buried active site with a conserved cysteine at the end of a long 

pocket, which is accessed by the PPT of ACP. The conserved cysteine is located at the end of a 

long !-helix and the helix dipole is responsible for increasing the nucleophilicity of the active 

site cysteine(39). This highly conserved cysteine is responsible for accepting acyl-ACP 

intermediates and is the site of acyl-enzyme formation with an overall mechanism similar to that 

of FabD. The acyl intermediate undergoes condensation with an incoming malonyl-ACP. The 

active site of FabH facilitates the decarboxylation of an incoming malonyl-ACP by stabilizing 

the resulting enolate with an asparagine and histidine(55). The resulting enolate condenses with 

the cysteine-linked acyl intermediate and completes one round of elongation.  In the case of both 

FabB and FabF, the residues that facilitate malonyl-ACP decarboxylation are two histidines 

(Figure 1-12). Similar to the FabD enzyme, FabH, FabB, and FabF contain an oxyanion hole 

formed by two amide hydrogens in order to stabilize the tetrahedral intermediate, which is 

formed when the enolate attacks the acyl-enzyme intermediate. Both FabB and FabF contain a 

long internal tunnel located near the dimer interface, which is where elongated fatty acid 

intermediates bind. This tunnel has been visualized in the crystal structures of both FabB and 

FabF, where the inhibitor cerulenin is covalently bound to the active site cysteine(58, 59). In 

summary, the E. coli type II FAS contains three condensation enzymes (FabH, FabB, and FabF), 
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Figure 1-13. The crystal structures of the E. coli type II FAS dehydratase FabG and enoyl 
reductase FabI. (A) The crystal structure of FabG (PDB ID: 1Q7B) shows a classic Rossman 
fold and NADPH binding site. (B) The active site is comprised of Ser138, Tyr151, and 
Lys155 that aid in intermediate stabilization and proton transfer. (C) Acyl-ACP enters the 
FabG active site and positions the C3 carbonyl next to the NADPH nicotinamide ring. A 
hydrogen bond network is formed between Tyr151, the 2! and 3! hydroxyls of the NADPH 
ribose ring, Lys155, Asn110, and multiple waters connected to the solvent. Ser138 hydrogen 
bonds to the C3 carbonyl and stabilizes the negative charge formed upon hydride addition. 
(D) The crystal structure of FabI (PDB ID: 1DFI) shows a similar overall structure and fold to 
FabG but binds NADH instead of NADPH. (E) The FabI active site is composed of Tyr156 
and Lys163. (F) FabI utilizes a similar hydrogen bond network to achieve intermediate 
stabilization and proton transfer after hydride addition. 
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which harbor the same overall fold but have different catalytic activities and substrate 

specificities during FA biosynthesis. 

 FabG is an NADPH dependent 3-ketoacyl-ACP reductase that reduces the C3 carbonyl of 

growing fatty acids intermediates to a C3 hydroxyl after each elongation cycle(60). FabG 

belongs to the short-chain dehydrogenase (SDR) superfamily and contains a Rossman fold that is 

responsible for binding the NADPH cofactor(61). Crystal structures of FabG with and without 

the NADP+ cofactor have been solved, and they reveal details of cofactor binding and residues 

involved in reduction and proton transfer (Figure 1-13)(60, 62).  

 Dehydration of the 3-hydroxyacyl-ACP intermediate formed by FabG is a key step in 

generating both saturated and unsaturated fatty acids. In the E. coli type II FAS, there are two 

dehydratases (FabA and FabZ), which differ in their substrate specificities and also catalytic 

capabilities. Both FabA and FabZ share the same hot dog fold, but FabA acts on shorter fatty 

acid intermediates (10 carbons or less), whereas FabZ acts on longer intermediates (more than 10 

carbons). Further, FabZ can dehydrate long chain unsaturated intermediates(63). The FabA 

active site dyad is composed a histidine and aspartic acid. In contrast, the FabZ active site 

contains a histidine and glutamic acid(64, 65). FabA and FabZ both dehydrate 3-hydroxylacyl-

ACP to form trans-2-enoyl-ACP, but only FabA can isomerize the double bond to form cis-3-

decanoyl-ACP(63). The proposed dehydration mechanism of both FabA and FabZ employs 

aspartic acid (FabA) or glutamic acid (FabZ) for the protonatation of the C3 hydroxyl and 

histidine as the active site base to abstract a proton from C2, resulting in the formation of a C2-

C3 double bond and elimination of water (Figure 1-14)(64).  

 FabI is an NADH dependent enoyl reductase that acts after FabA or FabZ in the FAS 

cycle to reduce the C2-C3 enoyl bond(66). Similar to FabG, FabI belongs to the SDR 
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superfamily and contains a Rossman fold for cofactor binding. Multiple crystal structures of FabI 

have been solved, including the ternary complexes with the FabI inhibitor triclosan(67, 68). FabI 

contains the same residues as FabG (except the active site serine) involved in cofactor binding, 

 

Figure 1-14 The structure and mechanism of the E. coli type II FAS dehydratase FabA. (A) 
The crystal of FabA (PDB ID: 1MKB) is a homodimer with two functional active sites at two 
monomer interfaces. (B) The FabA active site contains a His70/Asp84 catalytic dyad with 
each residue coming from a different monomer. (C) FabA catalyzes dehydration by removal 
of water across the C2-C3 bond. His70 acts as a base for deprotonation at the C2 position and 
Asp84 acts as an acid to protonate the C3 hydroxyl. The Gly79 amide hydrogen directs the 
substrate by forming a hydrogen bond with the C1 carbonyl and the Cys80 amide hydrogen 
helps coordinate the C3 hydroxyl and facilitates dehydration. (D) FabA can also catalyze 
isomerization of the C2-C3 double to form a cis-3-decanoyl-ACP intermediate. Asp84 is 
proposed to abstract a proton at the C4 position and His70 donates a proton at C2 to form cis-
3-decanoyl-ACP. This reaction is a branch point between saturated and unsaturated fatty acid 
biosynthesis in E. coli. 
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reduction, and proton transfer is proposed to use the same mechanism as FabG, which is 

described above (Figure 1-13). 

  

1.2.3 Protein-Protein Interactions in Type II FAS 

 In type II FAS (and type II PKS), the enzymes are stand-alone. They form transient 

protein complexes during the catalytic cycle. The ACP is at the center of catalysis and must carry 

the growing fatty intermediate to the active sites of more than 8 different enzymes(39). During 

this shuttling process, ACP sequesters the growing intermediate inside a hydrophobic internal 

 

Figure 1-15. Crystal structures of AcpP-protein complexes from E. coli (AcpP is in shades of 
blue in all structures). (A) The crystal structure of AcpP with BioI, a cytochrome P450 
enzyme (PDB ID: 3EJB). (B) The crystal structure of AcpP with LpxD, an enzyme involved 
in lipid A biosynthesis (PDB ID: 4IHG). (C) The crystal structure of AcpP with the 
dehydratase FabA (PDB ID: 4KEH). 
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cavity located in the center of the four-helix bundle, which shields the intermediate from solvent 

but also may play a role in ACP-protein interactions. It is likely that depending on the chemical 

structure of the intermediate inside the ACP internal cavity, the ACP may change to a 

conformation that has a higher affinity for the next correct binding partner in the FAS 

pathway(69). Researchers studying the structural biology of type II FAS have tried for years to 

obtain high-resolution crystal structures of ACP in complex with different target enzymes, but 

only a small number of complexes from E. coli have been solved (Figure 1-15)(47, 70, 71). 

 Because of the differences between bacterial and human FAS structure and function, type 

II FAS enzymes have been targeted for antibacterial development. Current antibiotics include 

triclosan and isozanid (ER inhibitors), and multiple KS inhibitors have been identified for 

clinical investigation(72). By determining the structure of type II FAS/ACP complexes, we will 

provide a new opportunity for drug development.  

Engineering microbes, especially E. coli, to produce energy dense biofuels has received 

much attention in the chemistry, engineering, biochemistry, and microbiology communities(73). 

E. coli has a fast growth rate, is genetically tractable, and can grow on simple substrates. These 

features have made this organism the go-to choice for metabolic engineering efforts aimed at 

biofuel production. The pathway of choice for biofuel production is the type II FAS pathway, 

and many different strategies have been applied to divert fatty acid production towards the 

production of fatty acid methyl esters (FAMEs), short and medium chain alkanes, short and 

medium chain alcohols, and other branched fatty acid derived molecules(74). One main strategy 

is changing the flux of the FAS to ensure longer residence time of shorter intermediates on ACP, 

which can be cleaved by TE and diverted to produce short chain biofuels(75). This process can 

tune the mRNA levels of individual FAS enzymes or introduce enzymes from other organisms 
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that interact with ACP. In both cases (and other strategies not discussed here), ACP-protein 

interactions are the key to the bioengineering effort. Without structural information of 

ACP/protein complexes, metabolic engineering efforts are lacking a key piece of information. 

This explains many failed results. Much time and resources have been spent on metabolic 

engineering of the E. coli type II FAS, yet we know very little about how the enzymes interact. 

To answer this question, we have used mechanism-based crosslinking to stabilize protein 

complexes coupled with X-ray crystallography to determine their structures. 

 The Burkurt group at UCSD generated mechanism-based crosslinkers that can be loaded 

onto ACP and form covalent complexes with target enzymes(76, 77). All biosynthetic 

intermediates are tethered to the ACP in both FASs and PKSs. As a consequence, the ACP 

directly interacts with all downstream target domains. The Burkart lab has developed a series of 

probes that can be chemoenzymatically loaded onto ACP that specifically targets the active site 

residues of KSs, DHs, and TEs. Our lab has made use of the chloroacryl-pantetheine amine 

probe for crosslinking ACP to KS, and the alkynyl sufonyl probes for crosslinking ACP to DH. 

These topics will be further expanded in Chapter 6. 

 

1.3 Type I PKS 

Type I PKSs can be divided into two main groups: modular, and iterative (Figure 1-

5)(78). Iterative type I PKSs can further be divided into highly reducing and non-reducing PKSs. 

Modular type I PKSs are commonly found in both bacteria and fungi. Modular type I PKSs 

consist of multiple modules that each contain catalytic domains and produce polyketides with 

varying degrees of reduction. Each domain in each module of a type I PKS typically carries out 

one enzymatic function, and type I polyketides are often cyclized to yield macrolactone rings. A 
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fully reducing module would contain the additional DH and ER domains necessary to achieve a 

fully saturated carbon-carbon bond. Type I PKS priming is initiated once the AT loads CoA-

derived starter units onto the ACP that can be derived from malonyl-CoA, methylmalonyl-CoA, 

or other acyl-CoAs. The elongation, dehydration, and enoyl reduction of type I PKSs will not be 

discussed in detail, but these reactions are carried out in a similar fashion as described above for 

FASs(79, 80). The modular type I PKS has become a prominent method for microbes to produce 

a wide variety of bioactive polyketides differing in both length and level of reduction. In the last 

module of a type I PKS, the thioesterase (TE) is responsible for releasing the product by 

hydrolysis or macrolactonization(81). 

The iterative type I PKSs are predominantly found in fungi and produce a wide range of 

bioactive natural products. Iterative type I PKSs differ from modular systems, because they 

typically consist of only one large multi-domain module that acts in a repetitive fashion to 

elongate and modify a growing polyketide intermediate(82). 

 Non-reducing iterative type I PKSs typically contain SAT, KS, AT, ACP, the product 

template (PT), and TE/CYC domains. The SAT domain is responsible for loading the starter unit 

onto the ACP, which is often longer than the typical 2-carbon starter units derived from either 

acetyl- or malonyl-CoA(83). The PT domain is responsible for regioselectively cyclizing the 

growing non-reduced polyketide(84).  

Highly reducing iterative type I PKSs, like non-reducing iterative type I PKSs, contain 

one large multi-domain module but include KR, DH, and ER domains that yield highly reduced 

polyketides and are often cyclized by the TE to form macrolactones(32). Although many type I 

PKSs fit well into these distinct categories, the rise in metagenomic DNA data has revealed 
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Figure 1-16. The priming, elongation, reduction, and cyclization reactions in a type II PKS 
using the actinorhodin biosynthetic pathway as a model. Malonyl-CoA:ACP transacylase 
(MAT, or AT) loads holo-ACP with a malonyl unit derived from malonyl-CoA. Many type II 
PKS pathways do not have a dedicated AT. Therefore, the AT is borrowed from the primary 
metabolic FAS pathway. The ketosynthase/chainlength factor (KS/CLF) is a functional 
heterodimer and catalyzes iterative elongation of acyl-ACP with malonyl-ACP. Once the 
growing poly-!-ketone is elongated to an octaketide intermediate, KR stereospecifically 
reduces the C9 carbonyl group to an alcohol and cyclizes the intermediate between C7 and 
C12. The C9-reduced, C7-C12 cyclized intermediate is then aromatized by an 
aromatase/cyclase (ARO/CYC) and further cyclized by a cyclase (CYC). Additional 
processing steps release the cyclized intermediate from ACP and yield actinorhodin. (Figure 
from reference 87) 
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many uncharacterized type I PKS gene clusters that blur the lines between the PKS classes listed 

above(85).  

 

1.4 Type II PKS 

 Type II PKSs are commonly found in bacteria, especially members of the genus 

Streptomyces(34). Type II PKSs produce bioactive polycyclic aromatic natural products such as 

daunorubicin (anticancer) and tetracycline (antibiotic)(34). From a bioinformatic standpoint, type 

II PKS gene clusters are very easy to identify because of highly conserved genes such as the 

ketosynthase (KS) and chain length factor (CLF) genes. It is even possible to identify type II 

PKS gene clusters from environmental DNA using degenerate primers targeted at these highly 

conserved regions(86). Type II PKSs contain a minimal set of enzymes responsible for 

elongating a poly-!-ketone known as the “minimal PKS”, which consists of the KS, CLF, ACP, 

and MAT(87). The minimal PKS catalyzes decarboxylative Claisen condensations of malonyl-

CoA to synthesize a poly-!-ketone that then can undergo a series of enzymatic reactions to 

ultimately yield a bioactive natural product (Figure 1-16)(87). The KS and CLF form a 

functional heterodimer in solution, and the KS/CLF complex has an internal cavity that 

determines the length of the growing poly-!-ketone(88). Once the growing poly-!-ketone 

intermediate has reached the full length, regiospecific reduction by KR, and/or regiosepecific 

cyclization by an aromatase/cyclase (ARO/CYC) occurs to produce a cyclic intermediate(89, 

90). This intermediate is then further cyclized by one or more cyclases (CYCs) and is 

spontaneously released from the ACP(91). The cyclized intermediate can undergo a series of 

other reactions not limited to, but including glycosylation, O-methylation, oxidation, reduction, 
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Figure 1-17. The structure and mechanism of the Streptoymces R1128 type II PKS priming 
ketosynthase ZhuH. (A) The crystal structure of ZhuH (PDB ID: 1MZJ) shows that ZhuH 
forms a tight homodimer with a functional active site in each monomer. (B) The active site of 
ZhuH contains Cys121, Asn288, and His257 that are located at the end of the active site 
tunnel. Cys121 is located at the end of a long !-helix, and this is proposed to lower the pKa of 
the Cys121 thiol and increase its nucleophilicity. (C) Cys121 attacks the thioester bond of an 
acyl-CoA, forming a negatively charged tetrahedral intermediate, which is stabilized by the 
amide hydrogens of Cys121 and Ala320. The tetrahedral intermediate collapses to transfer the 
acyl group onto Cys121 and release CoA. (D) The elongation occurs after Cys121 is primed 
by an acyl-CoA and malonyl-ACP enters the active site. Asn288 and His257 facilitate the 
decarboxylation of malonyl-ACP by stabilizing the negative charge on the resulting enolate. 
(E) Once formed, the stabilized enolate undergoes condensation with acyl-Cys121. The 
resulting tetrahedral intermediate is stabilized by the amide hydrogens of Cys121 and Gly306 
and collapses to release the elongated acyl-ACP. 

!



! "#!

or other ligation-type reactions(92). These final steps of biosynthesis are known as “tailoring” 

reactions and are carried out by a wide range of enzymes.  

The biosynthetic logic of type II PKSs has evolved to facilitate ease of diversification 

through natural selection. The minimal PKS is capable of generating a highly reactive polyketide 

intermediate whose fate is decided by a variety of possible tailoring steps, which can then be 

slightly modified to yield new products over successive evolving generations of the producer 

microbe. Mutation of biosynthetic pathways is nature’s way of conducting a large in vivo 

selection for bioactive compounds. It is quite common for one biosynthetic pathway to generate 

a suite of related compounds. If the particular set of compounds is toxic and acts as defense 

mechanism for the producer, generating multiple related compounds that all have the same 

biological target makes it harder for the victim of this molecular barrage to evolve resistance(93). 

This strategy, which has been employed by bacteria for millions of years, could be used in a 

clinical setting in order to treat bacterial infections with the goal of lowering the chances of 

resistance developing. We can learn many lessons from studying microbes, their genes, their 

enzymes, and the small molecules they biosynthesize. This dissertation will enlighten readers 

with some of these lessons. 

 

1.5 Introduction to Type II PKS Enzymes 

Type II PKS ACPs are similar to their type II FAS counterparts. The type II PKS ACP is 

a small four-helix bundle that is post-translationally modified with PPT. The terminal thiol of the 

holo-ACP linked PPT moiety is covalently linked to the polyketide intermediates, and it 

transports the growing chain into the active sites of partner enzymes. A major driving force for 

protein-protein interactions involving ACP is the electrostatic interactions with downstream 
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Figure 1-18. The structure and function the Streptoymyces coelicolor 
ketosynthase/chainlength factor (ActKS/CLF) from the actinorhodin biosynthesis pathway. 
(A) The crystal structure of ActKS/CLF (PDB ID: 1TQY) shows that ActKS/CLF forms a 
tight heterodimer containing only one functional active site in the KS. (B) The active site of 
the KS contains Cys169, His346, and His309, which are located at the end of the active site 
tunnel. Cys169 is located at the end of a long !-helix, and this is proposed to lower the pKa of 
the Cys169 thiol and increase its nucleophilicity. (C) The CLF has the same overall fold as 
the KS, and the corresponding active site residues of KS align with Gln161, Asp297, and 
Arg332 of CLF. These CLF active site residues are not catalytically active. (D) Cys169 is 
primed by an acyl-ACP, and the resulting acyl-Cys169 condenses with malonyl-ACP. His346 
and His309 facilitate the activation of water for attack onto the carboxylate of malonyl-ACP 
to form the enolate and release biocarbonate. (E) Once formed, the stabilized enolate can 
undergo condensation with acyl-Cys169. The resulting tetrahedral intermediate is stabilized 
by the amide hydrogens of Cys169 and Phe405 and collapses to release an acyl-ACP that is 
elongated by two carbons. 
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partner enzymes(47, 70, 71). ACPs typically have many negatively charged surface residues 

(aspartic and glutamic acid), while the interacting partners contain patches of positively charged 

residues (lysine and arginine) on their surface near the active site entrance. In type I PKSs, the 

requirement for a highly negatively charged ACP and positively charged surface patch on a 

target enzyme is more relaxed, because ACP is covalently attached to most of its interacting 

partners, thus the type I ACP has a very high local concentration. In type II PKSs, however, 

ACPs always have negatively charged surfaces because of the requirement for interacting with a 

variety of partner enzymes containing positive surface patches. 

     The MAT is responsible for transferring malonyl-CoA onto the terminal thiol of PPT on 

ACP(94). In type II PKS, the MAT gene may exist in the PKS gene cluster, or the MAT may be 

borrowed from the organism’s fatty acid pathway. In some PKSs, MAT homologues can load 

ACP with other acyl starter units such as a propionyl group(95). 

The priming KSs use an acyl-CoA as a substrate to acylate an active site cysteine, in the 

same way as the type II FAS FabH is primed with acetyl-CoA(96). The starter unit undergoes 

condensation with malonyl-ACP. and the elongated intermediate is transferred to the KS/CLF for 

further chain elongation. The priming KSs play an important role in PKSs, because they allow 

for the incorporation of non-acetate starter units into polyketide biosynthesis, which leads to 

molecular diversity. The crystal structure of ZhuH, a priming KS from the R1128 pathway, 

reveals a thiolase fold similar to other KS enzymes(96). The overall structure and mechanism of 

ZhuH is similar to that of FabH and utilizes an active site cysteine for acyl transfer and an 

asparagine/histidine catalytic dyad for the decarboxylative elongation (Figure 1-17). Chapter 3 of 

this dissertation will dive deeper into the structural enzymology of type II PKS starter unit and 

reveal insights into propionyl priming during daunorubicin biosynthesis. 



! "#!

KS and CLF are two separate proteins that form a heterodimer, and it uses malonyl-ACP 

to catalyze the decarboxylative condensation in the KS active site to form the growing poly-!-

ketone two carbons at a time. Interestingly, the KS and CLF both contain a thiolase fold, and 

their secondary structures overlay well. However, only the KS has a functional active site(88). 

The crystal structure of the KS/CLF complex from the actinorhodin biosynthetic pathway reveals 

an extensive dimer interface and a tunnel along the KS/CLF interface, which is proposed to 

determine the maximum length of the growing poly-!-ketone(88, 97). The KS active site 

contains a cysteine and two histidines (Figure 1-18). The cysteine is highly nucleophilic and 

attacks the incoming thioester of acyl-ACP intermediates, resulting in the transfer of the growing 

poly-!-ketone onto the cysteine. Malonyl-ACP then enters the active site, and decarboxylation is 

catalyzed by the two active site histidines to form a reactive enolate, which  attacks the thioester 

bond of the cysteine linked intermediate to catalyze chain elongation. This cycle is repeated until 

the proper length of poly-!-ketone is generated. In the vast majority of known type II PKSs gene 

clusters, the genes of KS and CLF are located next to each other. They are often translationally 

coupled. To date, there have been no successful attempts to express a type II PKS KS/CLF 

heterologously in E. coli; the expression has only been successful in Streptomyces (Reference: 

personal communications with disgruntled type II PKS researchers). 

Type PKS II gene clusters often contain one or more ketoreductases (KRs), which are 

enzymes that catalyze the regiospecific reduction of carbonyl groups of ACP-linked poly-!-

ketone intermediates(98). PKS KRs use NADPH to stereospecifically reduce a ketone to the 

corresponding alcohol in the same way as FAS KRs(99). The most studied KR from a type II 

PKS is the actinorhodin KR (ActKR) that belongs the short chain dehydrogenase (SDR) 

superfamily(100, 101). Similar to other KRs, Act KR contains a Rossman fold for NADPH 
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Figure 1-19. The structures and proposed mechanisms of type II PKS ketoreductases. (A) 
The crystal structures of ActKR (PDB ID: 1X7G) and HedKR (PDB ID: 3SJU) show a classic 
Rossman fold and NADPH binding site. The active site residues of ActKR consist of Ser144, 
Tyr157, Lys161, and Asn114, which aid in intermediate stabilization and proton transfer. 
Acyl-ACP enters the ActKR active site and positions the C9 carbonyl group next to the 
NADPH nicotinamide ring. A hydrogen bond network is formed between Tyr157, the 2’ and 
3’ hydroxyls of the NADPH ribose ring, Lys161, Asn114, and multiple waters leading to the 
solvent. Ser144 hydrogen bonds to the C9 carbonyl group and stabilizes the negative charge 
formed upon hydride addition. The HedKR acts on polyketide intermediates with different 
chain lengths, but it also reduces at the C9 position and has the same active site residues as 
that of ActKR. (B) The crystal structure of LanV (PDB ID: 4KWI) shows a classic Rossman 
fold and NADPH binding site. The LanE active site consists of Ser147, Tyr160, and Lys164. 
In place of Asn114 of ActKR and HedKR, LanV has an ordered water molecule in the crystal 
structure. LanV is proposed to use a similar mechanism to Act and HedKR, but it acts on a 
non-ACP tethered substrate intermediate and reduces the C6 carbonyl instead of the C9 
carbonyl group. 
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binding, as well as conserved residues for proton transfer, and an extended proton relay network 

(Figure 1-19). HedKR is another type II PKS KR that also reduces C9 and is very similar to 

ActKR (Figure 1-19)(102). The LanV KR acts on a late-stage polyketide intermediate but 

reduces at the C6 position instead of C9 (Figure 1-19)(103). There is some evidence to suggest 

that Act KR is responsible for C7-C12 cyclization as well as C9 reduction, but it is unclear if KR 

itself promotes the cyclization or if the C9 reduced intermediate adopts a 

!
Figure 1-20. Schematic diagram of ARO/CYC activity and cyclization specificity in 
representative type II PKSs. The mono-domain ARO/CYCs TcmN (PDB ID: 2RER) and 
WhiE (PDB ID: 3TVR) act on unreduced polyketide intermediates to generate C9-C14 
cyclized and aromatized products. The mono-domain ARO/CYC ZhuI (PDB ID: 3TFZ) and 
di-domain ARO/CYC StfQ act on unreduced polyketide intermediates to generate C7-C12 
cyclized and aromatized products. The di-domain ARO/CYC BexL acts on a C9 reduced, C7-
C12 cyclized intermediate and catalyzes aromatization of the C7-C12 cyclized ring by 
dehydrating the C9 hydroxyl. 

!
!
!
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conformation that promotes spontaneous cyclization to yield exclusively the C7-C12 cyclized 

product(90). By far the most common KR reduction pattern observed in type II PKSs is the 

reduction at the C9 position, which occurs in many PKS products, such as daunorubicin. 

Reduction at C9 is associated with dehydration of the resulting alcohol, leading to the formation 

of a terminal aromatic ring. The hydrophobic terminal aromatic ring allows C9 

reduced/aromatized polyketides to intercalate DNA and interfere with DNA replication(104). 

Through sampling and diversification of regiospecific reduction in type II PKSs, nature has 

!
Figure 1-21. Internal cavity and active sites of the TcmN, WhiE, and ZhuI ARO/CYCs. (A) 
TcmN and WhiE ARO/CYC both have C9-C14 cyclization specificity and contain the same 
conserved active site residues. (B) ZhuI ARO/CYC has C7-C12 cyclization specificity and 
contains a different set of active site residues when compared to TcmN and WhiE. The only 
conserved residue between all three ARO/CYCs is the bottom pocket arginine (TcmN and 
WhiE: Arg69, ZhuI: Arg66). 

!
!
!
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evolved gene clusters to produce bioactive polyketides that can target critical cellular pathways 

such as DNA replication.  

The aromatase/cyclases (ARO/CYCs) are responsible for the regiospecific cyclization 

and/or aromatization of ACP-linked polyketide intermediates. The Tsai lab has solved the 

structures of five different ARO/CYCs from different biosynthetic pathways (Figure 1-20)(89, 

105, 106). ARO/CYCs can be classified based on the cyclization pattern they generate (C7-C12 

or C9-C14), the number or ARO/CYC domains they contain (mono- or di-domain), if they are 

from a reducing (with KR) or non-reducing (without KR), and also the length of polyketide 

intermediate the ARO/CYC acts on. A brief overview of mono-domain ARO/CYCs with solved 

crystal structures will be presented here.  

 The TcmN mono-domain ARO/CYC is responsible for C9-C14 cyclization and 

aromatization of a non-reduced 20-carbon poly-!-ketone during tetracenomycin 

biosynthesis(107). The crystal structure of TcmN revealed a helix-grip fold that is structurally 

related to the DH hot dog fold(89). In ARO/CYCs, the large central "-helix is moved away from 

the !-sheet core of the protein, resulting in a much larger interior pocket when compared to the 

hot dog fold of DHs(108). The large interior pocket of TcmN ARO/CYC contains multiple 

active site residues (Gln110, Trp108, Arg82, Tyr35, Trp95, and Arg69) that are proposed to 

apply acid/base chemistry to perform a regiospecific intramolecular aldol cyclization (Figure 1-

21). The reactive nature of poly-!-ketone intermediates has hampered efforts to determine the 

specific roles of each residue important for the activity of TcmN ARO/CYC. 

 The WhiE mono-domain ARO/CYC is responsible for C9-C14 cyclization and 

aromatization of a non-reduced 24-carbon poly-!-ketone during spore pigment synthesis in 

Streptomyces coelicolor(109). WhiE also has the helix-grip fold and contains a large interior 
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pocket with residues (Gln110, Trp108, Arg82, Tyr35, Trp95, and Arg69) proposed to use acid-

base chemistry to catalyze regiospecific cyclization (Figure 1-21)(106). WhiE, unlike TcmN, has 

been implicated in chain length control of the growing poly-!-ketone. The WhiE minimal PKS 

 

 

Figure 1-22. Structure and function of 4th ring cyclases (CYCs). (A) The crystal structures of 
SnoaL (PDB ID: 1SJW) and AknH (PDB ID: 2F99) act on similar substrates and share a 
similar fold. The SnoaL and AknH active sites both contain Asn33 and Asp121, which are 
proposed to be involved in catalysis. SnoaL contains a hydrophobic Leu51/Phe15 pair 
whereas AknH contains a hydrophilic Asn51/Tyr15 and these residues are proposed to be 
responsible for orienting the alkyl diketide and determining the stereochemical outcome of the 
reaction. (B) The structure of TcmI (PDB ID: 1TUW) reveals an internal cavity with proposed 
active site residues His51, Arg40, Asp27, and His26. The role of these residues in catalysis is 
not clear. 
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only produces 24-carbon poly-!-ketone intermediates in the presence of WhiE(110). In the 

absence of WhiE, aberrantly cyclized shorter shunt products are observed. This finding suggests 

that WhiE is not only responsible for regiospecific cyclization of the full length poly-!-ketone 

intermediate, but also interacts with one or more minimal PKS enzymes and stabilizes the 

growing poly-!-ketone. Further studies are needed to understand the molecular basis of this 

phenomenon. 

 The ZhuI mono-domain ARO/CYC is responsible for C7-C12 cyclization and 

aromatization of a non-reduced polyketide with varying chain lengths (due to the use of non-

acetate starter units) during R1128 biosynthesis(111). ZhuI, like TcmN and WhiE, has a large 

interior pocket, although the pocket is slightly smaller than those of TcmN and WhiE because of 

a shift of the central helix (Figure 1-21)(105). In ZhuI, the catalytic residues involved in acid-

base catalysis were determined (His109, Asp146, Thr34, Ser64, Arg66), which are different from 

those identified in WhiE and TcmN(105).  

 To summarize our previous ARO/CYC studies, the crystal structures of the mono-domain 

ARO/CYCs revealed that although these enzymes all act on poly-!-ketone intermediates, 

depending on their cyclization specificity and substrate size, the interior ARO/CYC pocket 

contains different residues that orient the substrate for proper cyclization. To quote a fellow lab 

member of mine, “I don’t like to think of ARO/CYCs as enzymes, I like to think of them as 

polyketide chaperones that fold a linear polyketide intermediate in the right orientation to 

achieve a given cyclization motif”. The focus of Chapter 2 of this dissertation is to present our 

newest results of di-domain ARO/CYCs from a reducing and non-reducing PKS for critical 

comparison with each other, and with the aforementioned mono-domain ARO/CYCs. 
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In type II PKSs, the cyclases (CYCs) catalyze 4th ring cyclization by intramolecular aldol 

condensations. The crystal structures of three CYCs have been solved, revealing insights about 

their cyclization mechanisms (Figure 1-22). AknH and SnoaL have an ! + " fold, and both 

contain internal pockets(112, 113). In the case of AknH and SnoaL, intramolecular aldol 

cyclization is proposed to be catalyzed by an active site aspartate acting as a base to generate an 

enolate, which then attacks a carbonyl group to form the terminal (4th) ring. The mechanism for 

TcmI, which has a different fold, is less clear, because mutagenesis of the putative active site 

acids and bases (histidine, aspartic acid, and arginine) did not lead to a loss of activity(114).  

Type II PKS gene clusters often contain a variety of oxygenases capable of catalyzing 

hydroxylation, oxidation of alcohols to ketones, and Bayer-Villager monooxygenation(34). 

Oxidations typically take place after the polyketide is fully cyclized and released from the ACP. 

Type II PKS oxygenases are diverse and include P450s, FAD and FMN dependent oxygenases, 

and non-heme iron dependent enzymes. The addition of hydroxyl groups to polyaromatic type II 

 

Figure 1-23. The mechanisms of FAD-dependent oxidation reactions related to type II PKS 
oxygenases. (A) Bayer-Villager monooxygenases catalyze the oxidation of ketones into 
esters. The FAD cofactor is first reduced by NAD(P)H and then reacts with O2 to form a 
peroxy-flavin intermediate. The nucleophilic peroxy-flavin attacks the ketone to form a 
“Criegee intermediate” that collapses to generate an ester. (B) Aromatic hydroxylases oxidize 
activated aromatic rings but use a slightly different mechanism than that of BVMOs. The 
FAD is first reduced by NAD(P)H and then reacts with O2 and H+ to form an electrophilic 
flavin hydroperoxide, which can undergo electrophilic aromatic substitution. In both 
mechanisms, the loss of water regenerates the FAD cofactor. 
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PKS products increases their hydrophilicity and adds extra hydrogen bond donors/acceptors to 

the aromatic system that can influence bioactivity. The most studied type II PKS oxygenases are 

the FAD dependent oxygenases, which include the aromatic hydroxylases and Bayer-Villager 

monooxygenases (BVMOs) (Figure 1-23 and 1-24). These enzymes activate molecular oxygen 

and oxidize substrates by forming new carbon-oxygen bonds(115, 116). Chapter 5 describes the 

structure of BexE, a putative BVMO, which is proposed to catalyze the oxidative cleavage of a 

type II polyketide intermediate and then cyclize the cleaved product(117). 

 

Figure 1-24. The crystal structure and reactions catalyzed by BVMOs and aromatic 
hydroxylases in type II PKS biosynthesis. PgaE (PDB ID: 2QA1) and RdmE (PDB ID: 3IHJ) 
are both aromatic hydroxylases that act on angucyclic and anthracyclic type II polyketide 
intermediates, respectively. OxyS (PDB ID: 3IHG) is an aromatic hydroxylase and can also 
oxidize the benzylic position of an intermediate in the oxytetracycline pathway. MtmOIV 
(4K5S) is a BVMO, which catalyzes oxidative ring expansion and cleavage during 
mithramycin biosynthesis. 
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The last set of tailoring reactions includes methyl transfer and glycosylation reactions. 

The hydroxyl groups of polyketides are often methylated by S-adenosyl methionine dependent 

methyltransferases, and the presence or lack of a specific methylation can greatly impact 

bioactivity(34). The majority of type II PKS products are glycosylated, and it has been 

demonstrated that glycosylation is required for bioactivity(118). The enzymes involved in 

glycosylation are called glycosyl transferases (GTs) that transfer a variety of sugars to hydroxyl 

groups, amines, and nucleophilic carbons of type II polyketides. These enzymes are diverse and 

have been well studied. However, they are outside the scope of this dissertation and will not be 

discussed further. 

 

1.6 Type II Starter Unit Selection and Diversity 

 Many type II PKS pathways harbor a dedicated ketosynthase that is responsible for 

loading the CoA-derived starter units onto the ACP, which are then elongated to yield diverse 

polyketides. The priming KS IIIs have been found to load a variety of CoA derived starter units 

onto ACP, not limited to, but including propionyl, butanoyl, and benozoyl groups (Figure 1-25) 

(119). Starter unit incorporation is initiated by the transfer of acyl-CoA derived starter unit onto 

an active site cysteine (or serine) of the KS followed by chain elongation with malonyl-ACP. 

The overall reaction results in one elongation by two carbons. The ACP-tethered starter unit is 

then elongated by the KS/CLF complex until a fully elongated intermediate is formed and then 

processed as described above to yield the final product. Using this method to incorporate non-

acetate starter units adds an additional strategy to achieve molecular diversity in type II PKSs, 

which can lead to multiple structurally related bioactive products. Chapter 3 of this thesis is 

focused on understanding the structural basis for starter unit selection of an atypical 3-carbon 
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starter unit, which is incorporated into daunorubicin biosynthesis by the enzyme DpsC(120). In 

addition to KS III-mediated starter unit incorporation, recently, a novel CoA-ligase was 

discovered to have AT activity, and it transfers a CoA-derived starter unit onto ACP, which then 

undergoes elongation to yield a polyketide natural products with electron transport chain 

inhibitory activity called aurachins(121). Chapter 4 of this thesis is focused on understanding the 

structural basis of this novel starter unit system. 

!

!

 

Figure 1-25. Starter unit diversity in type II PKSs. Daunorubicin, murayaquinone, 
tetracycline, enterocin, and thermorubin all use non-acetate starter units which leads to 
scaffold diversity of aromatic type II PKS products. 
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1.7 Introduction of Dissertation Chapters 

 Chapters 2-6 describe the results of my scientific efforts over the past five years. 

Chapters 2, 3, 4, and 5 are focused on the structural and mechanistic studies of PKS enzymes. 

Chapter 2 describes the crystal structures and in vitro functional studies of two di-domain 

ARO/CYC enzymes (BexL and StfQ) from type II PKSs. Chapter 3 discusses the structural 

determination and analysis of multiple crystal structures of the enzyme DpsC, an AT/KS III 

involved in daunorubicin biosynthesis. Chapter 4 focuses on the crystal structure and structural 

analysis of AuaEII, a novel AT from a hybrid type II PKSs pathway. Chapter 5 describes the 

structural determination of and initial in vitro assays of BexE, an oxygenase involved in 

polyketide biosynthesis. Chapter 6 focuses on type II fatty acid biosynthesis with an emphasis on 

the structural biology of protein-protein interactions. Chapter 6 begins with the published results 

of our lab’s work on the crystal structure of the AcpP=FabA complex and is followed by my 

work on the recently solved AcpP=FabB complex crystal structure. Chapter 7 is a conclusion and 

provides future directions for the work presented in this dissertation. 
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Chapter 2 

Crystal Structure and Biochemical Studies of Two Di-Domain Aromatase/Cyclases 

(ARO/CYCs) During Polyketide Biosynthesis 

 

2.1 Abstract  

 Aromatic polyketides comprise a large class of natural products with diverse bioactivity.  

During biosynthesis, linear poly-!-ketone intermediates are regiospecifically cyclized, yielding 

molecules with defined cyclization patterns that are crucial for the polyketide bioactivity. The 

aromatase/cyclases (ARO/CYCs) are responsible for regiospecific cyclization of bacterial 

polyketides. The two most common cyclization patterns are C7-C12 and C9-C14 cyclizations. 

We have previously characterized three mono-domain ARO/CYCs. The last remaining 

uncharacterized class of ARO/CYCs is the di-domain ARO/CYCs, which catalyze C7-C12 

cyclization and/or aromatization. Di-domain ARO/CYCs can further be separated into two sub-

classes, “non-reducing” that act on non-reduced poly-!-ketones, and “reducing” that act on C9 

reduced poly-!-ketones. For years, the functional role of each domain in cyclization and 

aromatization for di-domain ARO/CYCs has remained a mystery. Here we present the first 

structural and functional analysis, along with an in-depth comparison, of the non-reducing (StfQ) 

and reducing (BexL) di-domain ARO/CYCs. This work completes the structural and functional 

characterization of mono- and di-domain ARO/CYCs in bacterial type II PKSs and lays the 

groundwork for engineered biosynthesis of new bioactive polyketides. 
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2.2 Introduction 

The biosynthesis of type II aromatic polyketide natural products has been vigorously 

investigated due to the versatile pharmacological properties these compounds have exhibited(1-

7).  The type II polyketide synthase (PKS) is composed of dissociated enzymes that are utilized 

iteratively and are responsible for the elongation, cyclization, and modification of the polyketide 

chain (Figure 2-1)(3, 4, 8, 9). The mechanism that causes this cyclization is not understood in 

 
 
Figure 2-1. Schematic diagram of ARO/CYC activity and cyclization specificity in 
representative type II PKSs. The monodomain ARO/CYCs TcmN (PDB ID: 2RER) and 
WhiE (PDB ID: 3TVR) act on unreduced polyketide intermediates to generate C9-C14 
cyclized and aromatized products. The monodomain ARO/CYC ZhuI (PDB ID: 3TFZ) and 
di-domain ARO/CYC StfQ act on unreduced polyketide intermediates to generate C7-C12 
cyclized and aromatized products. The didomain ARO/CYC BexL acts on a C9 reduced, C7-
C12 cyclized intermediates and catalyzes the aromatization of the C7-C12 cyclized ring by 
dehydration of the C9 hydroxyl group. 
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detail. Regiospecific cyclization of linear poly-!-ketone intermediates is a critical step in the 

biosynthesis of bioactive polyketides. A complete understanding of this process at the molecular 

level is necessary for future biosynthetic engineering efforts. How and where the poly-!-ketone 

cyclization takes place had been speculated for decades(10-14). Without such knowledge, the 

polyketide cyclization pattern cannot be predicted and engineered. 

In 2008, we reported the crystal structure of the first ARO/CYC (TcmN ARO/CYC), 

which is a single-domain protein(15). Based on the structural analysis and mutagenesis results, 

we proposed that mono-domain ARO/CYCs have an active site and are capable of catalyzing 

polyketide cyclization and aromatization.  Since then, we have further supported this hypothesis 

with structural and biochemical studies of two other mono-domain ARO/CYCs, WhiE and ZhuI 

(Figure 2-1)(16, 17). These studies strongly support the role of ARO/CYC as the site of 

polyketide cyclization. However, a large number of type II PKSs contain di-domain ARO/CYCs 

that have two seemingly identical domains(18-23). How and why these enzymes require two 

domains (as opposed to just one) to conduct the cyclization/aromatization is not understood.  

The di-domain ARO/CYCs are involved in both non-reducing and reducing PKSs(18, 

24). In non-reducing systems, the di-domain ARO/CYCs regiospecifically cyclize a polyketide 

from C7 to C12 followed by aromatization(18). In reducing systems, a KR first regiospecifically 

cyclizes the linear poly-!-ketone from C7 to C12, and then reduces the C9 carbonyl to a 

hydroxyl group(7, 25). A di-domain ARO/CYC then catalyzes the dehydration of the C9 

hydroxyl followed by first ring aromatization (Figure 2-1)(14). Therefore, the growing poly-!-

ketone intermediate is transported directly from the ketosynthase (KS) to the ARO/CYC in a 

non-reducing system, while the intermediate needs to be transported from KR to ARO/CYC in a 

reducing system. Prior to this study, there was no knowledge about whether there are any 
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differences between the di-domain ARO/CYCs in reducing versus non-reducing PKSs, nor any 

information on the role that ARO/CYCs may play in the product specificity of reducing and non-

reducing PKSs. The key issue is the difficulty in crystallization; multiple groups have vigorously 

pursued the crystallization of these di-domain ARO/CYCs with at best non-diffracting crystals.  

To critically compare the reducing and non-reducing di-domain ARO/CYCs, we have 

chosen StfQ as a model non-reducing di-domain ARO/CYC and BexL as a model reducing di-

                 

 
 
Figure 2-2. The role of ARO/CYCs in reducing and non-reducing type II PKSs. A reactive 
20-carbon poly-!-ketone is a common intermediate during both steffimycin and BE-7585A 
biosynthesis. In the steffimycin pathway, the ARO/CYC StfQ cyclizes and aromatizes the 
terminal C7-C12 ring. The aromatized intermediate is then processed to yield steffimycin. In 
contrast, the ARO/CYC BexL aromatizes the terminal C7-C12 ring, which is formed by the 
KR. The aromatized intermediate is then processed to yield BE-7585A. 
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domain ARO/CYC (Figure 2-2). StfQ is a di-domain ARO/CYC from Streptomyces 

steffisburgensis and part of the non-reducing PKS responsible for the biosynthesis of the natural 

product steffimycin, which has exhibited promising antitumor properties(26-28). StfQ is the 

enzyme responsible for the C7-C12 first ring cyclization and aromatization of the elongated 

poly-!-ketone substrate. In contrast, BexL is a di-domain ARO/CYC in the reducing PKS 

responsible for the biosynthesis of the anticancer agent BE-7585A, which is first reduced at the 

C9 position by KR and then aromatized by BexL (Figure 2-2)(24). Both StfQ and BexL cyclize  

20-carbon poly-!-ketone substrates; therefore, the structural enzymology of these two 

ARO/CYCs offers a great opportunity for side-by-side comparison and insight into the 

mechanisms of di-domain ARO/CYCs. Here we present the first structural and biochemical 

characterization of two di-domain ARO/CYCs, StfQ and BexL using x-ray crystallography, 

structure-based mutagenesis, in silico docking, and in vitro functional assays. 

 

2.3 Results and Discussion 

2.3.1 Overall Structures 

Size exclusion chromatography revealed that BexL is a monomer in solution and StfQ is 

a dimer in solution (data not shown). This result matches with the oligomeric states found in the 

crystal structures and may have implications in ARO/CYC-ACP interactions (detailed below). 

The monomers of BexL and StfQ both contain 309 amino acids that consist of two separate 

domains, the N-terminal (N-term) and C-terminal (C-term) domains (Figure 2-3 and Figure 2-

4A-B). In both enzymes, the N- and C-term domains adopt a helix-grip fold, which is found in 
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other type II PKS ARO/CYCs(15-17). The BexL N-term consists 146 amino acids, followed by a 

4 amino acid linker, and the C-term has 160 amino acids. The StfQ N-term contains 144 amino 

acids, followed by a 6 amino acid linker, and the C-term has 157 amino acids. The overall 

sequence identity between BexL and StfQ is 32%. The identity of the BexL N-term (BexL 

 
 
Figure 2-3. A comparison of the tertiary structures and electrostatic surfaces of BexL versus 
StfQ. (A) Overall structure of BexL shows two distinct domains: N-term (left) and C-term 
(right). Both domains have a helix-grip fold with a long central !-helix surrounded by a series 
of "-sheets.  (B) Overall structure of StfQ similarly shows two distinct domains: N-term (left) 
and C-term (right). (C) Electrostatic surface potential map of BexL shows multiple positive 
patches (blue) that may bind ACP. (D) Electrostatic surface potential map of an StfQ 
monomer showing complementary positive (blue) and negative (red) patches, which form 
stabilizing interactions between the two StfQ monomers. 
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residues 1-146) and StfQ N-term (residues 1-146) is 21%, whereas the C-term domains (BexL 

residues 147-309, StfQ residues 147-309) are 39% identical (Figure 2-5).  

 

 

 
 
Figure 2-4. The secondary structure maps, structural overlays, and active site electron density 
maps of BexL and StfQ. (A) Secondary structure cartoon of StfQ. (B) Secondary structure 
cartoon of BexL. (C) Ribbon diagram overlay of StfQ and BexL. (D) StfQ dimer structure 
and surface. (E) SA-Omit map of representative BexL active site. (F) SA-Omit map of 
representative StfQ active site showing clear electron density for all side chains and MES. 
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The N-term domains of StfQ and BexL are comprised of seven anti-parallel !-sheets 

(N!1-N!7) and three "-helices (N"1-N"3) (Figure 2-4A-B). N"1 and N"2 are short helices that 

connect N!1 to N!7.  N"3 is the longest helix that spans a length of 31 Å in StfQ and 45.3 Å in 

BexL. N"3 is cradled by N!1-N!7 in the helix grip fold, similiar to the secondary structural 

elements exhibited by the monodomain ARO/CYCs(15-17). In StfQ, N"3 turns into a six amino 

acid "-helix linker to the C-terminus. BexL contains a short unstructured linker sequence 

between the N-term "-helix and the start of the C-term domain. 

In both BexL and StfQ, the secondary structure arrangements are very similar for both C-

term and N-term domains (Figure 2-4C).  In each domain, there are seven anti-parallel !-strands 

(C!1-C!7) and four "-helices (C"1-C"4).  C"1 and C"2 connect and span C!1-C!7. C"3 is a 

short "-helix comprised of seven amino acids in StfQ and eight amino acids in BexL that extends 

from C!2 to C"4. This extra "-helix C!3 is directly above the C-terminal pocket entrance and 

positioned at the di-domain interface. Therefore, C!3 may play a role in ACP binding 

interactions or regulate substrate access to the C-terminal pocket.  C"4 is a long central "-helix 

that spans the entire length of the domain; it is 32 amino acids long with a length of 43.5 Å in 

StfQ and 47 Å in BexL (Figure 2-3A-B).  

The two domains of both proteins lay back to back such that the !-sheets interact through 

hydrophobic interactions. This involves N!5 –N!7 of the N-terminus and C!4-C!6 of the C-term 

domain. In BexL, both the N- and C-term pocket entrances are on the same face of the protein 

and border the axis that sits along the di-domain interface. Both the N- and C-term pocket 

entrances of BexL have relatively wide entrances and considerable positive charge, which may 

facilitate ACP docking (Figure 2-6). In contrast, the StfQ N- and C- term pocket entrances are 

pointed away from each other and open towards opposite faces of the StfQ dimer. The StfQ N-
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term pocket entrance is smaller and has less positive character when compared to the StfQ C-

term pocket entrance. The size difference of N- and C-term pocket entrance may have a direct 

effect on StfQ-ACP interactions, which would favor the ACP to deliver the growing polyketide 

into the C-term (as opposed to the N-term) for cyclization and aromatization.  

A 

 
B 

 

C 
  BexL N-term BexL C-term StfQ N-term StfQ C-term 
BexL N-term - 22.60% 20.55% 11.64% 
BexL C-term 22.60% - 17.12% 38.65% 
StfQ N-term 20.55% 17.12% - 2.74% 
StfQ C-term 11.64% 38.65% 2.74% - 
 
Figure 2-5. Sequence analysis of the BexL and StfQ that analyze N- and C-term domains 
separately. (A) BexL and StfQ sequence alignments. Key active site residues are highlighted 
with a black dot. (B) Alignment of the N- and C-term domains of BexL and StfQ. (C) 
Sequence identity matrix for BexL and StfQ N- and C-term domains. The overall sequence 
identity between BexL and StfQ is 32%. 
 
 
 



  62 

The oligmoeric states of BexL and StfQ are also different. BexL exists as a monomer with the N- 

and C-term pockets relatively close to each other, while StfQ exists as a dimer with N- and C-

term pockets on opposite side of each monomer (Figure 2-6).  

 

 
 
Figure 2-6. The locations of the active site pocket entrances of the StfQ dimer and BexL 
monomer. (A) The C-term pocket entrances both face the solvent for both StfQ monomers. 
The N-term pocket of StfQ is located at the bottom of the dimer interface and not easily 
accessible for substrate binding (not shown). (B) The positive patch (highlighted in yellow), 
which may facilitate ACP binding, is located near the C-term pocket entrance of StfQ. (C) 
Both the N- and C-term pocket entrances are located on the same face of the BexL monomer. 
(D) Multiple small positive patches (highlighted in yellow) are located on the concave surface 
between the N- and C-term pocket entrances of the BexL monomer. 
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2.3.2 StfQ and BexL N-term Comparison  

The N-term of BexL has a much larger pocket than that of StfQ (Figure 2-7). The RMSD 

of N-term between BexL and StfQ is 1.00 Å. The N-term of BexL has a pocket length of 22.2 Å, 

whereas StfQ has a much shorter pocket length of 15.7 Å (Figure 2-7A and 2-7C).  This is 

reflected in the pocket volume and area: the StfQ N-term pocket only has a volume of 523.7 Å3 

and an area of 500.5 Å2, the BexL N-term has a much larger volume of 1722.4 Å3 and an area of 

885.7 Å2. When comparing the BexL and StfQ N-terms, the central !-helix (N!3) has the biggest 

 
 
Figure 2-7. Cutaway view of BexL and StfQ N- and C-term domains for a critical 
comparison of pocket sizes. (A) BexL N-term pocket. (B) BexL C-term pocket. (C) StfQ N-
term pocket. (D) StfQ C-term pocket. 
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shift with a 3.2 Å deviation (Figure 2-4C). This is the major element that accounts for the large 

difference in pocket volumes (1198.7 Å3). Further, the loop connecting N!3 to N!2 is longer in 

StfQ, resulting in a shorter central !-helix. In StfQ, the N!2 is puckered inwards, as compared to 

BexL, and this also pushes N!3 more inward towards the pocket and re-positions the N!2/N!3 

loop, which effectively closes the N-term pocket of StfQ.  

 The N-term domains of BexL and StfQ only have a 21% sequence identity.  We analyzed 

the pocket in detail by breaking down the pocket from the back, middle, and front. At the back of 

the N-term pocket, there are several bulky hydrophobic residues for both enzymes, but there are 

notable differences (Figure 2-8). For example, R66 of BexL overlays perfectly with the 

previously proposed catalytic arginine of the mono-domain ARO/CYCs TcmN, WhiE and ZhuI 

(Figure 2-9)(15-17). However, the StfQ N-term has a bulky W72 that perfectly aligns with R66 

of BexL, resulting in the shrinking pocket size of StfQ N-term pocket.  Other differences are F31 

of BexL (H36 of StfQ), F77 of BexL (Y83 of StfQ), and H109 of BexL (Y115 of StfQ). The 

middle of the pocket for both enzymes has a number of polar residues.  The only identical 

residue is W62 in BexL (W68 of StfQ). The front of the N-term pocket for StfQ and BexL is 

 
 
Figure 2-8. Overlay of the BexL N-term with StfQ N-term and BexL C-term with StfQ C-
term. (A) Structural overlap of the N-term pockets from back, middle to front. (B) Structural 
overlap of the C-term pockets from back, middle to front.   
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flanked by a series of loops consisting of polar and nonpolar residues. In summary, it is within 

the N-term domain that we observe the most difference between the two ARO/CYCs, such that 

StfQ almost has no N-term pocket, while BexL has an N-term pocket comparable to the interior 

pocket of mono-domain ARO/CYCs. 

 

 
  ARO/CYC class 

RMSD 
(A)  Residue 1 Residue 2 Residue 3 Color 

BexL N-term reducing, C7-C12 0.00 R66 H109 E135 red 
BexL C-term reducing, C7-C17 2.94 R218 H259 T297 raspberry 
StfQ N-term non-reducing, C7-C12 1.01 W72 Y115 L134 blue 
StfQ C-term non-reducing, C7-C12 3.37 R218 H259 N295 light blue 
ZhuI non-reducing, C7-C12 1.51 R66 H109 D146 cyan 
WhiE non-reducing, C9-C14 1.45 R69 Q110 Q136 green 
TcmN non-reducing, C9-C14 1.57 R69 Q110 N136 forest green 
 
Figure 2-9. Structural comparison of the N- and C-terminal domains of BexL and StfQ with 
other monodomain ARO/CYCs. (A) Overlay of the BexL N-term (blue), StfQ N-term (red), 
BexL C-term (light blue), StfQ C-term (raspberry), ZhuI (cyan), WhiE (green), and TcmN 
(forest green). (B) A table detailing the overlaid structures above. Residues 1, 2, and 3 
correspond to the positions of important active site residues identified for the N-term of BexL, 
the C-term of StfQ, and the mono-domain ARO/CYCs.  
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Figure 2-10. Sequence alignment of StfQ with other ARO/CYCs from type II PKS gene 
clusters that produce polyketides with a C7-C12 cyclization pattern and the lack the reduction 
at the C9 carbonyl group. Black dots signify the position of active site residues important for 
enzyme function based on the in vitro assay results. 
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2.3.3 StfQ and BexL C-term Comparison 

Unlike the N-term, the C-term of StfQ and BexL are more similar to each other, with an 

RMSD of 0.78 Å and 39% sequence identity.  The pocket lengths are also quite similar (~24 Å). 

Consequently, the C-term volume and area are highly similar, with an area of 796.7 Å2 and a 

                      

 
Figure 2-11. Sequence alignment of BexL with other ARO/CYCs from type II PKS gene 
clusters that produce polyketides with C7-C12 cyclization patterns and the C9 position is 
reduced/dehydrated. Black dots signify the position of active site residues important for 
enzyme function based on the in vitro assay results. 
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Figure 2-12. The in vitro assay results of StfQ. (A) Schematic diagram of the in vitro 
products of the PKS4 minimal PKS assay. (B) Typical HPLC profiles of in vitro reactions 
comparing WT StfQ to different StfQ mutants at 280 nm are displayed. The bottom trace 
represents the PKS4 minimal PKS, which produces PK8 (3), napthapyrone (4), and trace 
amounts of SEK4 (1). Upon addition of WT StfQ, the product profile is dominated by SEK4 
(1) and nonaSEK4 (2). The % activity of each mutant StfQ was calculated by the integrated 
HPLC peak values for the four products (1, 2, 3 and 4), which were normalized to 100 %. The 
WT StfQ production of (1 + 2) was set as 100 % activity, and the percent activity for each 
mutant enzyme was calculated as follows (background production of 1 and 2 by the minimal 
PKS was accounted for): % activity = (1 + 2)WT/(1 + 2)MUT * 100 
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volume of 1391.6 Å3 for StfQ, and an area of 813.0 Å2 and a volume of 1339.8 Å3 for BexL 

(Figure 2-7B and 2-7D).  

 When the C-term of StfQ and BexL are overlaid, there is very little difference (Figure 2-

8B). There is a slight shift in the placement of C!4. In the reverse of what we observe in the N-

term, the C!4 of StfQ is shifted so that the C-term pocket of StfQ is more open than that of the 

C-term of pocket of BexL. The C!3 of BexL C-term is also slightly moved inward when 

compared to the C!3 of StfQ, which results in a wider C-term pocket entrance for StfQ.  

 The sequence alignments showed that the C-term of BexL and StfQ are much more 

similar than the N-term (Figure 2-5). The major catalytic residues that were identified in the 

mono-domain ARO/CYC ZhuI (R66, H109, and D146) are similar to residues in the C-term of 

StfQ (R218, H259, and N295), as well as both the N- (R66, H109, and E135) and C-term (R218, 

H260, and T292) domains of BexL. When ZhuI, StfQ (C-term), and BexL (N-term) are overlaid, 

the key residues match perfectly (Figure 2-9). Again, we analyzed the pocket in detail by 

breaking down the pocket from the back, middle, to the front (Figure 2-8). At the bottom of the 

pocket, there are only several residues that are different. For example, F200 in StfQ (L200 in 

BexL) and N295 in StfQ (T297 in BexL). Similarly, in the middle of the pocket, only one residue 

is different: L237 in StfQ (M237 in BexL). There are many more differences at the entrance of 

the pocket, which is defined by loop regions that may dictate specific interactions with their 

respective ACPs. In summary, the C-terms of both ARO/CYCs are highly similar to the C7-C12 

mono-domain ZhuI ARO/CYC, which strongly suggests that minimally, for StfQ, the catalytic 

event may occur in the C-term but not N-term. In contrast, both N- and C-term of BexL may be 

functional.   
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Figure 2-13. The in vitro assay results of BexL. (A) Schematic diagram of the in vitro 
products of the Act minimal PKS assay. (B) Typical HPLC profiles of in vitro reactions 
comparing BexL WT to different BexL mutants at 280 nm are displayed. The bottom trace 
represents the actinorhodin minimal PKS plus ActKR, which produces mutactin (2). Upon 
addition of WT BexL, SEK34 is produced. The % activity of each mutant BexL enzyme was 
calculated by the integrated HPLC peak values for 1 and 2, which were normalized to 100 %. 
The WT BexL production of 1 was set as 100% activity and the percent activity for each 
mutant enzyme was calculated as follows: % activity = (1 )WT/(1)MUT * 100 
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2.3.4 Sequence Comparisons of Reducing and Non-reducing ARO/CYCs 

To further explore the similarities and differences between the reducing and non-reducing 

ARO/CYCs, we have conducted a systematic search of reducing and non-reducing di-domain 

ARO/CYCs (Figure 2-11 and Figure 2-12). As mentioned above, the N-term of BexL and StfQ 

share a much lower sequence identity than that of the C-terms. When extending this comparison 

to the di-domain ARO/CYCs ActVII (reducing) and MtmQ (non-reducing), we observe a similar 

trend. When comparing ActVII and BexL, the N-term and C-term share 44% and 41% identity, 

respectively. Therefore, for the reducing di-domain ARO/CYCs, both domains are highly 

conserved. In contrast, for the di-domain non-reducing ARO/CYCs, the N-term and C-term of 

StfQ and MtmQ share a 36% and 74% identity, respectively. In summary, in the reducing 

ARO/CYCs both the N-term and C-term domains are moderately conserved between related 

enzymes. In contrast, the non-reducing ARO/CYCs display high conservation of the C-term and 

low conservation of the N-term (Figure 2-10 and Figure 2-11).  

 

2.3.5 StfQ N-term Mutagenesis 

To determine residues that are important for catalysis in each domain of StfQ, we 

conducted extensive mutagenesis of both N-term and C-term of StfQ, and evaluated the activity 

of StfQ using an assay that utilizes a fungal PKS (PKS4) that creates a linear poly-!-ketone. If 

StfQ is active, we would observe C7-C12 cyclized product. If the mutation knocks out its 

activity, we would observe only the shunt products (Figure 2-12, Figure 2-14C and 2-14D). 

Initially, residues were targeted for mutagenesis based on structural alignment with the ZhuI 

mono-domain ARO/CYC, which has the same cyclization pattern (C7-C12) as StfQ. The StfQ 

N-term contains a tryptophan (W72) at the position of the conserved bottom-pocket 
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arginine of known ARO/CYCs. Mutating W72 of StfQ resulted in insoluble inclusion bodies, 

which suggests that W72 is important for maintaining the overall structure of StfQ. Other 

putative catalytic N-term residues (H36, Y85, Q95, and Y115) were also mutated, but all of these 

N-term mutants retain full enzyme activity. In summary, based on mutagenesis, the N-term 

 
Figure 2-14. In vitro assay and mutagenesis results. Each residue is labeled with the 
corresponding mutation and the % activity compared to WT. (A) BexL N-term pocket 
mutagenesis reveals that R66, H109, N131, and E135 are important for activity. Mutations of 
H109 and E135 are especially detrimental. (B) BexL C-term pocket mutagenesis reveals that 
C-term pocket residues do not contribute to BexL activity. (C) StfQ N-term pocket 
mutagenesis reveals that N-term pocket residues do not contribute to StfQ activity. (D) StfQ 
C-term pocket mutagenesis reveals that S216, R218, Y228, Q230, H240, W244, H259, N291, 
S292, and N295 are all important for StfQ activity. Mutations of R218, H259, and Y228 are 
especially detrimental.  
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domain of StfQ is not important for catalysis. However, some residues (such as W72) may be 

important for structural integrity of the overall protein folding. 

 

2.3.6 StfQ C-term Mutagenesis 

The StfQ C-term contains many hydrophilic residues and structurally aligns well with 

both ZhuI and the BexL C-term. Fourteen mutants of StfQ C-term pocket residues were 

generated and assayed for activity (Figure 2-12). The key residues R218, Y228, W244, and 

H259, as predicted by the alignment with ZhuI, all showed > 70 % reduction in activity, as 

compared to WT StfQ. R218 occupies a position at the bottom of the StfQ C-term pocket, which 

is a highly conserved feature of all known ARO/CYCs. R218A led to a 90% reduction in activity 

and, similar to the ZhuI mutation result, could not be rescued by mutating R218 to lysine or 

glutamine(16). Therefore, similar to the mono-domain ZhuI, the precise location of R218 at the 

bottom of the pocket plays a critical role for enzyme activity, and based on the result that R218K 

cannot rescue its activity, the guanidinium moiety is necessary for cyclization.  Therefore, the 

side chain of R218 may play catalytic role as the active site acid or hydrogen bond donor, similar 

to the mechanism previously proposed for ZhuI. Because the substrate of StfQ is an unreduced, 

20-carbon poly-!-ketone, it may interact with multiple hydrogen bond donors and acceptors 

inside the C-term pocket, so that the substrate can be correctly oriented for cyclization inside the 

pocket, followed by R218-promoted C7-C12 aldol cyclization. This hypothesis corroborates our 

result that mutations of the above pocket residues can significantly affect activity, and is further 

supported by the C-term mutants Y228F, W230A, H240A, W244F, H259A, N291A, S292A, and 

N295A, which all show diminished activity (Figure 2-14D). In summary, contrary to the non-

catalytic N-term, mutations of the C-term of StfQ significantly affect the cyclization activity in a 
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manner that is consistent with the cyclization mechanism proposed for that of the mono-domain 

C7-C12 ZhuI ARO/CYC(16).  

 

2.3.7 BexL N-term Mutagenesis 

Extensive mutagenesis coupled to an actinorhodin minimal PKS assay was conducted on 

both the N- and C-term of BexL based on structural alignment with ZhuI and the C-term domain 

of StfQ (Figure 2-13). The BexL N-term contains R66, H109, and E135, which are critical for 

activity, as determined by mutagenesis results (Figure 2-14A). However, R66A still retains 44% 

activity, which can be rescued to 66% and 82% activity with a lysine and glutamine mutation, 

respectively. E135A was generated, but it resulted in inclusion bodies during protein expression. 

Therefore, E135D and E135Q were generated, and both expressed as soluble proteins. E135Q 

has little activity (8.7%), but E135D rescues the activity back to 56.4%, which suggests that an 

acidic residue at this position is important for the cyclization activity. This matches well with 

ZhuI, which has an aspartic acid instead of glutamic acid, which was found to be important for 

activity(16). N131A also retains 60% activity, suggesting that N131 may be involved partially 

during the cyclization catalyzed by BexL. In summary, contrary to StfQ, mutations of the BexL 

N-term pocket do affect the enzyme activity.  

 

2.3.8 BexL C-term Mutagenesis  

The BexL C-term was subjected to mutagenesis based on structural alignment with ZhuI 

and the StfQ C-term. In sharp contrast to the BexL N-term mutagenesis results, R218A, H260A, 

and T297A retain full activity comparable to BexL WT (Figure 2-13 and Figure 2-14B). This 

result suggests that the C-term of BexL is not involved in catalysis. In summary, based on the 
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mutagenesis results, although StfQ and BexL both have two domains with similar folds, the C-

term pocket of StfQ is catalytic but not the N-term, while the opposite is true for BexL. This 

significant difference reflects the fact that one aromatizes a reduced substrate, while the other 

cyclizes an unreduced substrate. 

 

 

 
 
Figure 2-15. BexL and StfQ docking simulations. (A) BexL N-term with dodecaketide-pPant. 
(B) StfQ C-term with dodecaketide-pPant. (C) StfQ with ACP. (D) BexL with ACP.  
*The active site pocket entrance is outlines in black. 
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2.3.9 BexL Docking With Bex ACP 

A homology model of the ACP from the Bex gene cluster was generated using HHPred 

and docked to the surface of the BexL monomer using the Hex Protein Docking server(29, 30). 

The Bex ACP could be docked to the BexL monomer in many different orientations, but only a 

small number of these docking solutions appear to be biologically relevant. During catalysis, the 

location of the pPant-bound serine has to be close to the entrance of the N- or C-term pockets in 

order to deliver the poly-!-ketone into the active site (Figure 2-15C). In this docking mode, helix 

2 of ACP, which has been implicated in ACP-protein interactions for the E. coli FAS ACP, 

docks between the central "-helix and loops between N!1 and N"2, and N!3 and N!4 of the N-

terminal pocket entrance (31, 32). The Bex ACP model contains many negatively charged 

surface residues and the central "-helix in the BexL N-term has two surface arginines (R216 and 

R133), which can form charge-charge interactions with the Bex ACP. There are multiple 

positively charged residues (R283, R287, R295) on the BexL C-term central "-helix, but these 

residues are opposite to the C-term pocket entrance, thus preventing ACP from docking the C-

term pocket.  Therefore, the docking result corroborates the mutagenesis results, in that the Bex 

ACP docks to the N-term of BexL, where the aromatization of the first ring occurs. Moreover, 

our docking results prove that the BexL N-term is capable of docking the incoming Bex ACP in 

a biologically relevant fashion. In summary, consistent with the mutation results, docking 

simulation supports that the BexL N-term contains a positive patch, which can facilitate ACP 

binding and direct a poly-!-ketone intermediate into the active site for catalysis. 
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2.3.10 StfQ Docking With Stf ACP 

A homology model of the ACP from the Stf gene cluster was generated using HHPred 

and docking was conducted using the Hex Protein Docking server(29, 30). Automated docking 

of the ACP the StfQ surface proved difficult, and there were no solutions where the location of 

the pPant-bound serine was close to the entrance of the C-term active site. Therefore, the Stf 

ACP was manually placed to help visualize the potential ACP binding site near the C-term 

pocket of StfQ (Figure 2-15D). In the StfQ dimer, the StfQ N-term pockets are facing inward 

towards the dimer interface, which prohibits the ACP from binding near their entrance. 

Therefore, docking of the Stf ACP near the N-term pocket entrance does not reveal any useful 

insights. In contrast, the StfQ C-term pocket is solvent accessible, and there are two argnines 

(R286 and R297) in the central !-helix, which can interact with the negatively charged surface of 

ACP. The Stf ACP can be docked to StfQ in a similar orientation as the Bex ACP with BexL, 

where helix 2 of ACP interacts with the central !-helix and loop regions between "-sheets. In 

summary, the docking simulation of Stf ACP and StfQ also agrees with the mutagenesis results, 

in that the Stf ACP docks to the C-term contains a positive patch, which can facilitate ACP 

binding and direct a poly-"-ketone intermediate into the active site for catalysis. This is the exact 

opposite of Bex scenario, where the ACP docks to the N-term active site entrance. 

 

2.3.11 Docking of a 20-carbon Unreduced Poly-!-ketone With StfQ 

A 20-carbon pPant-linked unreduced poly-"-ketone was docked in the N-term and C-

term of StfQ to investigate if the internal pockets could accommodate the proposed substrate. 

Docking the StfQ substrate also reveals potential interactions between the substrate and proposed 

active site residues in the C-term. The 20-carbon intermediate could not be docked in the StfQ 
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N-term due to the small pocket dimensions observed in the crystal structure (docking results not 

shown). It is possible that the StfQ N-term could adopt a different conformation in solution or 

upon substrate binding, which could bind a 20-carbon intermediate. Nevertheless, even if this is 

the case, our mutagenesis results suggest that the StfQ N-term pocket is not involved in catalysis. 

In contrast, the StfQ C-term can accommodate a 20-carbon pPant-linked intermediate, and 

docking solutions revealed a myriad of solutions in different conformations. Of these solutions, a 

subset positioned the C7 and C12 carbons within 5 Å of each other. At the same time, the C9 

carbonyl group is within hydrogen bonding distance of R218 (Figure 2-15B). Although we 

                 

 
 
Figure 2-16. Proposed mechanism for reducing versus non-reducing di-domain ARO/CYCs. 
During type II PKS biosynthesis, the ACP, KS-CLF, and MAT use malonyl-CoA to generate 
an unreduced polyketide intermediate. In non-reducing PKSs, ketoreductase (KR) first 
cyclizes the unreduced polyketide with C7-C12 cyclization specificity followed my reduction 
of the C9 carbonyl to a hydroxyl. BexL acts on the C7-C12 cyclized, C9-reduced intermediate 
to catalyze aromatization of the C7-C12 cyclized ring. The N-terminal domain of BexL is 
responsible for catalysis. In contrast, StfQ acts directly on the unreduced polyketide 
intermediate to yield a C7-C12 cyclized and aromatized product. The C-terminal domain of 
StfQ is responsible for catalysis.  
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identified many active site residues that are important for StfQ activity in vitro, it is difficult to 

assign specific roles such as general acid or base for the promotion of the C7-C12 aldol 

cyclization. Residues that were found to be important for activity such as R218, H260, and N295 

are located very far away from each other in the crystal structure. Therefore, when docked with 

the substrate, their specific roles can either be catalytic, or promote a proper orientation of the 

poly-!-ketone that for the C7-C12 aldol cyclization. Alternatively, the StfQ C-term may adopt a 

more closed conformation upon ACP/substrate binding, which may position these active site 

residues differently than in the crystal structure. This may account for their activity as identified 

by mutagenesis. Another possibility is that the putative active site residues simply act as a 

“mold” to help draw in and position the 20-carbon intermediate, which then spontaneously 

cyclizes between C7 and C12, with water serving as the general acid/base. This is an attractive 

hypothesis, because multiple docking solutions anchor the C9 carbonyl group near R218. This 

kinks the poly-!-ketone and forces C7 and C12 within 4 Å of each other, which then allows 

spontaneous aldol cyclization. Therefore, it is reasonable to propose that StfQ (and other non-

reducing ARO/CYCs) may simply fold the poly-!-ketone using the arginine at the bottom of its 

pocket (R218) as an anchoring point to facilitate the proper cyclization pattern. Additional 

pocket residues may play a role in accelerating the kinetics of the ARO/CYC mediated aldol 

cyclization by providing protons, interacting with waters, and facilitating the binding and transfer 

of the poly-!-ketone intermediate in and out of the ARO/CYC pocket. 

 

2.3.12 Docking of a 20-carbon C9-reduced C7-C12 Cyclized Poly-!-ketone With BexL 

 To investigate if the internal pockets of BexL could accommodate the proposed substrate, 

we docked a 20-carbon pPant-linked, C9-reduced, C7-C12 cyclized polyketide intermediate into 
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the N-term and C-term of BexL. The 20-carbon intermediate could be docked in both the BexL 

N-term and C-term due to the large pocket dimensions observed in the crystal structure. 

Although both pockets can accommodate the 20-carbon intermediate, mutagenesis results 

suggest that the BexL N-term is solely responsible for catalysis. Therefore, only BexL N-term 

docking results will be discussed in detail. The BexL C-term may be involved in stabilizing a 

growing poly-!-ketone intermediate, but our mutagenesis results do not support this hypothesis.  

Similar to the StfQ C-term docking results, many solutions in multiple different 

conformations were identified for BexL N-term docking. Of these solutions, a subset of solutions 

positioned the C9 hydroxyl group in hydrogen bonding distance to R66, which was found to be 

necessary for activity (Figure 2-15A). Similar to StfQ, the existence of multiple solutions 

suggested that the active site residues such as H109, E135, and R66 may have multiple roles, 

ranging from general acid or general base for promoting aromatization of C7-C12 ring (such as 

R66), or they may simply orient the incoming substrate for the aromatization to spontaneously 

occur (such as H109 and E135). Additionally, the BexL N-term may adopt a more closed 

conformation upon substrate-ACP binding. In summary, the active site of BexL and StfQ are 

quite similar, and both bind C7-C12 cyclized intermediates. Therefore, the bottom pocket 

arginine of both enzymes may be important for anchoring intermediates in such a way that 

promotes either cyclization/aromatization (for StfQ) or dehydration/aromatization (for BexL).  

 

2.3.13 Functional Considerations of BexL and StfQ in Polyketide Biosynthesis 

 StfQ and BexL represent di-domain ARO/CYCs from two different type II polyketide 

synthases.  Each of these PKSs is responsible for the synthesis of aromatic polyketides with the 

same C7-C12 first ring cyclization pattern, but there is a key difference: the presence (Bex) or 
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absence (Stf) of a NADPH-dependent KR.  Based on previous results(7, 25), we hypothesize that 

for the reducing PKS (Bex), the KR first cyclizes the elongated polyketide chain between C7 and 

C12, then reduces the C9 carbonyl to a hydroxyl group. Upon aromatization by BexL, the 

hydroxyl group is eliminated as water.  In contrast, for the non-reducing PKS (Stf), which lacks a 

KR, StfQ receives the unreduced, linear poly-!-ketone directly after elongation, and proceeds to 

cyclize and aromatize the first ring specifically between C7 and C12 (Figure 2-16). 

The different roles of StfQ versus BexL, as discussed above, may be related to their 

corresponding oligomeric state. During BE-7585A biosynthesis, the ACP is constantly shuttling 

between the KS-CLF for chain elongation and the KR for cyclization and reduction. BexL is 

competing with KR to receive the poly-!-ketone intermediate. Therefore, BexL needs to be 

 
 
Figure 2-17. Circular dichroism spectra of BexL and StfQ mutants and wild type 
enzymes, showing all enzymes are properly folded. Samples were collected on a JASCO 
J-810 Circular Dichroism Spectrapolarimeter. All samples were prepared by diluting 
protein into 25 mM tris (pH 7.5) to a final concentration of 0.1 - 0.2 mg/ml. 
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Table 2-1. StfQ and BexL data collection and refinement statistics. 
*Single crystals were used to collect each corresponding monochromatic or SeMet 
multiwavelength data set. 
†Values in parentheses represent the highest resolution shell. 
 
 

BexL StfQ StfQ (SeMet)  
Native Native Peak Inflection Remote 

A. Crystallization 0.1 M MES  pH 7, 15 
% PEG 20000 

0.15 M Sodium Formate, 
20% PEG3350 

B. Crystallographic 
Data 

Wavelength (Å) 1.0246 0.99997 0.979 0.979 0.918 

Space Group P41212 P212121  P212121  P212121  P212121  

Cell Dimension (Å) 63.68 63.68 170.371 59.98 92.43 138.53 58.03 92.47 135.77 58.02 92.45 135.73 58.05 92.49 135.81 

!="=#=90 ° !="=#=90 ° !="=#=90 ° !="=#=90 ° !="=#=90 ° 

Resolution (Å) 50.00 - 1.46 50.00 - 1.91 50.00 - 2.76 50.00 - 2.76 50.00 - 2.76 

No. of observations 193711 411186 532454 21070 304586 

No. of unique 
observations 34205 56825 19762 14056 21025 

Completeness % (last 
shell) 99.70 (99.22) 99.73 (98.34) 99.7(96.9) 99.6 (96.3) 99.8 (98.3) 

I/$(I) (last shell) 20.1 (4.1) 16.38 (2.59) 9.6 (2.5) 24.2 (3.5) 10.4 (1.1) 

Rmerge %  5.9 (38.6) 7.9 (79.3) 23.2 (47.5) 12.3 (46.7) 21.5 (44.5) 

Redundancy 4.1 3.8 14.6 14.6 14.6 

C. Refinement 

Resolution (Å) 27.01-1.788 
(1.852-1.788) 

47.29-1.952 
(2.022-1.952) 

36.15-2.081 
(2.155-2.081) 

No. of protein atoms 2700 5454 5214 

No. of cofactor atoms 25 6 0 

No. of water atoms 307 637 361 

Rfree % 0.2193 (0.2405) 0.2093 (0.2753) 0.2244 (0.3273) 

Rcrys % 0.1803 (0.2328) 0.1780 (0.2360) 0.1973 (0.2699) 

D. Geometry 

RMS bonds (Å) 0.01 0.007 0.01 

RMS angles (°) 1.33 1.05 1.19 

Ramachandran Favored 
(%) 99.7 97 98 

Ramachandran 
Generously Allowed 

(%) 
0.3 3 2 

Ramachandran 
Dissallowed (%) 0 0 0 

 B-factors 

Protein 31.5 31.8 25.1 

Water 37.3 47.7 0 

Ligand/ion 39.3 38.9 29.9 

Se FOM 
0.4025 

Table 1: Data collection, phasing and refinement statistics for BexL & StfQ structures 
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mobile as a monomer to compete for the substrate. In contrast, in steffimycin biosynthesis, the 

ACP is only shuttling between the KS-CLF and StfQ.  As a dimer, StfQ can offer a larger protein 

surface to interact with both ACP and KS/CLF, as well as a larger protein surface for protecting 

the unstable poly-!-ketone intermediate that is passed from the ACP to StfQ. In summary, this 

study unveils the surface structures and oligomeric states of di-domain ARO/CYCs from both a 

reducing and non-reducing system, highlighting key differences.  

 

2.3.14 Functional Roles of the BexL N- and C-terminal Domain Pockets 

Both BexL and StfQ have two domains, and each domain has one interior pocket. In 

BexL, the functional role of each pocket was probed by site-directed mutagenesis. The N-term 

pocket contains essential catalytic residues but not the C-term pocket. Although the C-term 

pocket contains the putative active site residues (R218, H260, and T297) based on homology to 

other ARO/CYCs, mutations of these residues to alanine had no effect on enzyme activity. These 

results suggest that the N-terminal domain alone of BexL is responsible for 

dehydration/aromatization, and the C-terminal domain may be important for overall enzyme 

stability or protein-protein interactions with the ACP or other minimal PKS enzymes. 

Additionally, we were not able to express the BexL N-term domain as a soluble protein (data not 

show), which further supports the hypothesis that the C-term domain may aid in overall protein 

stability.  

 

2.3.15 Functional Roles of the StfQ N- and C-terminal Domain Pockets 

The StfQ N-term pocket contains many hydrophobic residues whose mutations resulted 

in very low expression and insoluble aggregates. This suggests that in contrast to BexL, residues 
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in the StfQ N-term are important for overall protein stability. Docking studies suggest that the 

StfQ N-term pocket is not large enough to accept a linear 20-carbon poly-!-ketone. However, a 

different conformation where the pocket volume increases may allow the binding of a cyclized 

intermediate. If this is the case, the hydrophobic nature of the StfQ C-term pocket may promote 

aromatization of a cyclized substrate. Docking studies show that the StfQ C-term domain can 

accept the full-length 20-carbon poly-!-ketone and allows the chain to fold appropriately for a 

C7-C12 cyclization. Mutational studies also strongly support that R218, H259, N295, and other 

hydrophilic residues are important for the cyclization of the poly-!-ketone. In summary, in 

contrast to BexL, residues in the StfQ N-term pocket have been determined to be structurally 

important, whereas the C-term domain is responsible for catalyzing the first ring C7-C12 

cyclization (Figure 2-16).  

 

2.4 Conclusion  

This work allows greater understanding of how complex PKSs function and produce a 

diversity of natural products.  The knowledge of how the individual enzymes work allows for the 

engineering new natural products by controlling functionality and cyclization patterns. 

Biosynthetic control at the enzyme level allows for the creation of potentially new 

pharmaceuticals and bioactive molecules.  

 The structures and functions of these two di-domains have opened the doors to further 

understand the role of the di-domains within their respective PKSs.  BexL is the first model of a 

di-domain ARO/CYC involved in reducing PKSs that produce polyketides such as doxorubicin 

(anticancer), actinorhodin (antibiotic), and griseusin (anticancer)(19, 33, 34). StfQ has given us 

the first insight into di-domains involved in the non-reducing PKSs that biosynthesize 
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polyketides such as steffimycin (anticancer) and mithramycin (anticancer)(27, 35). StfQ 

mutagenesis has revealed that the residues important for the ZhuI mechanism are just as 

important for StfQ (in the C-term).  This further supports the hypothesis that ZhuI may be a 

bridge between the mono-domain and the di-domain ARO/CYCs.  In the reducing system, we 

have revealed the surprising result that the N-term domain of BexL, instead of C-term in the non-

 
Table 2-2. BexL and StfQ mutagensis primers. 
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reducing system, acts as dehydratase/aromatase catalyzing a critical reaction in the generation of 

bioactive polyketides. 

 This is the first molecular view of any di-domain ARO/CYC from either a reducing or 

non-reducing type II PKS system, and here we present examples of both, displaying significant 

differences between these two classes of ARO/CYCs.  We can combine this information with 

what we already know about mono-domain ARO/CYCs, and we can extend this knowledge to 

engineer these enzymes for alternative cyclization patterns.   

 

2.5 Materials and Methods 

2.5.1 Expression and Purification of BexL and StfQ  

A pET-28b(+) (Novagen) derived DNA plasmid encoding N-terminal His-tagged BexL 

(BexL/pET28b) was provided by Dr. Hung-Wen Liu. The BexL/pET28b plasmid was 

transformed into E. coli BL21(DE3) competent cells and plated on LB-agar plates containing 

kanamycin (50 !g/mL). The plates were incubated overnight at 37 °C. Positive transformants 

were transferred to a 5 mL starter culture of Luria-Bertani (LB) broth containing kanamycin (50 

!g/mL) and grown overnight at 37 °C with shaking. The cultures were used to inoculate one liter 

of LB with kanamycin (50 !g/mL) and grown at 37 °C until the A600 reached 0.4 – 0.6. The cells 

were then cooled to 18 °C, and 0.1 mM IPTG was added to induce protein expression. After 12-

18 hours of incubation at 18 °C, the cells were harvested by centrifugation at 5000 rpm for 15 

minutes. The cell pellets were flash-frozen in liquid nitrogen and stored at -80 °C. The frozen 

cell pellets were thawed on ice and re-suspended in lysis buffer (50 mM Tris pH 8.0, 300 mM 

NaCl, 15% glycerol, and 10 mM imidazole). The cell suspension was lysed using sonication (8 x 

30 s cycles), and cellular debris was removed by centrifugation at 14000 rpm for 45 minutes. The 
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lysate was incubated with 5 mL Ni-IMAC resin (BioRad) at 4 °C for one hour. The resin was 

poured into a fritted column and the flow through fraction was collected. The resin was washed 

with 100 mL of lysis buffer then eluted with lysis buffer plus increasing amounts of imidazole 

(20-500 mM). The elutions were analyzed using SDS-PAGE, and elutions containing the protein 

of interest were combined and concentrated by centrifugal filtration. The theoretical molecular 

weight of BexL is 36148.4 Daltons, and was confirmed using SDS-PAGE. 

 The expression and purification of StfQ is similar to the above procedure. The plasmid 

pYR31 encoding N-terminal His-tagged StfQ was provided by Dr. Yi Tang at UCLA. pYR31 

was transformed into E. coli BL21(DE3) and verified by gene sequencing.  StfQ was expressed 

and purified using a similar procedure as described above. After Ni-IMAC purification, StfQ was 

buffer exchanged into the crystallization buffer (20 mM Tris pH 8.0) using a PD-10 column, and 

the resulting pure native protein was concentrated to 13 mg/ml. 

 The selenomethionine-substituted StfQ was produced in E. coli strain BL21(DE3) in 2 x 

1 LB broth containing kanamycin at 37 °C until A600 reached ! 0.7.  The cells were harvested 

(3,000 x g for 20 min) and resuspended 3 times with a total of 100 ml of M9 minimal medium 

containing the following amino acids, lysine hydrochloride, phenylalanine, threonine (5 mg 

each), isoleucine, leucine, valine (2.5 mg each), and L-selenomethionine (3 mg) (Sigma).  The 

third resuspension was added to 2 x 1 L M9 minimal media plus kanamycin and the following 

amino acids: lysine hydrochloride, phenylalanine, threonine (50 mg each), isoleucine, leucine, 

valine (25 mg each); L-selenomethionine (30 mg) plus 1 mM IPTG to induce protein expression.  

Cells were grown for an additional 18 h at 18 °C. The cells were then harvested by 

centrifugation. The selenomethione-substituted StfQ protein purification procedure was 

completed as described above for wild type StfQ. 
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2.5.2 Crystallization and Data Collection  

After Ni-IMAC purification, BexL was buffer exchanged into the crystallization buffer 

(20 mM Tris, pH 8.0) using a PD-10 column (GE). BexL was crystallized using the sitting drop 

vapor diffusion method at room temperature from crystal seed stocks generated using a Seed 

Bead (Hampton). One microliter of 4 mg/mL protein solution and one microliter of well solution 

(0.1 M MES (2-(N-morpholino)ethanesulfonic acid) pH 7.0, 15% PEG 20000) were mixed and 

allowed to equilibrate over 500 !L of well solution. Three-dimensional trapezoidal crystals 

formed overnight. Crystals were washed in well solution then flash frozen in liquid nitrogen. X-

ray diffraction data using monochromatic X-rays (0.96110 Å) was collected for native BexL 

crystals to 1.79 Å at Stanford Synchrotron Radiation Laboratory (SSRL) on beamline 12-2. Data 

was processed using HKL2000(36). 

Native and selenomethionine-substituted StfQ were crystallized by hanging drop vapor 

diffusion method at room temperature. Two microliters of 8 - 10 mg/mL protein were mixed 

with 2 µl of well solution (0.2 M sodium formate, 15% PEG 3350) and equilibrated over a 500 

µL well solution.  The crystals were cryopreserved in 20 % glycerol, then flash-frozen in liquid 

nitrogen. X-ray diffraction data using monochromatic X-rays (0.96110 Å) was collected for 

native StfQ crystals to 2.2 Å at Stanford Synchrotron Radiation Laboratory (SSRL) on beamline 

12-2. The multi-wavelength anomalous diffraction (MAD) data of selenomethionine-substituted 

StfQ crystals were collected to 2.70 Å at Advanced Light Source on beamline 8.2.1. Data was 

processed using HKL2000.  
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2.5.3 StfQ Phasing, Model Building, and Refinement  

StfQ was crystallized in the space group P212121 with two StfQ molecules forming a 

dimer in the asymmetric unit. The StfQ structure was solved using heavy atom phasing by multi-

wavelength anomalous diffraction (MAD) to 2.7 Å by SHELX(37). A preliminary model was 

built using Arp/Warp, which was used for iterative rounds of model building (COOT) and 

refinement (PHENIX Refine)(38-40). The resulting MAD structure was used to solve the 2.2 Å 

native StfQ structure by molecular replacement (Phaser)(41).  This was followed by refinement 

(PHENIX Refine) and model building (COOT) to yield a structure with a Rwork of 18% and Rfree 

value of 21%. The following residues could not me confidently placed in the StfQ model due to 

missing electron density: M1-D7 (chain A), M1-D7 and D119-G122 (chain B). The StfQ 

structure has been deposited to the protein data bank (PDB ID: 4P2D). 

 

2.5.4 BexL Phasing, Model Building, and Refinement  

BexL was crystallized in the space group P41212 and Matthews coefficient analysis 

suggested one BexL molecule in the asymmetric unit (Vm. of 2.39 Å3/Da and solvent content 

48.56 %). Initial phases for BexL were determined using molecular replacement (Phaser) with 

StfQ as a search model looking for one BexL molecule in the asymmetric unit. A preliminary 

model was built (PHENIX AutoBuild) and then this model used for iterative rounds of model 

building and refinement (PHENIX Refine)(42). This cycle was continued until Rfree of the model 

was significantly reduced. At this point MES and waters were added to the model using COOT 

and PHENIX Refine, respectively.  The model was further refined to achieve an Rwork of 18% 

and an Rfree of 22%. Data collection and refinement statistics can be found in Table 2-1. The 



  90 

following residues could not be confidently place in the BexL model due to missing electron 

density: E44, G45, G251, and G252. The BexL structure has been deposited to the protein data 

bank (PDB ID: 4PSQ). 

 

2.5.5 Site-Directed Mutagenesis 

BexL and StfQ mutants were generated by site directed mutagenesis using PCR with 

mutagenic primers using BexL/pET28b and pYR31 as templates, respectively. Mutagenic 

primers are listed in Table 2-2. 

 

2.5.6 Actinorhodin KS/CLF Expression and Purification 

ActKS/CLF was expressed in S. coelicolor CH999 containing the pRJC006 expression 

vector as previously described but with slight modifications(43). Fresh spores were used to 

inoculate 50 mL of Super YEME containing 50 µg/mL kanamycin. The 50 mL cultures were 

grown for 3 days at 30 °C with shaking at 250 rpm. The 50 mL cultures were transferred to 2.5 L 

baffled flasks containing 500 ml of Super YEME and 50 µg/mL kanamycin. The cultures were 

grown for an additional 2 days under the same conditions. Protein expression was induced with 

10 µg/mL thiostrepton. Cells were harvested 24 hours after induction by centrifugation (20 

minutes at 5100 rpm) and the cell pellets were stored at -80 °C. Cell pellets from 2 L of cell 

culture were resuspended in 200 mL of lysis buffer (100 mM KPi, 15% glycerol, 300 mM NaCl, 

pH 7.5, with 2 EDTA-free protease inhibitor cocktail (Roche) tablets). The cell suspension was 

lysed by sonication on ice (10 x 1 minute cycles). Cell debris was pelleted by centrifugation (1 

hour at 14000 rpm) and DNA was precipitated using streptomycin sulfate (2% final 

concentration) followed by centrifugation (45 min at 14000 rpm). The supernatant was filtered 
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using a 0.45 µm filter and 30% – 50% (NH4)2SO4 was used to precipitate ActKS/CLF overnight. 

Precipitated protein was pelleted by centrifugation (30 min at 14000 rpm) and redissolved in Ni-

binding buffer (50 mM KPi, 10% glycerol, 500 mM NaCl, 5 mM imidazole, pH 7.5). After 

resuspension, the solution was filtered using a 0.45 µm filter then bound to 2 ml of Ni-IMAC 

resin (Bio-Rad) pre-equilibrated with Ni-binding buffer and stirred at 4 °C for 1 hour. 

ActKS/CLF was eluted using Ni-binding buffer containing increasing amounts of imidazole. 

Fractions (2.5 mL each) containing between 375 mM and 750 mM imidazole were individually 

buffer exchanged into storage buffer (100 mM KPi, 10% glycerol, pH 7.5) using a PD-10 column 

(GE Healthcare) and flash frozen at -80 °C.  

 

2.5.7 Holo-ActACP, ActKR, and MAT Expression and Purification 

The S. coelicolor MAT was purified from E. coli as previously described(44). A pET-28a 

derived ActACP expression plasmid was transformed into E. coli BAP1 cells that contain a 

chromosomally encoded copy of the phosphopantetheinyl transferase (Sfp) that ensures the 

production of holo-ACP. Expression and purification was conducted as described above for 

BexL. Purified ActACP was dialyzed into storage buffer  (50 mM Tris, 100 mM NaCl, 10 % 

glycerol, 2 mM DTT, pH 8.0) and concentrated to 7 mg/ml. A pET28c derived ActKR 

expression plasmid was transformed into E. coli BL21(DE3) cells and expressed and purified as 

described above for BexL then dialyzed into storage buffer and concentrated to 8 mg/mL. 

 

2.5.8 BexL in vitro Assays 

WT and mutant BexL activity was measured using an in vitro assay based on the 

actinorhodin minimal PKS(43). The reaction volume was 250 !L containing 5 !M ActKS/CLF, 
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50 !M ActACP, 30 !M ActKR, 30 !M, BexL WT (or a BexL mutant), 2 !M MAT, 5 mM 

NADPH (Sigma) (when ActKR is present), and 5 mM malonyl-CoA (Sigma) were carried out in 

100 mM KPi (pH 7.5) at room temperature for 12 hours. The reaction mixtures were extracted 

with 300 !L of 94 : 5 : 1 of ethyl acetate : methanol : acetic acid and the organic layer was dried 

using Speed Vac Concentrator. The residual oil was resuspended in DMSO (Sigma) and subject 

to reverse-phase HPLC analysis using a Synergi Hydro-RP column (Phenomenex). The HPLC 

gradient was from 5 to 50 % MeCN in a H2O/0.1 % formic acid mixture over 15 minutes 

followed by 50 to 95 % MeCN in a H2O/0.1 % formic acid mixture over 5 min. SEK4, SEK4B, 

mutactin, and SEK34 were identified using ESI-MS, UV-Vis absorbance, and relative retention 

times. 

 

2.5.9 PKS4 KS-AT and PKS4 ACP Expression and Purification 

A PKS4 KS-AT expression plasmid was provide by Dr. Yi Tang (UCLA), transformed 

into E. coli BL21(DE3), and expressed and purified as described above for BexL. Purified PKS4 

KS-AT dialyzed into storage buffer (50 mM Tris (7.5), 10 % glycerol, 100 mM NaCl, and 2 mM 

DTT) then concentrated to 8 mg/ml. The PKS4 ACP expression plasmid was transformed into E. 

coli BAP1 cells that contain a chromsomally encoded copy of the phosphopantetheinyl 

transferase (Sfp) that ensures the production of holo-ACP. Expression and purification was 

conducted as described above for BexL. Purified PKS4 ACP was dialyzed into storage buffer 

and concentrated to 7 mg/ml. 

 

2.5.10 StfQ in vitro Assays  
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WT and mutant StfQ activity was measured using an in vitro assay based on the fungal 

PKS4 minimal PKS(45). The reaction volume was 250 !L containing 10 !M PKS4-KSAT, 50 

!M PKS4 ACP, 30 !M, StfQ WT (or an StfQ mutant), 2 !M MAT, and 5 mM malonyl-CoA 

(Sigma) were carried out in 100 mM KPi (pH 7.5) at room temperature for 12 hours. Reactions 

were extracted and analyzed using the same procedure described above for the BexL assay. 

 

2.5.11 In silico Docking Studies 

The ligands were drawn in ChemDraw and then converted to PDB files using the NCI 

SMILES converter server (http://cactus.nci.nih.gov/translate/). The ligands were energy 

minimized and converted to .mol2 files using Chimera(46). The program GOLD was used for 

docking putative phosphopantetheine-linked intermediates into the C-terminal domain of StfQ 

and N-terminal domain of BexL(47). Docking runs for BexL and StfQ were performed by 

defining the ligand binding site within 20 Å of the active site arginine (R66 of BexL, or R218 of 

StfQ) using default settings for all parameters with 100 docking trials per docking run. 

 

2.5.12 Circular Dichroism of BexL and StfQ Mutants 

Samples were collected on a JASCO J-810 Circular Dichroism Spectrapolarimeter. All 

samples were prepared by diluting protein into 25 mM tris (pH 7.5) to a final concentration of 

0.1 - 0.2 mg/ml (Figure 2-17). 
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Chapter 3 

Determining the Molecular Basis For Starter Unit Selection During Daunorubicin 

Biosynthesis 

 

3.1 Abstract 

Type II polyketides are a large class of polyaromatic natural products with anticancer, 

antibiotic, and antiviral activity. Type II polyketides are biosynthesized from malonyl-CoA 

building blocks to form an aglycone core, which is further modified by different tailoring 

enzymes. In rare cases, biosynthesis is initiated by the incorporation of a non-malonyl derived 

starter unit, which adds molecular diversity to the poly-!-ketone backbone. Starter unit 

incorporation can be mediated by one or more enzymes, which are involved in the generation 

and transfer of the starter unit onto the acyl carrier protein (ACP) that subsequently is fed into 

the downstream PKS domains. How novel starter units are primed onto PKSs remains poorly 

understood. Daunorubicin is a type II polyketide that is widely used to treat many cancers. 

Daunorubicin biosynthesis employs a unique propionyl starter unit, which is selected for by the 

enzyme DpsC. Here we present the crystal structures of apo-DpsC, acyl-DpsC, and a DpsC co-

crystal structure with a bound substrate analogue. The DpsC crystal structures reveal the 

molecular determinants for catalytic activity and propionyl substrate specificity as well as 

provide a structural basis for rational engineering of starter unit selection during daunorubicin 

biosynthesis. 
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3.2 Introduction 

Type II polyketides are a diverse group of natural products that have been a historically 

important source for pharmaceutical development(1-4). Type II polyketides include bioactive 

natural products such as daunorubicin and tetracycline, which have anticancer and antibiotic 

properties, respectively(5, 6). Daunorubicin has been used as a chemotherapeutic agent since its 

discovery in the 1950s and contains an atypical propionyl starter unit (Figure 3-1) (5, 7-9). 

Type II polyketide biosynthesis is initiated by priming the active site cysteine of the 

ketosynthase (KS) with an acetyl starter unit(10). To achieve KS priming, the majority of type II 

polyketide synthases (PKSs) decarboxylate a malonyl group in the active site of KS to form an 

acetyl-cysteine acyl-enzyme intermediate(11). Once primed, the elongation of the acyl-enzyme 

!
Figure 3-1. The diversity of starter units in type II polyketides. Daunorubicin, lomaiviticin 
R1128a, benastatin, enterocin, and oxytetracycline are all type II PKS products with novel 
starter units. Starter units are shown in bold. 
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intermediate occurs in the KS active site by decarboxylative Claisen condensations(12). 

Although KS priming by malonate is the most common method to initiate type II polyketide 

biosynthesis, alternative initiation mechanisms have been discovered, such as propionate 

incorporation in daunorubicin biosynthesis(8).  

The biosynthesis and incorporation of unique starter units in type II PKSs is an important 

area of investigation, because starter unit diversity allows for unique opportunities to expand the 

chemical space of bioactive natural products(13). Atypical starter units have been identified in 

the multiple type II PKS natural products. For example, daunorubicin (anticancer), R1128 

(anticancer), enterocin (antibiotic), benastatin (anticancer), lomaiviticin (anticancer), and 

oxytetracycline (antibiotic) all have non-acetate starter units(9, 14-19) (Figure 3-1). The genes 

responsible for starter unit synthesis and incorporation into these type II polyketides have been 

identified, and they were studied to different extents in vitro and in vivo. In the cases of 

enterocin, benastatin, and oxytetracycline, the knowledge of starter unit biochemistry was 

applied to biosynthesize new, engineered polyketides(16, 19-21). These studies highlight the 

importance of starter unit diversity in type II PKSs and the potential to generate new natural 

product analogues with improved bioactivity.  

The enzyme DpsC uses propionyl-CoA as a substrate and is responsible for incorporating 

a propionyl starter unit into daunorubicin biosynthesis(8, 22). Early in vitro studies of DpsC 

revealed that DpsC can catalyze the reactions of both a priming KS and an acyltransferase (AT) 

(Figures 3-2, 3-3A-B)(8). However, the molecular basis for the substrate specificity and catalytic 

promiscuity of DpsC is unknown. Based on protein sequence homology, DpsC is similar to 

known priming KSs (KS IIIs) such as FabH (EcFabH) from the E. coli type II fatty acid synthase 

(FAS), and a PKS KS III ZhuH from Streptomyces R1128 (12, 23). DpsC also shares high 
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sequence homology to the recently characterized enzyme CerJ from Streptomyces tendae, which 

transfers malonate and malonate-derivatives onto a type II PKS natural product(24). Because 

DpsC has unique catalytic activities and the ability to incorporate an atypical starter unit in 

biosynthesis, DpsC is an attractive target for understanding and engineering PKSs. Here, we 

present five crystal structures of DpsC: apo-DpsC, three acyl-ezymes (acetyl-, propionyl-, and 

butanoyl-DpsC), and a co-crystal structure with a substrate analogue. Our results provide a 

structural basis to explain the acyltransferase activity of DpsC, and reveal residues important for 

its substrate specificity. This information can be used to engineer DpsC to incorporate different 

!
Figure 3-2. The role of DpsC in daunorubicin biosynthesis. DpsC uses propionyl-CoA as a 
substrate to form an acyl-enzyme intermediate. The acylated active site serine of DpsC then 
reacts with malonyl-ACP (ketosynthase activity) or the PPT thiol of holo-ACP 
(acyltransferase activity). Both enzymatic activities ultimately generate a 21-carbon poly-!-
ketone intermediate, which is processed to yield daunorubicin. 
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starter units into polyketide biosynthesis. Additionally, we developed a phosphopantheine 

analogue that can be loaded onto the acyl carrier protein (ACP) and stabilize ACP/DpsC 

interactions. 

 

 

 

3.3 Results and Discussion 

3.3.1 Overall Structure of DpsC 

The crystal structure of DpsC reveals a thiolase fold common to ketosynthases and the 

recently reported acyltransferase CerJ(24) (Figure 3-4A and 4B). DpsC crystallized in the space 

group P6522 with two DpsC molecules per asymmetric unit, and the crystals diffracted to a 

!!
Figure 3-3. The active site residues and proposed mechanisms of DpsC AT and KS activity. 
(A) The DpsC active site contains a Ser-His-Asp catalytic triad that is responsible for acyl 
transfer. In the proposed mechanism of DpsC acyl transfer, Ser118 is activated as a 
nucleophile for acylation because of a neighboring His297 that forms a hydrogen bond with 
the hydroxyl proton on Ser118. The His297 is further stabilized by a neighboring aspartate. 
(B) DpsC also catalyzes decarboxylation of malonyl-ACP, which elongates the acyl-enzyme 
intermediate. !
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resolution of 2.5 Å. The two DpsC monomers form a tight homodimer, with each monomer 

related by a 2-fold rotational axis of non-crystallographic symmetry. The extensive DpsC dimer 

interface area is estimated to be 2745.3 Å2 (PISA)(25). When overlaid, the DpsC monomers are 

nearly identical with an overall RMSD of 0.18 Å. The DpsC core secondary structure consists of 

two !-"-!-"-(!)-"-!-! motifs connected by a series of loops, which is similar to other known KS 

!
Figure 3-4. The crystal structures of DpsC, acetyl-DpsC, propionyl-DpsC, butanoyl-DpsC, 
and DpsC substrate analogue (4) co-crystal. (A) Front view of the DpsC homodimer with 
monomer A in green and monomer B in blue. (B) Top view of the DpsC homodimer. (C) 
Front view of the overlaid crystal structures of DpsC, acetyl-DpsC, propionyl-DpsC, 
butanoyl-DpsC, and DpsC substrate analogue (4) co-crystal. Each structure is a different 
shade of green. (D) Top view of the overlaid crystal structures of DpsC, acetyl-DpsC, 
propionyl-DpsC, butanoyl-DpsC, and DpsC substrate analogue (4) co-crystal in different 
shades of green. 
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structures and CerJ(12, 23, 24). The DpsC structure can be further split into two !-"-!-"-(!)-"-!-

! motifs, as defined by the N- and C-terminal sections. The N-terminal core motif consists of 

N"1-N"3, N!1-N!5, and loops L1-L8. L1 contains two "-helices and two !-sheets designated 

L1("1), L1("2), L1(!1), and L1(!2). The C-terminal core motif consists of C"1-C"3, C!1-C!4, 

and loops L9-L15. L9 contains two "-helices designated L9("1), and L9("2). L12 contains one 

"-helix designated L12("1). In DpsC, the missing !-strand in the second core motif is a small 

loop between C"2 and the L12("1) region (Figure 3-5A-5B). In summary, DpsC contains a 

thiolase fold similar to other KSs and the acyltransferase CerJ.  

 

3.3.2 Comparison of DpsC With Other KS IIIs and ATs  

The DpsC Ser-His-Asp active site is unique among known KS III enzymes, which have a 

conserved Cys-His-Asn catalytic triad(12, 23, 26). In KS IIIs, the active site cysteine is acylated 

! !
Figure 3-5. The secondary structural elements of DpsC. The DpsC dimer is shown with 
monomer A colored by secondary structure and monomer B outlined in black and white. "-
Helices are in cyan, !-sheets are in red, and loop regions are in magenta. The double !-"-!-"-
(!)-"-!-! core motifs are displayed on the left. The active site serine is shown in spheres and 
the secondary structure elements of the active site pocket entrance are displayed on the right.  
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!
Figure 3-6. The crystal structures and active sites of DpsC, CerJ, ZhuH, and FabH with 
monomers A and B in different shades of green and blue, respectively. (A) The crystal 
structure of DpsC. (B) The crystal structure of CerJ. (C) The crystal structure of ZhuH. (D) 
The crystal structure of FabH. (E) The actives sites of DpsC, CerJ, ZhuH, and FabH. The 
DpsC and CerJ active sites have the same overall orientation of the catalytic triad. In 
comparison, DpsC has serine and CerJ has cysteine as the active site nucleophile. The 
orientation of active site residues of ZhuH and FabH are different than DpsC and CerJ. ZhuH 
and FabH both contain cysteine as the active site nucleophile, but their active site histidine is 
not engaged in hydrogen bonding with the cysteine. In ZhuH and FabH, the histidine and 
asparagine are important for decarboxylation of malonyl-ACP, not acyl-transfer.!
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with an acyl-CoA derived starter unit, and histidine and asparagine facilitate decarboxylative 

condensation with malonyl-ACP(12). In contrast to KS IIIs, DpsC contains a Ser-His-Asp 

catalytic triad (Figures 3-6E). Namely, in DpsC, the highly conserved cysteine is replaced with a 

serine (Ser118), which is located on the L5 loop at the N-terminal end of N!3 in both DpsC and 

other KS IIIs. The location of the active site nucleophile (Cys in all known KSs except DpsC) 

has increased nucleophilic character because of the helix dipole effect, which lowers the pKa of 

the active site cysteine (or serine)(27, 28). The active site histidine (His297) and aspartic acid 

(Asp302) of DpsC are located on helix C!3 and loop L12, respectively. This positioning differs 

significantly from the locations of His243 and Asn274 in the EcFabH crystal structure (PDB ID: 

1EBL), as well as the equivalent active site residues of ZhuH (PDB ID: 1MZJ), which is a 

polyketide KS III (12, 23) (Figure 3-7). His243 and Asn274 of EcFabH are located on loop L11 

and loop L12, respectively (Figure 3-7A). Asn274 of EcFabH occupies the same position as 

His297 of DpsC but when overlaid the Asn274 side chain is positioned orthogonally to His297 

of DpsC. Moreover, Asn274 of EcFabH does not form a hydrogen bond with the active site 

cysteine (C112)(Figures 3-6E and 3-7). In DpsC, His297 of DpsC is positioned at the back of the 

active site pocket below the catalytic Ser118 and is less accessible to the substrates when 

compared to Asn274 of EcFabH. Further, His297 of DpsC forms a tight hydrogen bond with 

Ser118, which increases the nucleophilicity of Ser118. His297 of DpsC also forms a hydrogen 

bond with Asp302, which is located on helix C!3 in the interior of DpsC below the active site 

Ser118 (Figure 3-7). Asp302 further increases the nucleophilicity of Ser118 by polarizing 

His297. Interestingly, the Ser-His-Asp catalytic triad of DpsC is more closely related to serine 

protease Ser-His-Asp catalytic triads or acyltransferase (ATs) Ser-His catalytic dyads than 

typical KS active site triads (Cys-His-His or Cys-His-Asn)(29, 30).  
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The acyltransferase CerJ has an overall sequence identity of 41 % with DpsC and also a 

similar active site. The CerJ active site consists of Cys-His-Asp, which only differs from DpsC 

by the replacement of cysteine with serine. The DpsC and CerJ active sites residues are 

!

!
Figure 3-7. The differences in spatial orientation between the DpsC and EcFabH active site 
residues. (A) In DpsC, Ser118, His297, and Asp302, are located on L5, L12, and C!3, 
respectively. (B) In EcFabH, Cys112, His243, and Asn274, are located on L5, L12, and L11, 
respectively. (C) His297 and Asp302 of DpsC are behind the active site pocket and His297 is 
positioned so that the aromatic ring stacks against the side of the pocket. (D) His243 and 
Asn274 of EcFabH are positioned to the side of the active site pocket with both of their side 
chains able to form hydrogen bonds with substrates in the active site. 
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positioned at the same secondary structural elements and in the same orientation (Figure 3-6E). 

CerJ, DpsC, and other KS IIIs all have the same fold, but CerJ does not catalyze decarboxylative 

elongation(24). Instead, CerJ catalyzes the transfer of malonyl, methylmalonyl, and 

dimethylmalonyl groups onto a sugar moiety of the type II polyketide cervimycin(24). Based on 

the active site triad analysis above, DpsC displays acyltransferase activity because it contains a 

similar active site arrangement to CerJ and other ATs. However, the ability of DpsC to catalyze 

decarboxylative condenstation is surprising, because the DpsC active site differs from known KS 

IIIs. In EcFabH, His243 is essential for decarboxylation. In contrast, the structurally equivalent 

position on the L11 loop of DpsC is occupied by P225. The next residue on loop L11 in DpsC is 

histidine (His226), but it is buried deep behind the active site and is not structurally accessible 

for decarboxylation. Near the DpsC active site, there is another histidine (His198), which is 

located in the active site tunnel 7.8 Å away from Ser118. Although His198 is quite far from 

Ser118, molecular docking of a decarboxylation substrate mimic, malonyl-pPant, revealed that 

His198 can form a hydrogen bond with a substrate carbonyl and may facilitate decarboxylation 

(Figure 3-8). The DpsC catalyzed decarboxylative condensation mechanism is unknown. 

However, based on the structural comparisons with EcFabH and molecular docking with 

malonyl-pPant, DpsC may employ a previously uncharacterized His198-dependent 

decarboxylation mechanism. 

 

3.3.3 Acetyl-, Propionyl-, and Butanoyl-DpsC Crystal Structures 

DpsC has been shown to accept acetyl-CoA, propionyl-CoA, and butanoyl-CoA as its 

substrates. However, propionyl-CoA is considered the biological substrate of DpsC, because 

acetyl and butanoyl starter units are not incorporated into daunorubicin biosynthesis(8). To gain 
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a better understanding of how DpsC recognizes acyl-CoAs, we solved three co-crystal structures 

of DpsC bound with different acyl groups. Apo-DpsC crystals were soaked with acetyl-CoA, 

propionyl-CoA, and butanoyl-CoA to generate the acyl-enzyme structures acetyl-DpsC, 

propionyl-DpsC, and butanoyl-DpsC, respectively (Figures 3-4C-D and 3-9). The acyl-enzyme 

!
Figure 3-8. The results of molecular docking of pPant and malonyl-pPant into the propionyl-
DpsC active site. (A) To understand the mechanism of acyl transfer from Ser118 of DpsC to 
holo-ACP, pPant was docked into the propionyl-DpsC active site crystal structure. Lys221 
interacts with the terminal phosphate and at the opposite end of the pPant the thiol comes in 
close contact with the ester carbon of the acyl-enzyme intermediate. (B) Lys221 interacts with 
the terminal phosphate and acts as an anchoring point for pPant binding. The carboxylate is 
pushed into the active site pocket and forms a hydrogen bond with Thr163. The thioester 
carbonyl of the malonyl moiety forms a hydrogen bond with His198, which may facilitate 
decarboxylation by stabilizing the resulting enolate. Additionally, electrostatic repulsion 
between the malonyl carboxylate and Asp160 may be a driving force for decarboxylation. (C) 
The proposed mechanism of DpsC catalyzed decarboxylation involving His198 and Asp160.  
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Figure 3-9. The active sites and SA omit maps of the DpsC, acetyl-DpsC, propionyl-DpsC, 
and butanoyl-DpsC. DpsC active site (A), acetyl-DpsC (B), propionyl-DpsC (C), and 
butanoyl-DpsC (D). SA omit maps of the DpsC active site (E), acetyl-DpsC (F), propionyl-
DpsC (G), and butanoyl-DpsC (H)*. 

*For SA omit maps in E-H, the active site of monomer A is on the left and the active site of 
monomer B is on the right. Acyl groups are colored in cyan. 
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structures overlay very well with the apo-DpsC structure, with overall RMSDs of less than 0.18 

Å. In all DpsC structures, the L9 loop has elevated B-factors for both monomers (Figure 3-10). 

Residues Gln212-Arg213 in the apo-DpsC structure and residue Arg213 in the L9 loop region of 

the acetyl-DpsC structure could not be modeled because of a lack of electron density. In the apo-

DpsC structure, the active site Ser118 hydroxyl is 2.7 Å from His297. In the acetyl-, propionyl, 

and butanoyl-DpsC structures, the Ser118 hydroxyls are 3.2 Å, 3.1 Å, and 3.1 Å from His297, 

respectively. In all acyl-enzyme DpsC structures the Ser118 ester carbonyl sits in an oxyanion 

hole formed by the amide protons of Val117 and Ala329 (Figure 3-9B-D). In the apo-DpsC 

structure, water is bound in the oxyanion hole formed by the amide NH of Val117 and Ala329 

(Figure 3-9A). The binding of acyl-Ser118 in the oxyanion hole pulls Ser118 away from His297 

and facilities the attack of a nucleophile (holo-ACP or decarboxylated malonyl-ACP). When the 

acyl-enzyme intermediate reacts with holo-ACP or decarboxylated malonyl-ACP, a tetrahedral 

intermediate is formed in the oxyanion hole. For propionyl-ACP to leave the active site, the 

tetrahedral intermediate must collapse and transfer the negative charge to the Ser118 oxygen, 

which is stabilized by a protonated His297. The active sites of acetyl-, propionyl-, and butanoyl-

DpsC are all very similar with respect to distances between the active site residues and acyl-

serine carbonyl group with the oxyanion hole. The acyl binding region is the same in all DpsC 

acyl-enzyme crystal structures and consists of Leu93, Leu86, Val117 (Figure 3-9). Leu93 is 

located on loop L3 from the opposite monomer and is a major determinant of pocket length. It is 

currently not known how only the propionyl starter unit is incorporated into biosynthesis.  

There are multiple hypotheses regarding the above phenomenon. In the PKSs, the proof-

reading thiosterases have been shown to remove incorrect starter units from ACP, which ensures 

the biosynthesis of correct products(31, 32). Additionally, an AT was shown to hydrolyze 
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Figure 3-10. B-factor representations of DpsC, acetyl-DpsC, propionyl-DpsC, butanoyl-
DpsC, and DpsC substrate analogue (4) co-crystal. (A) B-factor representation of DpsC. (B) 
B-factor representation of acetyl-DpsC. (C) B-factor representation of propionyl-DpsC. (D) 
B-factor representation of butanoyl-DpsC. (E) B-factor representation of DpsC substrate 
analogue (4) co-crystal.!
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incorrectly-loaded acyl-ACPs in a type I PKS(33). These results demonstrate that PKSs are 

capable of using different enzymes to ensure that ACP is loaded with the correct acyl starter unit. 

Biochemical experiments are currently underway to understand the role DpsC might play in a 

starter unit editing mechanism during daunorubicin biosynthesis. 

 

3.3.4 DpsC Co-crystal Structure With a Substrate Analogue  

Studying protein-protein interactions between an ACP and its partner enzymes is difficult 

because of the transient nature of these interactions(34). The idea of mixing and matching 

enzymes and domains from different biosynthetic pathways to generate new products is an 

attractive idea. Despite the potential in this area, it is difficult to successfully mix and match 

enzymes from different pathways because we lack specific knowledge of protein-protein 

interactions (35). Understanding the role of protein-protein interactions between biosynthetic 

enzymes is necessary for effective combinatorial biosynthesis (Figure 3-11). To study 

ACP/DpsC protein-protein interactions, we developed a propyl-amide pantetheine analogue (3) 

that could be loaded onto the ACP and induce stable complex formation with DpsC (Figures 3-

12 and 3-13).  Compound 3 was synthesized by coupling a protected pantetheine analogue (1) 

with propanoic acid, and deprotection of the coupled product yielded 3, which mimics both the 

propionyl-phopsopanthetheine of the propionyl-CoA substrate and the product propionyl-ACP. 3 

can be loaded onto ACP using enzymes involved in CoA biosynthesis and Sfp, a 

phosphopantetheinyl transferase, to yield 4 (Figure 3-13). Results of DpsC complex formation 

using 4 will be discussed in section 3.3.5. Mimic 3 can also be chemoezymatically 

phosphorylated using the enzyme CoaA at the terminal hydroxyl position to yield propionyl-

phopsopanthetheine (5), which was co-crystallized with DpsC to reveal the pantetheine binding 
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tunnel and determine if the propionyl group binds in the same location and orientation as in the 

acyl-DpsC structures. 

In the DpsC co-crystal structure, 5 is located in the tunnel leading to the active site of 

DpsC in both monomers, although the electron density for 5 is slightly better defined in 

monomer A (Figure 3-14E). Lys221 (L9-!2) and Arg271 (C!2) interact strongly with the 

terminal phosphate of 5, demonstrating the importance of the pPant phosphate for binding 

(Figure 3-14A-B). Moving towards the active site, the dimethyl moiety of 5 binds a 

hydrophobic pocket between C!1, L9-!2, and L9-!1. The hydroxyl group of 5 does not have any 

direct hydrogen bonds with DpsC; however, a water molecule is tightly coordinated between this 

hydroxyl group, the terminal phosphate, and an amide proton of 5 (Figure 3-14C). The two 

!
Figure 3-11. The role of protein-protein interactions in type II polyketide biosynthesis. 
Protein-protein interactions between the ACP and other enzymes in type II PKSs produce a 
variety of structurally complex natural products.!
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central carbonyl groups of 5 interact with the same water molecule and also do not have direct 

interactions with DpsC. The ethylene group, on the other hand, has hydrophobic interactions 

with Val327 (C!3). Finally, the propyl-amide binds the active site and is poised for acyl transfer 

onto Ser118, with the carbonyl group 3.0 Å away from Ser118 (Figure 3-14B). The amide 

carbonyl group forms hydrogen bonds with the backbone amide protons of Ala329 and Ser118, 

which is very similar to the interaction observed for the ester carbonyl groups in all other acyl-

DpsC co-crystal structures. The hydrophobic propionyl moiety binds a hydrophobic cleft formed 

by Leu217, Leu93, Leu86, and Val117 (Figure 3-14B). When overlaid with the propionyl-DpsC 

structure, the DpsC co-crystal structure with 5 shows that the propionyl group of Ser118 is in 

almost the exact same orientation as the propionyl group of 5 (Figure 3-14D). In summary, the 

!
Figure 3-12. Forms of ACP in vivo and a schematic diagram of loading ACP with chemical 
probes to stabilze ACP/protein complexes in vitro. ACP is post-translationally modified with 
phosphopantetheine (pPant) to form holo-ACP. The growing polyketide is linked via a 
thioester bond to the thiol of pPant. ACP has also been shown to sequester, or protect, the 
growing intermediate during biosynthesis. Apo-ACP can be purified and chemoenzymatically 
loaded with pPant analogues that contain specific chemical groups that stabilize protein-
protein interactions between ACP and target enzymes.!
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DpsC co-crystal structure shows that 5 extends deep into the active site, and when linked to the 

ACP, both the propionyl and pPant groups may stabilize the interaction between the ACP and 

DpsC.  

 

 

!
Figure 3-13. Chemical modification of ACP using mechanism-based pantetheine analogue 
probes. Pantetheine amine (1) is a protected analogue of pantetheine (2) that can be coupled 
with a carboxylic acid, and after deprotection it yields pantetheine analogues with stable 
amide linkages. These analogues can be loaded onto ACP in vitro using enzymes from the 
CoA biosynthetic pathway, or it can be directly phosphorylated to form substrate mimics for 
co-crystallization such as (4). (B) The DpsC acyltransfer reaction yielding propionyl-ACP. 
Propionyl-ACP with an amide linkage (3) can be generated using this methodology. The 
propionyl-ACP containing the amide linkage can then be used to stabilize the ACP/DpsC 
complex in vitro. *Dr. Gaurav Shakya synthesized the propyl-pantetheine analogue 3. 

!
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3.3.5 ACP/DpsC Complex Formation Studies 

To generate a stable ACP/DpsC complex for crystallization studies, 3 was 

chemoenzymatically loaded onto DpsG, the ACP from the daunorubicin biosynthesis pathway, 

Figure 3-14. The DpsC active site and residues that interact with phosphopantetheine 
analogue (5). (A) A view looking from the solvent towards the active site tunnel of DpsC. 
Lys221 (!-7) and Arg271 (!-10) anchor the phosphate of 5 and the dimethyl moiety of 5 sits 
between !-7 and !-8.  (B) The substrate analogue 4 is bound in the active site of DpsC by a 
series of hydrogen bonds, hydrophobic interactions, and charge-charge interactions. Lys221 
and Arg217 form salt bridges to the phosphate moiety of the phosphopantetheine analogue at 
the solvent exposed face. The hydrophobic groups of the pantetheine portion of the analogue 
interact with Met197, Val234, Phe331, and Val327. The propionyl moiety sits in the active 
site with the amide carbonyl forming hydrogen bonds the amide hydrogens of the backbone 
residues Ala329 and Ala118. The hydrophobic portion of the propionyl moiety forms 
hydrophobic contacts in the acyl-binding region with Leu86, Leu93, Val117, and Leu217.   
(C) A series of water molecules forms hydrogen bonds with the phosphopantetheine moiety. 
(D) An overlay of the propionyl-DpsC and DpsC co-crystal with 5 showing similar 
orientations of the propionyl group. (E) SA omit maps of 5 bound to DpsC (monomer A, top, 
and monomer B, bottom). 
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to form 4 (Figure 3-13A). 4 was then incubated with purified DpsC and found to induce complex 

formation in solution and the ACP/DpsC complex was purified by gel filtration chromatography 

(Figure 3-15). The ACP/DpsC complex was crystallized in a different crystallization condition 

than DpsC. Intensity data was collected and the structure solved to 2.6 Å, but the ACP was not 

present in the electron density. To determine if the ACP was present in the crystals, individual 

!
Figure 3-15. Formation of the ACP/DpsC complex and analysis by size exclusion 
chromatography. (A) The ACP/DpsC complex can be purified using gel filtration 
chromatography (blue). DpsC alone (red trace) elutes after the ACP/DpsC complex 
suggesting a smaller size in solution than the ACP/DpsC complex. Crystals were also 
generated using  the purified ACP/DpsC complex but were found to only contain DpsC. (B) 
SDS-PAGE analysis of DpsC alone after gel filtration. The black bar above the gel lanes 
corresponds to fractions collected under the black bar on the gel filtration chromatogram. (C) 
SDS-PAGE analysis of the ACP/DpsC complex after gel filtration. ACP co-elutes with DpsC 
suggesting the formation of a stable ACP/DpsC complex.!
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crystals were extensively washed and then dissolved in acetonitrile for MALDI analysis. MALDI 

revealed a clear mass signal for 4 present in the crystals; therefore, it was surprising when the 

!

!
Figure 3-16. Glycosylated natural products containing an acylated hydroxyl or thiol and 
putative acyltransferase enzymes identified from a protein BLAST search of DpsC. (A) 
Natural products with DpsC homologues present in their gene clusters. Possible acylation 
sites are highlighted in bold. (B) A table describing DpsC homologues identified by a protein 
BLAST from known gene clusters that produce products that contain acylated substructures.!
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ACP was not present in the electron density. It is possible that ACP was tightly associated to the 

outside of the crystal lattice but not present in the internal repeating asymmetric unit. The stable 

ACP/DpsC complex may have dissociated during crystal formation and excluded the ACP 

during lattice formation.  This may explain why the ACP/DpsC complex grew in a different 

crystal condition that DpsC alone. 

!

3.3.6 Bioinformatic Analysis Linking DpsC to AT/KSs  

The active site of DpsC contains an atypical Ser-His-Asp catalytic triad, which has 

elements of a KS active site and also an AT active site. DpsC contains a thiolase fold, which is 

characteristic of KSs, and DpsC can act as both a KS and an AT. Taken together, these 

observations suggest that DpsC sits at the crossroads between a KS and an AT. A protein 

BLAST search using the amino acid sequence of DpsC revealed many uncharacterized bacterial 

enzymes annotated as KS III-like enzymes. Although many of the enzymes identified by BLAST 

have no verified function, a small set of enzymes from known biosynthetic gene clusters were 

found. The AT CerJ, which is discussed above, shares the highest sequence identity with DpsC 

among BLAST hits with known structures. A series of other putative KS IIIs were identified 

along with the natural product produced from their biosynthetic gene clusters and aligned  in 

Figures 3-16 and 3-17. Interestingly, most of the putative KS III enzymes are from gene clusters 

whose products contain acylated glycosides, such as the gene cluster containing CerJ. By visual 

inspection, we identified acylation sites in the natural products from the biosynthetic pathways 

with DpsC homologues (Figure 3-16). The DpsC homologues in these gene clusters may use 

acyl-CoAs as substrates to acylate glycosides similar to CerJ; therefore, their active sites are 

expected to have residues and sizes that reflect their corresponding substrate specificity. 
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Figure 3-17. Sequence alignment of putative DpsC homologues. The active site residues are 
marked with a red dot and residues in the acyl binding region are marked with a blue dot. 
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Homology models of DpsC homologues identified by BLAST were generated and overlaid with 

DpsC structure to determine their putative active site residues, especially with regard to substrate 

binding. A sequence alignment of DpsC homologues was also generated (Figure 3-16).  

The table describing residues surrounding the active sites of the homology models is 

detailed in Figure 3-18. There is a clear trend that the size of the putative substrate is directly 

correlated with the size of the substrate pocket, as reflected by decreasing size of the side chains 

of residues that define the substrate pocket. For example, residues corresponding to Leu93 of 

!
Figure 3-18. Analysis of active site and acyl binding region residues of DpsC homologues. 
(A) A table comparing the active site, middle pocket, and active site loop residues of DpsC 
homologues. (B) DpsC active site displaying residues in the acyl binding region. (C) The 
active site of the AviN homology model showing the effect of smaller middle pocket residues 
on pocket size. The AviN active site is much larger than the DpsC active site and also 
contains F211, which may form !-! stacking interaction with an aromatic substrate. 
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DpsC invariably change to glycine as the putative substrate size increases. There is also a clear 

switch in the middle pocket residue corresponding to Leu217 of DpsC as the substrate goes from 

aliphatic to aromatic. Further, the residue Leu217 of DpsC is located at the side of the active site 

pocket and changes to an aromatic residue, phenylalanine or tyrosine, as the substrate becomes 

aromatic. This trend at the Leu217 position may occur because of favorable !-! stacking 

between phenylalanine or tyrosine and an aromatic substrate. Finally, residues at the top and 

bottom of the active site pocket, corresponding to Val117 and Tyr165 of DpsC, also change to 

smaller residues as the substrate becomes larger (Figure 3-18). In summary, the above analysis of 

DpsC homologues with different substrate specificities not only helps determine residues 

important for substrate specificity, but it also has revealed insights into how the DpsC active site 

could be engineered to introduce new starter units into biosynthesis.  

 

3.3.7 Conclusion 

Five different DpsC crystal structures were reported in this work: apo-DpsC, three acyl-

DpsC structures, and a DpsC co-crystal structure with the substrate analogue 5. Collectively, 

these structures reveal that the DpsC Ser-His-Asp active site catalytic triad differs from other KS 

III active site triads (Cys-His-Asn). Rather, the geometry of the DpsC active site more closely 

resembles the active site of the acyltransferase CerJ, a first observation for a type II priming KS. 

All three acyl-DpsC crystal structures display the acyl group bound in a hydrophobic cleft at the 

end of the active site pocket, with the Ser118 acyl ester carbonyl bound in the oxyanion hole 

formed by the amide protons of Ala329 and Ser118. The Ser118 hydroxyl oxygen is stabilized 

by His297, which is further stabilized by Asp302. This increases the nucleophlicity of Ser118 

and helps explain the acyltransferase activity of DpsC. The DpsC co-crystal structure with 5 
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 Apo-DpsC Acetyl-DpsC Propionyl-DpsC Butanoyl-DpsC DpsC co-crystal  
with 5 

Crystallization 0.18 M sodium 
citrate, 26 % PEG 

3350 

0.18 M sodium 
citrate, 26 % PEG 

3350 

0.18 M sodium 
citrate, 26 % PEG 

3350 

0.18 M sodium 
citrate, 26 % PEG 

3350 

0.18 M sodium 
citrate, 26 % PEG 

3350 
Crystallographic 

Data 
     

Wavelength (Å) 0.9999 0.9775 1.0000 0.9999 0.9795 

Space Group P6522 P6522 P6522 P6522 P6522 

Cell Dimension       
a, b, c (Å) 

90.033, 90.033, 
304.689 

91.213, 91.213, 
315.643 

91.477, 91.477, 
316.833 

91.382, 91.382, 
315.783 

89.702, 89.702, 
302.704 

 !="=90°, #=120° !="=90°, #=120° !="=90°, #=120° !="=90°, #=120° !="=90°, #=120° 

Resolution (Å) 50.00 - 2.50 50.00-2.40 50.00 - 2.40 50.00 - 2.20 50.00-2.30 

No. of observations 557086 500940 857439 411366 479239 

No. of unique 
observations 

26403 31516 40753 40709 33191 

Completeness %  99.3 (98.8) 100.00 (100.00) 99.6 (99.2) 99.9 (100) 100.0 (100.0) 

I/$(I)  24.1 (6.0) 18.6 (4.3) 25.0 (5.3) 18.4 (2.6) 19.8 (6.0) 

Rmerge % 14.2 (65.0) 13.9 (79.9) 16.5 (75.9) 11.3 (81.9) 17.8 (44.3) 

Redundancy 21.1 15.9 22.5 10.1 14.4 

Refinement      

Resolution (Å) 50.00 - 2.50 (2.59 - 
2.50) 

50.00 - 2.40 (2.49 - 
2.40) 

50.00 - 2.4 (2.49 - 
2.40) 

50.00 - 2.20 (2.28 - 
2.20) 

50.00 - 2.30 (2.38 - 
2.30) 

No. of protein atoms 5058 5068 5102 5104 5073 

No. of ligand atoms 0 0 0 0 
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No. of water atoms 173 248 572 431 316 

Rfree % 20.88 (23.47) 21.57 (29.88) 20.29 (24.10) 22.49 (31.98) 19.76 (23.02) 

Rcrys % 16.18 (18.96) 17.70 (20.80) 16.64 (18.10) 17.79 (25.03) 15.93 (17.81) 

Geometry      

RMS bonds (Å) 0.008 0.023 0.009 0.008 0.008 

RMS angles (°) 1.09 1.40 1.17 1.16 1.10 

Ramachandran 
Favored (%) 

98.00 96.00 97.00 96.00 98.00 

Ramachandran 
Allowed (%) 

1.55 3.55 2.56 3.41 1.70 

Ramachandran 
Dissallowed (%) 

0.45 0.45 0.44 0.59 0.30 

Average B-factors 
(Å2) 

     

Protein 32.40 34.30 17.50 29.90 29.00 

Water 33.80 35.30 26.40 35.70 40.20 

Ligands N/A N/A N/A N/A 33.10 

 
Table 3-1. DpsC crystallographic data collection and refinement statistics.  
*Numbers in parentheses denote the highest resolution shell.  
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revealed important binding interactions between the pPant and DpsC and demonstrated how the 

acyl binding region orients the substrate. In an attempt to crystallize an ACP/DpsC complex, 5 

was loaded onto the ACP (DpsG) and incubated with DpsC to form a complex. The ACP/DpsC 

complex was purified using gel filtration chromatography and crystallization was attempted; 

however, this did not yield an ACP/DpsC complex crystal structure. Nevertheless, this 

methodology proves that relatively simple pantetheine analogues can be used to stabilize non-

covalent protein-protein interactions between an ACP and target enzymes. 

 

3.4 Materials and Methods 

3.4.1 Expression and Purification of DpsC  

The pET-28b(+) (Novagen) derived DNA plasmid encoding N-terminal His-tagged DpsC 

(DpsC/pET28b) was generously provided by Dr. John Crosby. The DpsC/pET28b plasmid was 

transformed into E. coli BL21(DE3) competent cells and plated on LB-agar plates containing 

kanamycin (50 !g/mL). The plates were incubated overnight at 37 °C. Positive transformants 

were transferred to a 5 mL starter culture of Luria-Bertani (LB) broth containing kanamycin (50 

!g/mL) and grown overnight at 37 °C with shaking, which was then used to inoculate one liter of 

LB with kanamycin (50 !g/mL). Cultures were grown at 37 °C until the A600 reached 0.4 – 0.6. 

The cells were then cooled to 18 °C, and 0.1 mM IPTG was added to induce protein expression. 

After 12-18 hours of incubation at 18 °C, the cells were harvested by centrifugation at 5000 rpm 

for 10 minutes. The cell pellets were flash-frozen in liquid nitrogen and stored at -80 °C. The 

frozen cell pellets were thawed on ice and resuspended in lysis buffer (50 mM Tris pH 8.0, 300 

mM NaCl, 10% glycerol, 10 mM imidazole). The cell suspension was lysed using sonication (8 x 

30 s cycles), and cellular debris was removed by centrifugation at 14000 rpm for 45 minutes. The 
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lysate was incubated with 5 mL Ni-IMAC resin (BioRad) at 4 °C for one hour. The resin was 

poured into a fritted column and the flow-through fraction was collected. The resin was washed 

with 100 mL of lysis buffer then eluted with lysis buffer plus increasing amounts of imidazole 

(20-500 mM). The elutions were analyzed using SDS-PAGE, and the elutions containing the 

protein of interest were combined and dialyzed overnight into storage buffer (50 mM Tris pH 

8.0, 100 mM NaCl, 10% glycerol). One unit of bovine thrombin (Sigma) per mg of DpsC was 

added to the combined protein elutions prior to dialysis to cleave the N-terminal His-tag. 

Following the dialysis, DpsC was incubated with Ni-IMAC resin and passed over a fritted 

column to remove any uncleaved DpsC and the flow through was analyzed by MALDI-TOF MS 

to confirm cleavage of the His-tag (data not shown). The cleaved DpsC protein was then 

concentrated to 5 mg/ml, buffer exchanged into crystallization buffer (25 mM Tris, pH 7.5), and 

flash frozen in liquid nitrogen. 

 

3.4.2 Crystallization of DpsC, Acetyl-DpsC, Propionyl-DpsC, Butanoyl-DpsC, and DpsC + 

Propyl-pPant Analogue 

Frozen aliquots of DpsC were thawed on ice then filtered with a 0.22 !M filter prior to 

crystallization. DpsC was crystallized using the sitting drop vapor diffusion method at room 

temperature from crystal seed stocks generated using a Seed Bead (Hampton). Crystals were 

grown by adding one microliter of 5 mg/mL protein solution to one microliter of well solution 

(0.18 M sodium citrate, 26% PEG 3350) containing crystal seeds and allowed to equilibrate with 

500 !L of well solution. Three-dimensional hexagonal crystals formed over one week. For 

acetyl-DpsC, propionyl-DpsC, and butanoyl-DpsC, seeded wild type DpsC crystals were soaked 

with 5 mM acetyl-CoA, 5 mM butanoyl-CoA, or 5 mM propionyl-CoA 12-16 hours before being 
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frozen in liquid nitrogen. For co-crystallization with 5, DpsC was incubated on ice for one hour 

with 5 mM of 5, and diffraction quality crystallization was achieved with multiple rounds of 

seeding, starting with wild type DpsC crystals and subsequent rounds with co-crystal seeds. X-

ray diffraction data was collected for apo-DpsC and all acyl-DpsC crystals at the Advanced Light 

Source (ALS) using either Beamline 8.2.1 or 8.2.2. The resolution of the data sets were 2.50!Å, 

2.40!Å, 2.40!Å, and 2.20!Å, for apo-, acetyl-, propionyl-, and butanoyl-DpsC, respectively. 

Diffraction data for the DpsC-propyl pantetheine analogue 5 co-crystals was collected at the 

Stanford Synchrotron Radiation Laboratory (SSRL), Beamline 12-2, to a resolution of 2.30 Å%!

All data were processed using indexed, integrated, and scaled using HKL2000(36). 

Crystallographic data and refinement statistics are presented in Table 3-1. 

 

3.4.3 DpsC Phasing, Model Building, and Refinement  

DpsC crystallized in the space group P6522 with two DpsC monomers forming a dimer in 

the asymmetric unit. The apo-DpsC structure was solved using molecular replacement (Phaser) 

with CerJ (PDB ID: 3S3L) as a starting model(37). A preliminary model was built using 

(PHENIX AutoBuild), which was then used for iterative rounds of model building (COOT) and 

refinement (PHENIX Refine)(38-40). The model was refined to an Rwork of 16.2% and Rfree of 

20.9%. Acetyl-DpsC, propionyl-DpsC, butanoyl-DpsC, and DpsC co-crystal with 5 were all 

solved by molecular replacement using the apo-DpsC structure as a search model. Model 

building and refinement were carried out in a similar manner as described to DpsC above with a 

few exceptions. For acetyl-, propionyl-, and butanoyl-DpsC, after multiple rounds of refinement, 

there is well-defined electron density for the acyl groups attached to Ser118. The acyl-serine 

moiety was added using COOT and further refined. For the DpsC co-crystal with 5, after 
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multiple rounds of refinement, there is well-defined electron density for 5. The ligand was drawn 

in ChemDraw and converted to a PDB using the NCI SMILES converter server 

(http://cactus.nci.nih.gov/translate/). The ligand was manually docked in the DpsC active site 

using COOT with restraints generated using PHENIX Elbow(41). Data collection and refinement 

statistics for all structures can be found in Table 3-1. 

 

3.4.4 DpsG Expression and Loading Reaction 

A pET-28b(+) (Novagen) derived DNA plasmid encoding N-terminal His-tagged DpsG 

(DpsG/pET28b) was generously provided by Dr. John Crosby. The expression and purification 

of DpsG was accomplished as described above to DpsC with a few minor differences. To obtain 

apo-DpsG, cells were grown at 37 °C until the A600 reached 1, which was then induced with 0.1 

mM IPTG and grown for an additional 4 hours at 37 °C. Cells were harvested, and DpsG was 

purified as described above for DpsC. Purified DpsG (400 !M) was incubated with CoaA (5 

!M), CoaE (5 !M), CoaD (5 !M), Sfp (5 !M), MgCl2 (5 mM), ATP (8 mM), and propyl-

pantetheine amide 3 (800 !M) in 50 mM sodium phosphate (pH 7.5) for 2 hours. Loading of the 

pantetheine analogue 3 was confirmed using MALDI-TOF MS (data not shown) to generate the 

propyl amide-linked ACP 4. The final reaction volume was 5 mL. 4 was further purified using a 

Hi Trap Q column (GE Healthcare). The DpsG loading reaction was directly applied to the Hi 

Trap Q column, and 4 was eluted with 25 mM Tris (pH 7.5), 300 mM NaCl, and 5 % glycerol. 4 

was concentrated to 0.8 mM, flash frozen in liquid nitrogen, and stored at -80 °C. 
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3.4.5 Chemoenzymatic Phosphorylation of 3 

Compound 3 was incubated with the pantetheine kinase CoaA (5 !M) in the 

phoshporylation buffer (25 mM potassium phosphate, 10 mM MgCl2, 8 mM ATP, pH 7.5) for 3 

hours at 37 °C to generate 5. The final product 5 was purified by HPLC using a semi-prep C18 

column with a linear gradient of water/acetonitrile containing 0.1 % (v/v) formic acid. Fractions 

containing 5 were collected and verified by ESI-MS then lyophilized, resuspended in water, and 

stored at -20 °C. 

 

3.4.6 ACP/DpsC Complex Purification and Gel Filtration Studies 

4 (200 !M) was incubated overnight at 4 °C with DpsC (100 !M) in 25 mM Tris (pH 

7.5), 100 mM NaCl, and 5 % glycerol. The complex was purified using a Superdex 200 gel 

filtration column (GE Healthcare), and the protein fractions were analyzed by SDS-PAGE. 

Fractions containing both ACP and DpsC were pooled, concentrated to 8 mg/ml, and screened 

for crystallization. 

 

3.4.7 Sequence Alignments and the Generation of Homology Models of DpsC Homologues 

A search for proteins similar to DpsC was conducted using BLAST that searched for non-

redundant protein sequences. Genes from known biosynthetic gene clusters were analyzed for 

products containing an acylated sugar moiety, and they were chosen for homology model 

generation using HHPred(42). Sequence alignments were conducted using ClustalW and 

graphics were generated using Espript (http://espript.ibcp.fr)(43, 44).  
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Chapter 4 

Structural Insights Into Anthranilate Priming During Type II Polyketide Biosynthesis 

 

4.1 Abstract 

The incorporation of non-acetate starter unit during type II polyketide biosynthesis helps 

to diversify natural products. Currently, there are few enzymatic strategies for the incorporation 

of non-acetate starter units in type II PKS pathways. Here we report the crystal structure of 

AuaEII, the anthranilate:CoA ligase responsible for the generation of anthranoyl-CoA, which is 

used as a starter unit by a type II PKS during aurachin biosynthesis. We present structural and 

protein sequence comparisons to other known aryl:CoA ligases. We also compare the AuaEII 

crystal structure to a model of a CoA ligase homologue, AuaE, which is present in the same gene 

cluster. AuaE is predicted to have the same CoA ligase fold as AuaEII, but instead of CoA 

ligation, AuaE catalyzes acyl transfer of anthranilate from anthranoyl-CoA to the acyl carrier 

protein (ACP). Together, this work provides insight into the molecular basis for starter unit 

selection of anthranilate during type II PKS biosynthesis. 

!
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4.2 Introduction 

Type II polyketide biosynthesis typically begins by loading an acetyl starter unit onto the 

terminal thiol of 4’-phosphopantethine (pPant) linked to an acyl carrier protein (ACP), which is 

next transferred to the active site cysteine of ketosynthase (KS) and then undergoes iterative 

elongation using malonyl-CoA as a building block(1). In some cases, different (non-acetyl) 

starter units are employed in polyketide biosynthesis, thus yielding more structurally diverse 

natural products(2). For example, priming ketosynthases use an acyl-CoA as a substrate for one 

!
Figure 4-1. The roles of AuaEII and AuaE in aurachin biosynthesis. Aurachin biosynthesis 
begins with the activation of anthranilic acid into a CoA ester that is catalyzed by AuaEII. 
AuaEII first activates anthranilic acid using ATP to form anthranoyl-AMP, which is 
susceptible to nucleophilic attack by CoA to yield anthranoyl-CoA. AuaE uses anthranoyl-
CoA as a substrate and transfers the anthranoyl group onto ACP (AuaB) that is then elongated 
by a type II PKS (AuaB, AuaC, and AuaD). Subsequent elongation and cyclization yields a 
quinoline core, which is modified by farnesyl group. Additional reactions yield a variety of 
aurachin natural products (only aurachin A and aurachin D are pictured). 
!
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round of extension using malonyl-CoA and then the elongated substrate is transferred to the 

ketosynthase active site cysteine. The growing polyketide is then further extended by the 

ketosynthase/chainlength factor (KS/CLF)(3, 4). Non-acetate starter units have been observed in 

the daunorubicin (propionyl-CoA) and R1128(propionyl-CoA and isobutyryl-CoA)  biosynthetic 

pathways(4, 5). Further, other strategies for diversifying starter unit incorporation have been 

discovered. For example, a bifunctional decarboxylase/acyltransferase (AT) LomC was 

identified in the lomaiviticin gene cluster and found to decarboxylate methylmalonyl-CoA to 

form propionyl-CoA, which is then loaded onto the ACP and incorporated into lomaiviticin 

biosynthesis(6). Additionally, the enterocin pathway harbors the enzyme EncN, which uses ATP 

to activate and transfer benzoic acid onto the ACP that is then elongated by KS/CLF(7). The 

incorporation of non-acetate starter units is important for the generation of molecular complexity 

in polyketide biosynthesis. Therefore, there is a need to understand the structural and 

mechanistic basis for the enzymatic reactions responsible for starter unit selection. This work 

extends our current understanding of novel starter incorporation by a comprehensive analysis of 

the crystal structure of the anthranilate:CoA ligase AuaEII, which is involved in anthranilate 

priming during aurachin biosynthesis. 

Aurachins are a class of quinilone alkaloids produced by Stigmatella aurantiaca Sg a15 

that inhibit the electron transport chain(8, 9). A gene cluster responsible for aurachin 

biosynthesis was previously identified and sequenced(10). Two CoA ligase homologues, AuaEII 

and AuaE, were found to be responsible for a unique anthranilate priming mechanism that 

generates and incorporates the anthranilate starter unit into aurachin biosynthesis (Figure 4-

1)(11). In vitro experiments revealed that AuaEII is an anthranilate:CoA ligase and AuaE is an 

anthranoyl-CoA:ACP acyltransferase (AT)(11). Surprisingly, both AuaEII and AuaE are 
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members of the CoA ligase family based on protein sequence analysis, but AuaE only functions 

as an AT and has no CoA ligase activity. Our current work establishes a structural basis for the 

Figure 4-2. The crystal structure of AuaEII bound to anthranoyl-AMP. (A) The crystal 
structure of AuaEII is composed of two monomers per asymmetric unit that are related by 
non-crystallographic symmetry. The N-terminal domains of monomers A and B are colored 
light green and light blue respectively, and the C-terminal domains of monomers A and B are 
colored green and blue, respectively. Anthranoyl-AMP is represented in spheres and lies 
between the N- and C- terminal domain of both monomers. (B) AuaEII monomers A and B 
overlay well with minor structural differences. Conserved regions of the CoA ligase family 
(P-loop and A10 core) are labeled. The P-loop of AuaEII monomer A could not be completely 
modeled in the crystal structure due to weak electron density. (C) The anthranoyl-AMP 
intermediate is locked into place by a series of interactions with both protein side chains and 
backbone amide nitrogens and carbonyl oxygens. The adenine ring is largely held into place 
between two stretches of the protein backbone. The ribose ring forms hydrogen bonds with 
Lys506, Arg412, and Asp397. The aryl-binding region is largely hydrophobic except for 
Thr221 which hydrogen bonds with the 2-amino group of the anthranoyl moiety. (D) The SA-
omit maps of anthranoyl-AMP intermediates in each monomer showing well-defined electron 
density for the ligands.!
!
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substrate specificity of AuaEII and provides multiple hypotheses for the acyltransferase 

mechanism of AuaE.  

CoA ligases are members of the adenylate-forming enzymes and catalyze the 

transformation of a carboxylic acid substrate into an acyl-CoA using ATP, Mg2+ and CoA(12). 

The adenylate-forming enzymes are composed of three classes: type I (non-ribosomal peptide 

synthase adenylation domains, acyl- and aryl-CoA synthetases, and oxidoreductases), type II 

(aminoacyl-tRNA synthetases), and type III (NRPS independent synthetases)(12). AuaEII is an 

aryl:CoA ligase and belongs to the type I ligase class. Other related aryl:CoA ligases include 

benzoate:CoA ligase, coumarate:CoA ligase, and 4-chlorobenzoate:CoA ligase(13-15). In 

comparison, because the functional divergence of AuaE as an acyltransferase, it cannot be 

defined by any of the above categories(11). How AuaEII and AuaE can have such different 

functions remains a mystery. 

Here, we describe the crystal structure of AuaEII and a comprehensive comparison of 

AuaE and AuaEII. The AuaEII structure agrees with the previously described structural 

characteristics of aryl:CoA ligases, thus giving us an excellent opportunity to systematically 

evaluate the molecular basis of substrate specificity for the CoA ligases. Further, the AuaEII 

structure represents the first crystal structure of a dedicated anthranilate:CoA ligase. Below, we 

present the structural analysis of AuaEII in comparison to other aryl:CoA ligase crystal 

structures and an AuaE homology model. These comparisons reveal the molecular details of 

substrate specificity of the aryl:CoA ligases and provide insight into the novel type II PKS 

priming mechanism during aurachin biosynthesis. 
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4.3 Results and Discussion 

4.3.1 Overall AuaEII Structure 

AuaEII crystallized in the space group P212121 with two AuaEII molecules per 

asymmetric unit. The AuaEII dimer is composed of two monomers that are related by a 2-fold 

rotational axis of symmetry. The protein-protein interface between monomers is not extensive, 

and is largely mediated by solvent accessible hydrophilic contacts (Figure 4-2A). Each monomer 

contains a large N-terminal and small C-terminal domain, which is in accordance with other 

structurally characterized CoA ligases. A typical aryl:CoA ligase contains two domains: a large 

N-terminal domain and smaller C-terminal domain(16). The N-terminal domain is responsible 

for substrate specificity, and the flexible C-terminal domain adopts different conformations, 

depending on whether adenylation or CoA acylation occurs(17). The N-terminal domain has 

been described as a combination of a !-barrel and a five layered "-!-"-!-" structure, where two 

!-sheets are flanked by a series of short "-helices(16). The C-terminal domain sits on top of the 

 

Figure 4-3. B-factor putty representation of AuaEII. High B-factors are represented by thick 
red tubes, low B-factors are represented by thin blue tubes. A. AuaEII monomer A B-factor 
representation displaying higher B-factors in the C-terminal region as well as a partially 
modeled P-loop. B. AuaEII monomer B B-factor representation displaying high B-factors in 
the C-terminal region as well as the P-loop. 
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Figure 4-4. Structural comparison of the active sites of the AuaEII crystal structure and AuaE 
homology model with other aryl-CoA ligases. (A) AuaEII (anthranoyl CoA ligase) bound to 
anthranoyl-AMP. (B) AuaE homology model (no ligand). (C) Benzoate CoA ligase (B. 
xenovorans) bound to benzoate. (D) Benzoate CoA ligase (R. palustris) bound to benzoate.  
(E) 4-chlorobenzoate ligase bound to 4-chlorobenzoyl-AMP. (F) 4-coumarate CoA ligase 
bound to 4-coumaroyl-AMP. (G) PaaK1 (phenylacetate CoA ligase) bound to phenyacetyl-
AMP. (H) PaaK2 (phenylacetate CoA ligase) bound to phenyacetyl-AMP. (I) The N-terminal 
domain of 6 aryl CoA ligases and the AuaE homology model were aligned to the N-terminal 
domain of AuaEII for comparison of the aryl binding region in order to gain insight into 
substrate specificity of these aryl:CoA ligases. The overall % identity, residues in the aryl 
binding region, and 2-amino binding region are listed for comparison with AuaEII and AuaE. 
!
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N-terminal domain and consists of a core of three antiparallel !-sheets surrounded by three "-

helices(18).  

In AuaEII, the structures of both monomers are highly similar with an overall RMSD of 

0.217 Å. The largest structural deviations occur in two "-helices in the C-terminal domain 

(Figure 4-2B). The N-terminal domain consists of 12 "-helices and 19 !-sheets connected by 28 

loops. The core structure of the N-terminal domain contains a series of short central "-helices, 

which are flanked on both sides by !-sheets. The !-sheets on both sides are further surrounded 

by "-helices, which define the solvent accessible surface of the N-terminal domain. The N-

terminal domain also contains a pseudo !-barrel structure formed by three anti-parallel two-

stranded !-sheets, which is situated directly below the C-terminal domain.  

The C-terminal domain is structurally distinct from the N-terminal domain. Starting with 

a short !-hairpin followed three anti-parallel !-strands surrounded by three "-helicies, the C-

terminal domain also contains a long, highly conserved loop, termed the A10 core, which leads 

into the final C-terminal "-helix. Anthranoyl-AMP is located in the active site between the N- 

and C-terminal domains, and all atoms of both ligands were modeled with well-defined electron 

density (Figure 4-2D). In summary, the crystal structure of AuaEII matches well with other 

members of the aryl:CoA ligase family and the flexible C-terminal domains of both monomers 

have elevated B-factors relative to the large N-terminal domains. 

 

4.3.2 The C-terminal Conformation of AuaEII  

CoA ligases typically crystallize with the C-terminal domain in conformation 1 or 

conformation 2. Conformation 1 has the A10 core facing the active site of the N-terminal 

domain, and this conformation facilitates the adenylation reaction(19). Conformation 2 
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represents the thioester forming conformation. In conformation 2, the C-terminal domain is 

rotated ~140 degrees relative to conformation 1, resulting in the movement of A10 core motif 

away from the N-terminal active site(17). In the AuaEII crystal structure, the C-terminal domain 

is in conformation 1, and the conserved lysine Lys506 of the A10 core interacts with the 

phosphate of the anthranoyl-AMP intermediate (Figure 4-2C). The charge-charge interaction 

between Lys506 and the anthranoyl-AMP phosphate may be important for stabilizing 

conformation 1 of AuaEII and promoting crystallization.  

Multiple aryl:CoA ligase crystal structures (benzoate:CoA ligase, 4-chlorobenzoate:CoA 

ligase, 4-coumarate:CoA ligase, and phenylacetyl:CoA ligase) have been solved with an aryl-

AMP intermediate bound in the N-terminal pocket, yet the C-terminal domains of these 

structures do not all adopt the same conformation(13, 18, 20, 21). It has been hypothesized that 

in different CoA ligase enzymes, there is an equilibrium between conformations 1 and 2, and this 

equilibrium may be different for different CoA ligases during crystallization(17). In the AuaEII 

crystal structure, the C-terminal domains of both monomers have elevated B-factors for the 

majority of residues except in the A10 core region, where Lys506 interacts with the anthranoyl-

AMP intermediate (Figure 4-3). In summary, anthranoyl-AMP is located in the active site of the 

AuaEII crystal structure and the C-terminal domain is in conformation 1 with Lys506 of the A10 

core interacting with the phosphate of anthranoyl-AMP. 

 

4.3.3 Anthranoyl-AMP Interactions in the AuaE Active Site 

The AuaEII active site, similar to those of other aryl:CoA ligases, lies in a cleft between 

the N- and C-terminal domains. The anthranoyl portion of the anthranoyl-AMP intermediate is 

bound in an internal pocket of the N-terminal domain, whereas the AMP portion interacts with 



! "#$!

both the N- and C-terminal domains (Figure 4-2C). The adenine portion of the anthranoyl-AMP 

is situated between the backbone amides of Ser294, Glu295, Ala296 from the top, and Ile317 on 

the bottom, and forms multiple hydrogen bonds with other residues. The adenine C6 amine 

forms hydrogen bonds to the carboxylate of Asp315 and the backbone carbonyl group of 

Gly316. The N1 of adenine ring also forms a hydrogen bond to a solvent-accessible water 

molecule. The ribose portion of the anthranoyl-AMP intermediate interacts with two residues 

with opposing charges, Lys506 and Asp397. Lys506 is located on the in a highly conserved A10 

core of the C-terminal domain and forms hydrogen bonds with the 5’ hydroxyl and oxygen in the 

ribose ring. The Asp397 carboxylate forms tight hydrogen bonds with the 2’ and 3’ hydroxyls of 

the ribose ring and Arg412 is also in hydrogen bond distance to the 3’ hydroxyl. The phosphate 

forms weak hydrogen bonds with the amide hydrogen of Thr320 and the hydroxyl of Ser175. 

Additionally, three solvent linked water molecules form hydrogen bonds to the phosphate. The 

anthranoyl aromatic ring is located under the end of an !-helix where three consecutive residues 

(Phe220, Thr221, and Phe222) interact with the anthranoyl ring. First, Phe222 has hydrophobic 

interactions with the edge of the anthranoyl group and defines the bottom of the substrate pocket. 

Second, Thr221 forms a hydrogen bond with the amine of the anthranoyl aromatic ring that locks 

the intermediate into the observed orientation. Third, Phe220 has hydrophobic interactions with 

 

Figure 4-5. Top 10 non-redundant protein BLAST results of AuaEII. 
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Figure 4-6. Sequence alignment of AuaEII and AuaE with aryl:CoA ligases with known 
crystal structure. Aryl binding residues are colored with blue dots. Conserved hinge region 
residues are colored with red dots. The conserved lysine of the A10 region is colored with a 
yellow dot. 
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the top of the anthranoyl aromatic ring, and the edge of the Phe220 aromatic ring is 

perpendicular to the carbonyl group of the anthronyl ester. The back edge of the anthranoyl 

aromatic ring is bound in a pocket defined by His324, Ile325, and Ala293. His324 is engaged in 

face-on-edge !-! interactions with the anthranoyl aromatic ring from one side, while the adenine 

ring of the anthranoyl-AMP intermediate sits edge to edge with the anthranoyl aromatic ring. 

The bottom of the anthranoyl aromatic ring undergoes !-! stacking with the amide bond between 

Gly318 and Cys319 (Figures 4-2C). In summary, the anthranoyl-AMP intermediate sits between 

the N-terminal and C-terminal domains and reveals residues in the N-terminal domain that are 

important for substrate specificity. 

 

4.3.4 Comparisons Between the Aryl Binding Regions of AuaEII and AuaE  

The selectivity of aryl:CoA ligases is determined entirely by residues in the aryl binding 

region of the N-terminal domain. The aryl-binding region is where the carboxylic acid substrate 

binds. This region contains specific residues that interact with the aryl substituent. To date, many 

CoA ligase crystal structures have been solved bound with an acid substrate or aryl-adenylate 

intermediate, and these structures reveal residues that are important protein-substrate 

interactions(13, 17, 18, 21). An in depth comparison of the AuaEII crystal structure to the AuaE 

homology model and six previously determined aryl:CoA ligase crystal structures reveal insights 

into aryl substrate binding (Figure 4-4). The aryl-binding region of AuaEII consists of histidine 

(His234), isoleucine (Ile325), alanine (Ala293), and phenyalanine (Phe222). In the case of 

AuaEII, a threonine  (Thr221) is located near the aryl binding region and forms a hydrogen bond 

with the 2-amino group of the anthranilate moiety of the bound anthranoyl-AMP. Therefore, the 
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Figure 4-7. AuaE protein BLAST search results and sequence alignments. (A) Top 10 non-
redundant BLAST results for AuaE. (B) Alignment of the top 10 AuaE BLAST results 
focusing on the C-terminal region. The A10 core is boxed and the position of conserved 
lysine is labeled with an asterisk. (C) Top 10 non-redundant BLAST results for the predicted 
C-terminal domain (R408 – S497) of AuaE. (D) Alignment of the top 10 AuaE C-terminal 
BLAST results. The A10 core is boxed and the position of conserved lysine is labeled with an 
asterisk. 
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aryl binding region of AuaEII is most similar to benzoate CoA-ligases except for the residue 

Thr221, which is important for anthranilate specificity. 

AuaE has an overall sequence identity of 28.6% with AuaEII. The aryl binding site of the 

AuaE homology model consists of histidine (His320), isoleucine (Ile321), alanine (Ala289), and 

tyrosine (Tyr218). The aryl binding region of AuaE is very similar to that of AuaEII. The only 

difference is that AuaE has a tyrosine (Tyr218) in place of phenylalanine (Phe222) of AuaEII. 

AuaE has a glycine (Gly217) at the position that corresponds to Thr221 of AuaEII. Thr221 of 

AuaEII is responsible for forming a hydrogen bond with the anthranoyl 2-amino group. 

Therefore, it is surprising that the AuaE model would have glycine at this position, because the 

aryl binding region of both enzymes is proposed to process the 2-amino bearing anthranoyl 

moiety. The small size of glycine would not exclude anthranoyl-CoA binding, but it would lack a 

hydrogen bond donating/accepting side chain present in threonine. It is possible that the 

anthranoyl group of AuaE’s substrate, anthranoyl-CoA, binds in a different orientation. 

Alternatively, the cavity of the aryl binding region alone may be sufficient for productive 

binding of the aromatic substrate, and additional hydrogen bonding to the 2-amino moiety is not 

necessary.  

 

4.3.5 The Nature of Low Sequence Similarity Among Aryl:CoA Ligases 

Among aryl:CoA ligases with very similar substrates (benzoate, 4-chlorobenzoate, 4-

coumarate, phenylacetate, and anthranilate), the overall sequence identity can be very low 

(Figure 4-4). For example, the substrate differences of AuaEII and 4-chlorobenzoate-CoA ligase 

are minor (2-amino vs. 4-choro substituent), yet the two enzymes only share 21.6 % of sequence 

identity. CoA ligases are very common in primary metabolism, and diversification of substrate 
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specificity is easily achievable by a small number of mutations in the N-terminal substrate-

binding region. Therefore, it is not surprising that low sequence identity is observed for different 

CoA ligases that act on similar substrates. This is especially intriguing in the case of AuaE and 

AuaEII, because AuaE only has an overall sequence identity of 28.6 % with AuaEII, despite its 

close proximity in the same genomic region and their joint roles in the same biosynthetic 

pathway. These observations suggest that AuaE did not arise from duplication of AuaEII (or vice 

versa). The situation is quite different in the active site. Even though the overall sequence 

identity is only 28.6 % between AuaE and AuaEII, residues in the aryl binding region that 

directly interact with the substrates (based on the AuaEII crystal structure and AuaE homology 

model) are nearly identical (His324/His320, Ile325/Ile321, Ala293/Ala289, Phe222/Tyr218, for 

AuaEII/AuaE). AuaE and AuaEII are most closely related to benzoate CoA ligases (Figure 4-5). 

Therefore, they could have both independently evolved from different benzoate (or other aryl) 

CoA ligases. 

 

4.3.6 Rational for Low Overall Sequence Conservation of Aryl:CoA Ligases 

Aryl:CoA ligases are often employed by bacteria in detoxify environmental contaminants 

such as 4-chlorobenzoate and benzoate(22-25). The driving force for activation of aromatic acids 

as CoA thioesters may have directed the evolution of CoA ligases, which results in a group of 

aryl:CoA ligases that share conserved active site residues but low overall sequence identity (such 

as AuaEII and benzoate:CoA ligases). When analyzing the aryl:CoA ligase crystal structures, it 

is clear that the aryl binding regions of AuaEII, AuaE, and both benzoate-CoA ligases are 

similar. However, the aryl binding region is different from that of 4-chlorobenzoate-CoA ligase, 

despite the structural similarities between benzoate and 4-chlorobenzoate. The aryl binding 
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regions of 4-coumarate:CoA ligase and both phenylacetyl:CoA ligases are also distinct from the 

AuaEII, AuaE, the benzoate:CoA ligases, and 4-chlorbenzoate:CoA ligase.  Nevertheless, 

several features are still retained, such as an aromatic amino acid at the position corresponding to 

F220 of AuaEII (Figure 4-4). In summary, our analysis concludes that the need for activation of 

aromatic acids as CoA thioesters, especially in bacteria, has led to the emergence of a wide 

variety of aryl:CoA ligases that often share low overall sequence identity but with highly 

conserved residues in the aryl binding region. 

 

 

 

Figure 4-8. Aspartic acid/arginine pair of the AuaEII and AuaE hinge regions. (A) The AuaE 
homology model in conformation 2 reveals the conserved hinge region residues Asp410 and 
Arg408 form a salt bridge, which stabilizes this conformation. (B) The AuaEII crystal 
structure in conformation 1 showing the conserved hinge region residues Asp414 and Arg412 
do not form a salt bridge and Arg412 is in hydrogen bonding distance with the a hydroxyl of 
the anthranoyl-AMP ribose ring. 
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4.3.7 Overall Motif Differences of AuaE and Other Aryl:CoA Ligases  

Previously, we completed an in depth sequence analysis of AuaE and identified two 

regions, the A3 (also known as the P-loop) and A10 cores, which vary greatly in sequence when 

compared to other CoA ligases(11). The A3 region is responsible for binding and positioning the 

! and "-phosphates of ATP during the adenylation reaction, whereas the A10 region is mobile 

and contains a conserved lysine residue that stabilizes the negative charge formed on the #-

phosphate during the adenylation reaction. The A10 region then undergoes a conformational 

change that allows CoA to enter the active site and complete the CoA-ligation (17, 26-30). In 

contrast, the function of AuaE is to catalyze acyltransfer from anthranoyl-CoA to ACP, which 

does not involve ATP binding or adenylation. For this reason, in AuaE, a high conservation of 

the P-loop and A10 regions is not critical for its function. In AuaEII, these regions are conserved. 

However, the P-loop could not be completely modeled in both AuaEII monomers, and only 

monomer B has well defined electron density for this region. The B-factors of the P-loop region 

in AuaEII are elevated, and this has also been observed in other CoA ligase crystal structures in 

which ATP is not bound, suggesting high flexibility of the P-loop in the absence of ATP. In 

summary, AuaE lacks conservation of the important A10 and P-loop regions of aryl:CoA ligases.  

 

4.3.8 Absence of Conserved C-terminal Residues in AuaE 

The N-terminal domain of AuaE shares a high degree of sequence identity to other CoA 

ligases. However, the C-terminal domain is truncated, and lacks the highly conserved region A10 

core important for the ligase activity (Figures 4-6 and 4-7). A BLAST search followed by 

sequence alignment of the AuaE C-terminal domain revealed ~20 residues are missing when 
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Figure 4-9. AuaE homology model in both conformation 1 and conformation 2 and 
comparison of the C-terminal domains of AuaEII and AuaE. (A) Cartoon representation of an 
AuaE homology model generated using the structure of benzoate:CoA ligase (PDB ID: 
4EAT) with the C-terminal domain (colored in red) in conformation 1 (adenylate forming 
conformation). The truncated A10 core is labeled and located away from the N-terminal 
(colored in raspberry) active site. (B) Close up view of the C-terminal domain of the AuaE 
homology model in conformation 1, showing the truncated A10 core and missing C-terminal 
helix. Residues (serines and cysteines) that may be involved in acyltransfer are represented in 
spheres. (C) Cartoon representation of the AuaE homology model generated using the 
structure of benzoate:CoA ligase (PDB ID: 2V7B) with the C-terminal domain (colored in 
red) in conformation 2 (thioester forming conformation). (D) C-terminal domain of AuaEII 
displaying the conserved A10 core and C-terminal helix, for comparison with the AuaE 
homology model. 
!
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compared to the C-terminal domain of other CoA ligases. The A10 core is comprised of a highly 

conserved loop that leads into a C-terminal !-helix in AuaEII. The conserved loop contains a 

lysine residue, which has been shown to stabilize the negative charge of the phosphate 

pentahedral intermediate formed when the acyl-adenylate is generated (26, 27). AuaE does not 

catalyze a typical CoA ligase reaction; therefore, it is likely that the highly conserved A10 core is 

missing, because it does not need the A10 core. A second BLAST search using only the AuaE C-

terminal domain as a query sequence showed that the most similar proteins are CoA ligases and, 

when aligned, all the sequences have a full length C-terminal domain (Figure 4-7). This result 

suggests that AuaE is a unique member of the CoA ligase where the loss of CoA ligase function 

has occurred at the cost of losing the A10 core. However, AuaE somehow gained the AT 

activity. 

 

4.3.9 Conserved Aspartic Acid of the Hinge Region 

The 140° degree rotation of the C-terminal domain between adenylation and thioester 

forming reactions has been well studied in 4-chlorobenzoate:CoA ligase, which revealed that a 

conserved aspartic acid in the hinge region between the N- and C-terminal domains is crucial for 

the conformational change(28). In the AuaE homology model, the aspartic acid (Asp410) is 

located in the hinge region at the same position as the conserved aspartic acid of 4-

chlorobenzoate:CoA ligase (Figure 4-8). Because of the missing A10 motif of AuaE, it is unclear 

about the influence that such a conformational change may have on the acyltransferase activity 

of AuaE. However, because of the presence of the conserved aspartic of the hinge region, AuaE 

may undergo conformational changes during catalysis. Furthermore, in conformation 2 (thioester 

forming conformation), the aspartic acid of the hinge region forms a salt bridge with a nearby 
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Figure 4-10. AuaE homology models in conformation 1 and 2 with electrostatic surface 
analysis. (A) AuaE model of conformation 2. (B) AuaE model of conformation 1. (C) AuaE 
conformation 2 electrostatic surface*. (D) AuaE conformation 1 electrostatic surface*. (E) 
Positively charged residues facing the N-terminal of AuaE in conformation 2. (F) Positively 
charged residues facing the N-terminal of AuaE in conformation 1. *Red represents negative 
and blue is positive surface charge. 
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arginine, which stabilizes conformation 2. AuaE also has arginine (Arg408) at this position, 

which further supports the possibility of a conformational change mechanism, or possibly that 

conformation 2 may be important for the acyltransferase activity of AuaEII. AuaEII also has the 

conserved aspartic acid/arginine pair in the hinge region as expected for the CoA ligases, 

However, the two residues are not engaged in a charge-charge interaction, because the C-

terminal domain of AuaEII is in conformation 1 (Figure 4-8). In summary, AuaE contains a 

conserved aspartic acid/arginine pair, which has been shown to stabilize conformation 2 in aryl-

CoA ligases. Therefore, conformation 2 may be important for the acyltransferase activity of 

AuaE. 

  

4.3.10 Possible Mechanisms of AuaE Acyltransferase (AT) Activity 

CoA ligases have a CoA binding site, which allows the phosphopantetheine of CoA to 

extend into the N- and C-terminal domain interface and react with the acyl-adenylate 

intermediate. In vitro, it has been demonstrated that the substrate for AuaE is anthranoyl-CoA 

and the product is anthranoyl-ACP, but the mechanism of this reaction is unknown. There are 

two likely possibilities for how AuaE catalyzes the acyl transfer from anthranoyl-CoA to holo-

ACP: 1) A classic AT-like mechanism or 2) AuaE acts simply as a reaction surface. 

The classic AT mechanism is used by enzymes such as malonyl-CoA:ACP transacylase 

(MCAT) that has an active site serine, with a multistep mechanism beginning with an acyl-CoA 

as the substrate. The acyl group is trans-esterified onto an active site serine to form an acyl-

intermediate, which then reacts with holo-ACP to yield an acyl-ACP product. Other ATs have 

also been identified that use cysteine as the active site residue to produce the covalent acyl 

intermediate(31). Enzymes with a CoA ligase fold, such as AuaE, are able to produce and bind 
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acyl-CoAs; therefore, AuaE may bind anthranoyl-CoA and undergo trans-esterification to form a 

stable enzyme intermediate on a serine or cysteine. Once the AuaE enzyme acyl-intermediate is 

formed, holo-ACP can form a complex with AuaE and allow the pPant to react with the acyl-

 AuaEII 

Crystallization 0.1 M sodium acetate pH 4.5, 0.1 M magnesium 
acetate, 8% PEG 8000 

Crystallographic Data  
Wavelength (Å) 0.9537 

Space Group P212121 
Cell Dimensions (a, b, c) (Å) 50.054, 132.219, 160.118 

 !="=#=90 ° 
Resolution (Å) 50.00 - 2.60 

No. of observations 215077 
No. of unique observations 33543 

Completeness %  99.7 (97.4) 
I/$(I)  15.1 (5.1) 

Rmerge % 11.2 (32.2) 
Redundancy 6.4 
Refinement  

Resolution (Å) 46.81-2.60 (2.69-2.60) 
No. of protein atoms 8062 
No. of ligand atoms 64 
No. of water atoms 488 

Rfree % 0.224 (0.267) 
Rcrys % 0.174 (0.203) 

Geometry  
RMS bonds (Å) 0.017 
RMS angles (°) 0.99 

Ramachandran Favored (%) 98 
Ramachandran Allowed (%) 1.8 

Ramachandran Dissallowed (%) 0.2 
Average B-factors (Å2)  

Protein 21.90 
Water 22.30 

Ligands 15.00 
 

Table 4-1. AuaE crystallographic data collection and refinement statistics.  
*Numbers in parentheses denote the highest resolution shell.  
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intermediate and complete the AT reaction. The classic AT mechanism is an attractive 

hypothesis, because there are multiple serine and cysteine residues in the C-terminal domain, 

which may be the site of acylation. In the AuaE homology model Cys426, Ser431, Ser484, 

Cys485, and Ser487 are all located on the active site side of the C-terminal domain while in the 

thioester forming conformation 2. Ser493, Ser495, and Ser497 are all located in the truncated 

A10 region and would be close to the active site, if AuaE adopts conformation 1 during catalysis 

(Figure 4-9). Both conformations could potentially facilitate acyl transfer. Additionally, in 

conformation 2, a series of positively charged residues are located on the C-terminal domain 

facing the aryl-binding region, and these residues form a positive patch that could bind the ACP.  

Alternatively, AuaE may simply act as a surface to bring anthranoyl-CoA and holo-ACP 

together and stabilize the formation of a tetrahedral intermediate that results from a nucleophilic 

attack of the ACP-linked pPant thiol onto the thioester carbonyl group of anthranoyl-CoA. In this 

scenario, anthranoyl-CoA would be stabilized in a favorable conformation by AuaE for acyl 

transfer. This would be achieved by placing the thioester carbonyl oxygen of anthranoyl-CoA 

into an oxyanion hole. Once anthranoyl-CoA is bound to AuaE, the positive surface of the AuaE 

C-terminal domain can dock with ACP to facilitate acyl transfer (Figure 4-10). 

 

4.4 Conclusion 

We have solved the crystal structure the CoA ligase AuaEII that is responsible for the 

generation of anthranoyl-CoA from anthranilic acid. AuaEII activity is essential for the 

production of the aurachin class of natural products and is part of a novel starter unit activation 

strategy to incorporate anthranilic acid into type II polyketide biosynthesis. The crystal structure 

of AuaEII bound to anthranoyl-AMP reveals specific residues involved in substrate selectivity 
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and adds to a growing body of work on this diverse enzyme class. AuaE is a novel enzyme that is 

predicted to have the same overall fold as a CoA ligase, except that the C-terminal domain is 

truncated, and instead of CoA ligase activity, AuaE is an acyltransferase. We generated multiple 

homology models of AuaE and used a combination of structural comparisons and sequence 

alignments to visualize how AuaE might function as an AT instead of a CoA ligase. Future 

structural studies of AuaE are needed to fully understand the novel acyltransferase activity of this 

enzyme. Taken together, these results represent the first crystal structure of an anthranoyl-CoA 

ligase, which paves the foundation for understanding the priming mechanism of a novel starter 

unit in type II polyketide biosynthesis.  

 

4.5 Materials and Methods 

4.5.1 Protein Expression and Purification 

A pET-29b (+) (Novagen) derived DNA plasmid encoding a C-terminal non-cleavable 

His-tagged AuaEII (AuaEII/pET29) was transformed into E. coli BL21(DE3) competent cells 

and plated on LB-agar plates containing kanamycin (50 !g/mL). The plates were incubated 

overnight at 37 °C. Positive transformants were transferred to a 5 mL starter culture of Luria-

Bertani (LB) broth containing kanamycin (50 !g/mL) and grown overnight at 37 °C with 

shaking, which was then used to inoculate two liters of LB with kanamycin (50 !g/mL) and 

grown at 37 °C until the A600 reached 0.4 – 0.6. The cells were then cooled to 18 °C, and 0.1 mM 

IPTG was added to induce protein expression. After 12-18 hours of incubation at 18 °C, the cells 

were harvested by centrifugation at 5000 rpm for 15 minutes. The cell pellets were flash-frozen 

in liquid nitrogen and stored at -80 °C. The frozen cell pellets were thawed on ice and re-

suspended in lysis buffer (50 mM Tris pH 8.0, 300 mM NaCl, 10 % glycerol, and 10 mM 
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imidazole). The cell suspension was lysed using sonication (8 x 30 s cycles), and the cell debris 

was removed by centrifugation at 14000 rpm for 45 minutes. The clarified lysate was incubated 

with 5 mL Ni-IMAC resin (BioRad) at 4 °C for one hour. The resin was poured into a fritted 

column and the flow through fraction was collected. The resin was washed with 100 mL of lysis 

buffer then eluted with lysis buffer plus increasing amounts of imidazole (20-500 mM). The 

elutions were analyzed using SDS-PAGE, and elutions containing the protein of interest were 

pooled, and dialyzed over night into storage buffer (50 mM Tris 8.0, 300 mM NaCl, 10 % 

glycerol, and 2 mM DTT). The dialyzed protein was concentrated to 8-10 mg/ml by centrifugal 

filtration using a 30 kDa MWCO concentrator (Millipore) then flash frozen in liquid nitrogen, 

and stored at -80 C° for further use. The theoretical molecular weight of AuaEII is 58477 

daltons, which was confirmed using MALDI-TOF MS (data not shown).  

 

4.5.2 In Vitro Production of Anthranoyl-AMP and AuaEII Crystallization 

AuaEII was thawed on ice and buffer exchanged into crystallization buffer (25 mM Tris 

8.0, and 2 mM DTT) using a PD-10 column (GE Healthcare). In order to produce crystals that 

diffract, AuaEII was incubated with different combinations of anthranilic acid, ATP, AMP, CoA, 

and MgCl2 before co-crystallization screening. The most promising co-crystallization condition 

was found by incubating AuaEII (95 !M) with anthranilic acid (2 mM), ATP (5 mM), and 

MgCl2 (2 mM) at 37 °C for one hour to form the anthranoyl-AMP intermediate. The reaction 

was then filtered with a 0.22 !M spin filter and screened for crystallization. For crystallization 

optimization, 1.7 !L of the incubated AuaEII reaction mixture was mixed with 1.7 !L of well 

solution (8 % PEG 8000, 0.1 M magnesium acetate, and 0.1 sodium acetate, pH 4.5) and allowed 

to equilibrate over 500 !L of well solution using the sitting drop vapor diffusion method. Small 
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rod-shaped crystals grew over 1-3 days. Crystals also formed when AuaEII was incubated with 

AMP + anthranilic acid and incubated on ice for 45 minutes prior to crystallization, but the 

optimized crystals from this co-crystallization did not diffract beyond ~10 Å. Despite many 

different co-crystallization strategies, we were unable to obtain any diffraction-quality crystals of 

AuaE.  

 

4.5.3 X-ray Data Collection, Processing, and Refinement 

Crystals of AuaEII were flash frozen directly in liquid nitrogen before data collection. X-

ray diffraction data using monochromatic X-rays (0.9537 Å) was collected for an AuaEII crystal 

to a resolution of 2.6 Å at Stanford Synchrotron Radiation Laboratory (SSRL) on beamline 12-2. 

The data was indexed, integrated, and scaled using HKL2000(32). AuaEII crystallized as one 

dimer per asymmetric unit in the space group P212121 and initial phases were determined using 

molecular replacement (PHENIX Phaser-MR) with the structure of benzoate CoA ligase (PDB 

ID: 4EAT) as a search model(33). A preliminary model was built (PHENIX AutoBuild) and then 

this model was used for iterative rounds of manual model building (COOT) and refinement 

(PHENIX Refine)(34-36). Well-defined electron density for anthranoyl-AMP was observed in 

each AuaEII monomer after multiple rounds of refinement. The anthranoyl-AMP ligand was 

drawn in Chemdraw and then converted to a PDB using the NCI SMILES converter server 

(http://cactus.nci.nih.gov/translate/), and ligand restraints were generated using PHENIX 

Elbow(37). Anthranoyl-AMP was placed in each monomer manually using COOT. Waters were 

added with PHENIX Refine. Refinement was continued until Rfree and Rwork reached values of 

22.4 % and 17.4 %, respectively. Data collection and refinement statistics can be found in Table 

4-1. The following residues could not modeled confidently in the AuaEII crystal structure due to 
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missing or weak electron density: Pro141, Gln142, G;u143, Gly144, Tyr145, and Thr179 of 

monomer A and Ser451, Arg452, and Leu435 of monomer B. 

 

4.5.4 AuaE Homology Model Generation 

 HHPred was used to generate two homology models of AuaE using benzoate:CoA 

ligases (PDB IDs: 4EAT and 2V7B) as templates with two different C-terminal conformations 

(38). The C-terminal domains of CoA ligases have been observed in multiple conformations as 

determined by the crystal structures of several enzymes(19). Even when two different enzymes 

are bound to a similar intermediate (such as an acid substrate), the C-terminal domains could be 

in different conformations. The template for the first AuaE homology model, benzoate:CoA 

ligase (from Rhodopseudomanas palustris) (PDB ID: 4EAT), has its C-terminal domain in the 

thioester conformation (conformation 2), where A10 core rotates away from the active site. The 

template for the second AuaE homology model, benzoate:CoA ligase (from Burkholderia 

xenovorans LB400) (PDB ID: 2V7B), has its C-terminal domain in the adenylation conformation 

(conformation 1), where the A10 core rotates towards the active site. Because of the AuaE C-

terminal truncation, it is difficult to predict the exact conformation that the C-terminal domain 

will adopt during catalysis; therefore, we have chosen to generate two models, which represent 

the two most common conformations observed in the crystal structures of CoA ligases(19).  

 

4.5.6 AuaEII and AuaE Sequence Alignment and Structural Comparison 

A search for proteins similar to AuaEII and AuaE was conducted using BLAST searching 

both non-reduntant protein sequences and also Protein Data Bank (PDB) proteins. Sequence 
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alignments were conducted using ClustalW(39) and graphics were generated using Espript 

(http://espript.ibcp.fr)(40). 
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Chapter 5 

Insights Into Complex Oxidation During BE-7585A Biosynthesis: Structural 

Determination and Analysis of the Polyketide Monooxygenase BexE 

 

5.1 Abstract 

 Type II polyketides can be categorized by their core cyclic structures. The core is 

typically composed of multiple fused rings that are described as linear (anthracycline), angular 

(angucycline), or other more complex patterns (discoid). The core structures of type II 

polyketides are essential for bioactivity. Type II polyketide synthases (PKSs) use common poly-

!-ketone intermediates to generate a diverse sets of bioactive molecules with vastly different 

structures. A critical step in this diversification process is to generate different core structures. 

Biosynthesis of core structures requires multiple enzymes such as ketoreductases (KRs), 

aromatase/cyclases (ARO/CYCs), cyclases (CYCs), and oxygenases (OXYs). Recently, a set of 

oxygenases (BexI, BexE, and BexM) was discovered in the biosynthetic gene cluster for BE-

7585A, an angucyclic type II polyketide with anticancer properties. BE-7585A has an angucyclic 

core structure; however, C13 isotope labeling experiments suggest that the angucycline core may 

arise from an oxidative rearrangement of a linear anthracycline. Here we present the crystal 

structure and analysis of BexE, the oxygenase that is proposed to catalyze a key step in the 

oxidative rearrangement to generate the angucycline core. Through structural analysis and 

docking simulations, we provide insights into the role of BexE in BE-7585A biosynthesis and 

lay the groundwork for engineering oxidation in type II PKSs. 
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5.2 Introduction 

 Angucyclines are a diverse group of bioactive natural products produced by type II 

polyketide synthases (PKSs) that contain modified benz[a]anthraquinone cores(1-3). Many 

angucyclines have been discovered with anticancer and antibiotic properties such as the 

urdamycins, landomycins, gaudimycins, oviedomycins, jadomycins, and azicemicins (Figure 5-

1)(4-9). The biosynthesis of angucylines has been studied extensively due to their important 

biological activity and pharmaceutical potential(3). 

 Type II polyketides are biosynthesized two carbons at a time from malonyl-CoA building 

blocks to yield reactive poly-!-ketones(2, 3). The reactive poly-!-ketone intermediates are 

regiospecifically reduced, cyclized, and aromatized by ketoreductases (KRs), cyclases (CYCs), 

and aromatase/cyclases (ARO/CYCs), respectively(3, 10). These initial enzymatic 

transformations yield polycyclic aromatic intermediates, termed the “aglycones”. The aglycones 

then undergo a variety of tailoring reactions that include, but are not limited to oxidation, 

methylation, reduction, dehydration, and glycosylation(11). Tailoring enzymes are nature’s tools 

to diversify type II polyketide biosynthesis.  Many type II PKS products share common aglycone 

cores, and different combinations of tailoring enzymes modify the aglycone core to yield a 

diverse molecules with anticancer, antibiotic, and antiviral activities(10, 11). For example, the 

widely used anticancer drugs daunorubicin and doxorubicin are both hydroxylated during 

biosynthesis, which is important for bioactivity(12). Tailoring enzymes often use structurally 

complex and unstable substrates, which are formed transiently during biosynthesis(6). Therefore, 

structural and functional characterization of these enzymes, their substrates, and ensuing 

products is extremely challenging. Here, we report the structural and functional studies of the 
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oxygenase BexE, which is involved in an uncharacterized oxidation step during BE-7585A 

biosynthesis(13). 

BE-7585A is an angucyclic polyketide with anticancer properties that was isolated from 

Amycolotopsis orientalis sp. vinerea(13). Because of its complex structure, BE-7585A has 

inspired multiple biosynthetic studies(13-15). C13 isotope labeling suggests that BE-7585A is 

initially biosynthesized as an anthracycline then undergoes an oxidative rearrangement to yield 

an angucycline (Figure 5-2)(13). The BE-7585A gene cluster contains three candidate oxygenase 

genes, BexE, BexI, and BexM, which are proposed to catalyze oxidative tailoring of the BE-

7585A aglycone core(13). Based on protein sequence similarity, BexE is most similar to 

aromatic hydroxylases that oxidize angucyclines. Elucidating the structure and function of BexE 

should help us understand how the angucycline core is produced. Here, we present the crystal 

structure of BexE bound to FAD, molecular docking of proposed substrates, and preliminary in 

 

Figure 5-1. A representative set of angucycline type II polyketides. 
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vitro functional studies. A critical comparison of BexE with RdmE, a biosynthetic FAD-

dependent oxygenase is also presented. These results offer the first insight into oxidative 

tailoring during BE-7585A biosynthesis and provide a basis for engineering oxidation during 

type II polyketide biosynthesis to yield new bioactive molecules. 

  

 

 

Figure 5-2. The proposed biosynthesis of BE-7585A with an emphasis on the oxidation 
reactions. The minimal PKS produces a 20-carbon poly-!-ketone that is reduced at the C9 
position and cyclized. BexF is proposed to catalyze 4th ring cyclization to produce the 
tetracyclic intermediate that is the substrate for a series of putative oxidation steps. BexE, 
BexI, and BexM are proposed to form the BE-7585A aglycone core, which is further 
modified by hydroxylation and glycosylation to yield the final product. 
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5.3 Results and Discussion 

5.3.1 Overall Structure of BexE 

BexE crystallized in the space group C2 with two BexE molecules per asymmetric unit. 

The BexE dimer is composed of two monomers related by a non-crystallographic 2-fold 

rotational axis of symmetry (Figure 5-3A). The protein-protein interface between monomers is 

moderate with a surface area estimated to be 922.7 Å2 (PISA)(16). Both monomers are nearly 

identical and when overlaid the overall RMSD is 0.241 Å. Each monomer contains an FAD 

binding domain (residues Met1-Thr169 and Thr259-Gly372), a middle domain (residues Ala170-

Ala258), and a C-terminal domain (Leu373-Arg487) (Figure 5-3B). This domain arrangement is 

in agreement with other structurally characterized members of the para-hydroxybenzoate 

hydroxylase pHBH superfamily, including related type II polyketide and alkaloid 

monoxygenases (Figure 5-4 and Figure 5-5)(17-22). The FAD binding domain consists of ten !-

helices (!1-!6 and !8-!10) and ten "-sheets ("1-"9 and "14) that are connected by a series of 18 

loops (L1-L13 and L18-L22). FAD is bound almost entirely in the FAD binding domain, while 

only contacting the middle domain by hydrophobic interactions with the 1,2 dimethyl moiety of 

the isoalloxazine ring (Figure 5-3B and 5-3C). The middle domain is inserted between !6 and 

"14 of the FAD binding domain. The middle domain consists of one !-helix (!7) and four "-

sheets ("10-"13) that are connected by a series of four loops (L14-L17). The middle domain has 

been implicated in substrate binding and, in some cases, undergoes structural rearrangements 

during substrate binding and product release(19, 21-25). In BexE, a large pocket leads into the 

isoalloxazine ring of FAD, which is formed between the FAD binding domain and the middle 

domain. This pocket is hypothesized to be the substrate binding pocket. The C-terminal domain 

has a thioredoxin fold but lacks the conserved active site cysteines for thioredoxin 
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activity(26). Therefore, the C-terminal domain may be important for structural stability of BexE, 

but not for catalytic activity. 

 

 

 

Figure 5-3. The overall structure of the BexE dimer and domain organization of the BexE 
monomer. (A) The BexE dimer (monomer A in green and monomer B in blue). (B) The BexE 
monomer is composed of three domains: the FAD binding domain (residues 1-169 and 259-
372, colored in blue), the middle domain (residues 170-258, colored in green), and the C-
terminal domain (373-487, colored in red). (C) A molecular view of the BexE FAD binding 
site. (D) SA-omit electron density maps displaying clear density for FAD in monomer A (left) 
and monomer B (right). 
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Figure 5-4. The crystal structures of oxygenases from polyketide and alkaloid biosynthetic 
pathways. The middle domain is located at the top of each structure, the FAD binding domain 
in the middle, and the C-terminal domain is at the bottom. (A) BexE  (polyketide oxygenase) 
bound to FAD. (B) PgaE (polyketide oxygenase) bound to FAD. (C) CabE (polyketide 
oxygenase) bound to FAD. (D) MtmOIV (polyketide oxygenase) bound to FAD and 
premithramycin B. (E) OxyS (polyketide oxygenase) bound to FAD. (F) RdmE (polyketide 
oxygenase) bound to FAD and aklavinone. (G) RebC (alkaloid oxygenase) bound to FAD and 
K252c. (H) RebC (alkaloid oxygenase) bound to FAD and K252c. (I) Reactions catalyzed by 
oxygenases that are related structurally related to BexE. 
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5.3.2 FAD Binding in BexE 

 FAD consists of three parts: the adenosine (adenine and ribose), riboflavin, and the 

bridging diphosphates. The adenine ring of FAD is positioned between Arg33 (L3) and Asp152 

(L12), which interact with opposite faces of the adenine ring (Figure 5-3C). Gly9 (L1), Ala157 

(!6), and Leu31 ("2) define the adenine-binding site by interacting with the edges of the adenine 

ring. Arg33 forms a hydrogen bond with N7 of adenine while the L120 ("6) amide NH and 

carbonyl form hydrogen bonds with the N1 of adenine and amine group at the C6 position. The 

ribose ring of FAD is anchored tightly in place by Glu32 ("2), which forms hydrogen bonds to 

the 2! and 3! hydroxyl groups. The first phosphate, moving from the adenosine towards the 

isoalloxazine ring, forms an intramolecular hydrogen bond with the riboflavin hydroxyl group. 

This phosphate also forms a weak hydrogen bond with Arg42. The second phosphate forms a 

hydrogen bond with the amide NH of Ala13 (!1) and also a water molecule, which is held in 

place the Ala273 ("14) carbonyl oxygen and Ala276 (L19) amide NH. The three hydroxyl 

groups of the riboflavin form hydrogen bonds with Arg42 (L3), Gln96 (!5), and Asp275 (L19). 

The isoalloxazine is positioned between the C-terminal end of !8, loops L3 and L9, and "10 and 

"13. L3 and L9 interact with opposite faces of the isoalloxazine ring, while "10 and "13 make 

hydrophobic contacts with the dimethyl moiety. The C2 carbonyl oxygen of the isoalloxazine 

ring forms hydrogen bonds with the Asn289 (!8) side chain and M288 (!8) amide NH. The 

extensive interactions between FAD and BexE support that the cofactor is tightly bound in the 

structure. 
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5.3.3 The Role of FAD in BexE and Related Oxygenases 

 Many oxygenase enzymes, such as BexE, employ FAD for redox-based catalysis(27). For 

NAD(P)H dependent enzymes, the FAD cofactor is reduced by NAD(P)H and then reacts with 

molecular oxygen to form a highly reactive oxygen species at the C4a position of the 

isoalloxazine ring. FAD reduction is proposed to occur when the isoalloxazine ring of FAD is 

flipped away from the active site and towards the solvent. This outward conformation of FAD is 

term the “out” conformation(28). Once FAD is reduced by NAD(P)H, the isoalloxazine moves 

back into the active site pocket, where oxidation of the cofactor and subsequent oxidation of the 

Enzyme Organism Natural 
product 

Type PDB 
ID 

% 
Identity 

RMSD 
(A) 

Ligand(s) FAD 

BexE Amycolatopsis 
orientalis 

BE-7585A type II 
PKS 

N/A 100 0.00 FAD in 

PgaE Streptomyces 
PGA64 

gaudimycin type II 
PKS 

2AQ1 74 0.70 FAD in 

PgaE Streptomyces 
PGA64 

gaudimycin type II 
PKS 

4ICY 74 0.60 FAD  in 

CabE Streptomyces H201 unknown type II 
PKS 

2QA2 46 0.53 FAD in 

MtmOIV Streptomyces 
argillaceus 

mithramycin type II 
PKS 

4K5S 48 1.04 FAD, 
premithramycin B 

in 

MtmOIV Streptomyces 
argillaceus 

mithramycin type II 
PKS 

3FMW 48 1.02 FAD in 

OxyS Streptomyces 
rimosus 

oxytetracycline type II 
PKS 

4K2X 45 0.82 FAD in 

RdmE Streptomyces 
purpurascens 

rhodomycin type II 
PKS 

3IHG 31 3.10 FAD, aklavinone  out 

RebC Lechevalieria 
aerocolonigenes 

rebbecamycin alkaloid 2R0C 28 4.35 FAD out 

RebC Lechevalieria 
aerocolonigenes 

rebbecamycin alkaloid 4EIP 28 4.04 FAD, K252c in 

RebC Lechevalieria 
aerocolonigenes 

rebbecamycin alkaloid 4EIQ 28 3.95 KCT N/A 

RebC Lechevalieria 
aerocolonigenes 

rebbecamycin alkaloid 2R0G 28 5.59 FAD, chromo + 
7-K252c 

in 

RebC Lechevalieria 
aerocolonigenes 

rebbecamycin alkaloid 2R0P 28 3.01 FAD, K252c 
soaked 

out 

RebC Lechevalieria 
aerocolonigenes 

rebbecamycin alkaloid 3EPT 28 4.37 FAD (reduced) in 

         

 

Table 5-1. A table listing the crystal structures of biosynthetic oxygenases that are related to 
BexE. The % identity and RMSD are relative to the BexE structure. The last column, “FAD” 
corresponds to the conformation of FAD. 
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Figure 5-5. Sequence alignment of BexE with other oxygenases from biosynthetic pathways. 
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substrate is proposed to occur. When the FAD moiety is positioned inwards towards the active 

site pocket, the conformation is the “in” conformation. Multiple crystal structures of 

FAD/NAD(P)H-dependent oxygenases have been solved with FAD in either the “in” or “out” 

conformations (Figure 5-4 and Table 5-1)(6, 17, 19, 21-25). A subset of these structures have a 

substrate bound that allows the identification of substrate binding pockets, as well as the relative 

locations between FAD and the bound substrate(19, 22). In summary, while homologous 

oxygenases have been crystallized with FAD in the “in” conformation or “out” conformations, 

the BexE FAD is in the “in” conformation with a large open active site pocket (Table 5-1). The 

BexE co-factor conformation and BexE pocket with be discussed in detail in section 5.3.10. 

 

5.3.4 Identifying the BexE Substrate Using In Vitro Functional Assays  

 To determine the substrate and product of the reaction catalyzed by BexE, our co-workers 

in Jurgen Rohr’s laboratory at the University of Kentucky tested the ability of BexE to oxidize 

linear and angucyclic tetracyclic polyketides (Figure 5-6). In vitro assays were conducted with an 

NADPH regeneration system and included BexF, which is a putative 4th ring cyclase. Initial 

BexE assays in the presence of NADPH using possible linear substrates such as 

presteffimycinone, premithramycinone, aklaviketone, and anthracyclinone did not lead to 

product formation (Figure 5-6). Additionally, assays testing the reversibility of BexE using 

possible angucycline substrates such as landomycinone, 11-deoxy-landomycinone, tetrangulol, 

and tetrangomycin in the presence of NADP+ showed no product formation (Figure 5-6). 

However, new products were observed when BexE was incubated in the presence of NADPH 

with the crude lysate from Streptomyces galilaeus (ATCC 31615) mutant H036, which produces 

aklaviketone and anthracyclinone (Figure5-7)(29). The crude lysate predominantly contains 
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aklaviketone and anthracyclinone; however, there are also many unstable and uncharacterized 

biosynthetic intermediates en route to these products in the lysate. To identify the true BexE 

substrate, the crude lysate was fractionated, and individual fractions were tested for activity with 

BexE (Figure 5-8). A single peak present in “fraction 2” was converted into two new products 

when incubated with BexE. Interestingly, the unknown BexE substrate accumulates in the crude 

lysate over time and reaches a maximum amount after 5 hours at room temperature. We are 

currently determining the chemical structure of the BexE substrate and products. In summary, we 

have developed an in vitro functional assay for BexE using the crude lysate of Streptomyces 

galilaeus (ATCC 31615) mutant H036, which produces aklaviketone. The lysate contains an 

uncharacterized product that is most likely a shunt product or biosynthetic intermediate, which is 

produced during aklaviketone biosynthesis. 

 

 

 

 

Figure 5-6. Possible substrates tested for BexE activity. 
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5.3.5 The Effect of BexF During the BexE In Vitro Assay 

 BexF is the proposed 4th cyclase during BE-7885A biosynthesis and shares 39% identify 

to TcmI, the 4th ring cyclase during tetracenomycin biosynthesis (Figure 5-9A)(30, 31). BexF is 

proposed to catalyze cyclization(s) immediately before the BexE-catalyzed oxidation during BE-

7585A biosynthesis; however, the substrate and product of BexF are unknown. When BexF was 

 

Figure 5-7. HPLC analysis of reactions using the Streptomyces galilaeus (ATCC 31615) 
lysate with BexE and BexF. The main products in the lysate are aklaviketone and 
anthracyclinone, shown at 16.20 and 24.61 minutes, respectively. The addition of BexE to the 
Streptomyces galilaeus (ATCC 31615) lysate results in the appearance of two new peaks at 
19.11 and 24.98 minutes. The addition of BexF to the lysate resulted in an increase in the size 
of the peak at 10.42 minutes. The addition of BexE and BexF to the lysate resulted in the 
appearance of the same two new peaks at 19.11 and 24.98 minutes, which were present with 
BexE alone. However, when BexF and BexE are present, the peaks at 19.11 and 24.98 
minutes are increased relative to BexE alone . Therefore, the presence of BexF increases 
BexE product formation. *Dr. Xia Yu in Dr. Jurgen Rohr’s group conducted the in vitro BexE 
studies. 
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incubated with BexE and the Streptomyces galilaeus (ATCC 31615) mutant H036 crude lysate, 

BexE product formation increased (Figure 5-7). Therefore, BexF may affect BexE product 

formation through a number of possible mechanisms. For example, we hypothesize that BexF is 

involved in the generation or stabilization of the BexE substrate. Alternatively, BexF may form a 

complex with BexE and alter the kinetics of the BexE reaction, or help shuttle a reactive 

substrate into the BexE active site. There are previous reports that different oxygenases may 

 

Figure 5-8. The fractionation of the Streptomyces galilaeus (ATCC 31615) lysate to identify 
the BexE substrate. (A) BexE activity was only observed in lysate that was incubated at room 
temperature for 5 hours. Therefore, HPLC was used to fractionate areas with increased peak 
sizes in the lysate after 5 hours of incubation to identify the BexE substrate (shown in dotted 
boxes). Fraction 2 contained a peak at 10.49 minutes, which contains the true BexE substrate. 
(B) Fraction 2 was assayed with BexE and BexF in the presence of NADPH or NADH. 
Assays with the purified fraction 2 confirmed that the BexE reaction is NADPH dependent. 
*Dr. Xia Yu in Dr. Jurgen Rohr’s group conducted fractionation and in vitro BexE studies. 
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associate together, but never a cyclase (BexF) and oxygenase (BexE). The observation that the 

inclusion of BexF increases BexE product formation strongly supports that these two enzymes, a 

cyclase and an oxygenase, associate together. This would be the first observation of such 

association between these types of tailoring enzymes.  

 

5.3.6 Possible BexF and BexE Substrates 

 Based on our in vitro assay results, the BexE substrate in the crude lysate of Streptomyces 

galilaeus (ATCC 31615) mutant H036 is not aklaviketone or anthracyclinone. Therefore, the 

BexF or BexE substrate is possibly a tricyclic compound such as aklanonic acid, aklanonic acid 

methyl ester, 12-deoxy-aklanonic acid, or a tetracyclic substrate such as aklaviketonic acid or 12-

deoxy-aklaviketonic acid (Figure 5-9B). Because of the unavailability or instability of the 

proposed substrates, the unaromatized intermediates shown in Figure 5-9B could not be tested in 

vitro. However, we are exploring compounds such as aklanonic acid and aklanonic acid methyl 

ester as BexF or BexF substrates. 12-deoxy-aklanonic acid and 12-deoxy-aklanonic acid methyl 

ester are prone to oxidation at the C12 position; therefore, these compounds may not be stable 

over long periods of time. However, during biosynthesis, 12-deoxy-aklanonic acid derivatives 

may be stabilized by sequestration into an enzyme active site or binding pocket, which could 

protect the C12 position from oxidation. The protected 12-deoxy-aklanonic acid could then be 

shuttled directly into the correct active site for catalysis. BexF may catalyze 4th ring formation of 

12-deoxy-aklanonic acid to form 12-deoxy-aklaviketonic acid, which we hypothesize to be the 

BexE substrate.  

The presence or absence of the methyl ester at C10 may also influence activity. The C10 

carboxy methyl ester is important for the cyclization of aklanonic acid methyl ester to form 
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Figure 5-9. The reaction catalyzed by TcmI and type II polyketide biosynthesis of 
aklaviketone in Streptomyces galilaeus (ATCC 31615). (A) TcmI is a 4th ring cyclase from 
the tetracenomycin biosynthesis pathway that catalyzes closure of the 4th ring of Tcm F2 to 
form Tcm F1. (B) Aklaviketone biosynthesis in Streptomyces galilaeus (ATCC 31615) 
follows a linear pathway starting from a 21-carbon intermediate (shown in bold arrows). 
Many putative intermediates occur transiently during aklaviketone biosynthesis, and we 
hypothesize that BexF may cyclize an intermediate to form the BexE substrate. Based on 
molecular docking studies, we propose that BexF generates 12-deoxy-aklaviketonic acid, 
which is then used by BexE as a substrate. *Intermediates or shunt products that have not 
been isolated due to low yield or instability. 
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aklaviketone by the cyclase DnrD in daunorubicin biosynthesis(32). Therefore, the C10 

carboxylate may be an important determinant of substrate specificity for BexE.  

Another possible determinant of substrate specificity is the stereochemistry at the C9 

position. During aklaviketone biosynthesis in Streptomyces galilaeus (ATCC 31615) the 

 

Figure 5-10. The docking of 12-deoxy-aklaviketonic acid into the active sites of the BexF 
homology model and BexE crystal structure. (A) 12-deoxy-aklaviketonic acid was docked 
into the active site pocket of the BexF homology model to determine if this product would 
engage in favorable interactions with active site residues. 12-deoxy-aklaviketonic acid docks  
in the BexF active site, with favorable hydrophobic and hydrophilic interactions with active 
site residues. Specifically, the 4th ring of 12-deoxy-aklaviketonic acid is docked deep in the 
active site and makes interactions with His50, Arg39, and Gln52. The tetracyclic core its in a 
hydrophobic cavity and is anchored by a hydrogen bond between the C4 hydroxyl group and 
Trp91. (B) 12-deoxy-aklaviketonic acid was docked into the active site pocket of the BexE 
crystal structure to determine if this product would engage in favorable interactions with 
active site residues. 12-deoxy-aklaviketonic acid docks with the 4th ring close to the C4a 
carbon of FAD, the site of peroxy-flavin generation. The C4 hydroxyl group of 12-deoxy-
aklaviketonic acid is anchored by a hydrogen bond with Gln89. Hydrophobic interactions 
occur between the hydrophobic side 12-deoxy-aklaviketonic acid and F340. Additionally, the 
propyl moiety of 12-deoxy-aklaviketonic acid forms hydrophobic contacts with Met200, 
Ile212, and Phe255. Arg210 forms a hydrogen bond with the C7 carbonyl, which may 
stabilize an oxyanion if this carbonyl undergoes nucleophilic attack by the peroxy-flavin 
intermediate. 
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stereochemistry at the C9 position is set during the enzyme-catalyzed cyclization of aklanonic 

acid methyl ester(32). However, aklanonic or 12-deoxy-aklanonic acid may undergo spontaneous 

decarboxylation, resulting in the formation of a carbanion at the C10 position. The reactive C10 

carbanion is poised to form a six-membered ring by attacking the C9 carbonyl. This reaction 

would produce equal mixture of stereoisomers at the C9 position. It is possible that spontaneous 

decarboxylation occurs, which leads to the formation of the BexE substrate with different 

stereochemistry than aklaviketone. BexF may increase the rate of decarboxylation/cyclization of 

aklanonic or 12-deoxy-aklanonic acid, and thus it would favor one stereoisomer over the other. 

This scenario could explain the increase in product formation when BexF is present in the assay 

with crude lysate.  

In summary, we have found that BexE can convert a to-be-determined substrate from the 

crude lysate of Streptomyces galilaeus (ATCC 31615) into two unknown products in an 

NADPH-dependent reaction. Streptomyces galilaeus (ATCC 31615) produces aklaviketone; 

therefore, we proposed a series of candidate BexE substrates that are expected to be 

intermediates during aklaviketone biosynthesis. 

 

5.3.7 BexF Active Site Docking  

 BexF is likely to produce the BexE substrate. To gain more information about the 

possible structure of the BexE substrate, we investigated possible substrates and products of 

BexF using molecular docking with the BexF homology model (Figure 5-10A). A homology 

model of BexF was generated using HHPred based on the TcmI crystal structure(33). Linear 

tricyclic and tetracyclic polyketide intermediates were docked into the BexF model to reveal the 

impact of C9 stereochemistry, C12 oxidation, and the C10 carboxyl group on substrate binding 
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in the active site. In total, over 500 docking solutions were analyzed for different possible BexF 

substrates and products. 12-deoxy-aklaviketonic acid, a putative BexF product, showed the most 

favorable interactions with BexF (Figure 5-10A). These preliminary docking results suggest that 

12-deoxy-aklaviketonic acid is a possible BexF product; however, aklaviketonic acid or a 

different tetracyclic intermediate may be the true product. Structural elucidation of the BexE 

substrate from the Streptomyces galilaeus (ATCC 31615) lysate will greatly enhance our 

understanding of the reaction catalyzed by BexF. 

 

5.3.8 BexE Active Site Docking 

 To determine the potential substrate for BexE, multiple tetracyclic intermediates were 

docked into the BexE active site near FAD. Similar to BexF, 12-deoxy-aklaviketonic acid 

docked well into the BexE active site (Figure 5-10B). The tetracyclic structure of 12-deoxy-

 

Figure 5-11. A cartoon representation of the BexF homology model bound to a tetracyclic 
substrate and docked to the surface of BexE. The BexF model contains a large pocket and 
active site entrance. When BexF is docked with BexE, a clear interface between the two 
enzyme active site entrance forms to reveal a tunnel, which we hypothesize is responsible for 
transferring a reactive substrate from the BexF active site to the BexE active site. 
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aklaviketonic acid stacks on the backbone of L3 and forms a series of hydrogen bonds and 

hydrophobic interactions with BexE (Figure 5-10B). The BexE substrate pocket is sufficiently 

large to accommodate a range of tetracyclic molecules. However, upon substrate binding, we 

hypothesize that the middle domain undergoes a conformational change, which seals the 

substrate in the active site. We are currently scaling up the fractionation of the Streptomyces 

galilaeus (ATCC 31615) lysate to generate enough BexE substrate for co-crystallization studies. 

A BexE co-crystal structure with the true substrate will shed light on the nature of 

conformational changes upon substrate binding. In summary, docking results of BexE with 12-

deoxy-aklaviketonic acid support our hypothesis that 12-deoxy-aklaviketonic acid may be the 

BexE substrate.  

 

5.3.9 Docking a BexF Homology Model with BexE 

 To visualize a possible BexE/BexF complex, a homology model of BexF was generated 

using HHPred based on the TcmI crystal structure and docked with BexE using COOT(33, 34). 

The docked BexE/BexF complex was further energy minimized using Chimera(35). The BexF 

homology model has a large open active site and wide entrance capable of binding tetracyclic 

linear and angucycline polyketides. The BexF model was docked with the BexE structure in an 

orientation that positions their active site entrances in close contact (Figure 5-11). This 

orientation mimics a possible binding interaction between BexE and BexF that allows BexF to 

pass an unstable substrate into the BexE active site. The BexF model binds to the middle domain 

BexE, which in other related oxygenases can undergo structural rearrangements upon substrate 

binding(23). Additionally, there is a large central cavity between the two BexE monomers that 

may facilitate BexF docking by providing a large interface for BexF docking. It is possible that 
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Figure 5-12. A structural comparison between the middle domains of BexE with FAD in the 
“in” position and RdmE bound to aklaviketone and FAD in the “out” position. (A) BexE with 
FAD in the “in” position with a zoomed in view of the putative active site entrance (left). 
RdmE bound to aklaviketone with FAD in the “out” position with a zoomed in view of the 
area corresponding to the BexE active site entrance (right). In RdmE, there is no active site 
entrance in this area where the substrate is bound. (B) In BexE (left, light green), FAD is in 
the “in” position with an open active site. The !-hairpin consisting of !3 and !4 is relaxed and 
shifted downward compared to the same region in RdmE (right, dark green). The L14 region 
of BexE could not be modeled because of lack of electron density; however, in RdmE this 
loop forms a !-strand (!L14), which forms a beta sheet with !3, !4, and !11. *Aklaviketone, 
and FAD from both structures are overlaid in both BexE and RdmE to highlight the FAD 
motion with respect to substrate position. 
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BexF protects and shuttles a reactive intermediate to the BexE active site, and structural 

rearrangements in the middle domain of BexE occur during complex formation with BexF. In 

summary, we propose that a BexE/BexF complex may form that connects the active site 

entrances of BexF and BexE to facilitate transfer of a reactive product from BexF to BexE. 

 

5.3.10 Comparison with RdmE 

 BexE is structurally similar to polyketide hydroxylase RdmE with an RMSD 3.10 Å. 

Their overall sequence identity is 31 %, and we hypothesize that the BexE substrate is similar to 

the RdmE substrate, aklaviketone. RdmE is an FAD/NADPH-dependent polyketide 

monooxygenase that is responsible for hydroxylation at the C11 position of aklavinone to form 

rhodomycinone, which is precursor to daunorubicin and many other type II PKSs natural 

products(19). Aklaviketone, the substrate of RdmE, is structurally related to the proposed BexE 

substrate (Figure 5-2 and Figure 5-4). The co-crystal structure of RdmE bound to its substrate 

aklaviketone and FAD was determined (Figure 5-2 and Figure 5-12)(19). The RdmE co-crystal 

structure reveals the aklaviketone binding site with FAD in the “out” conformation. The middle 

domain of RdmE closes down over the substrate and effectively seals the substrate into a cavity. 

BexE has a large open active site leading directly into the FAD binding pocket. In contrast, the 

same region of RdmE, which corresponds to the BexE active site entrance, is completely blocked 

while the substrate is enclosed inside the pocket (Figure 5-12). BexE and RdmE may have 

different active site pocket entrances; however, the middle domain forms both pockets. This 

allows us to examine the relationship between substrate binding in the middle domain and the  

“in” and “out” conformations of FAD more comprehensively. 

The RdmE crystal structure suggests that upon substrate binding, the FAD moves from 

the “in” position to the “out” position. In other related oxygenase structures in the absence of 
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substrate FAD is in the “in” position(6, 25). This is a reasonable hypothesis, because when FAD 

is reduced in the “out” position, the reduced FAD reacts with molecular oxygen to generate a 

peroxy-flavin intermediate. Peroxy-flavin intermediates are unstable, and without a substrate to 

oxidize, the peroxy-flavin will decay. If substrate binding does not control the position of FAD 

and peroxy-flavin generation, NADPH is needlessly consumed. A model for substrate binding, 

peroxy-flavin binding, and conformation changes in the middle domain is proposed in Figure 5-

13. In summary, BexE and RdmE may have similar substrates. Based on the RdmE crystal 

 

Figure 5-13. The proposed steps during substrate binding and conformational changes in the 
middle domain during catalysis. Substrate binding induces a conformational change in the 
middle domain of BexE, which causes FAD to move from the “in” to the “out” position. 
When FAD is in the “out” position, NAPDH reduction occurs and FAD returns to the “in” 
position. The reduced FAD reacts with molecular oxygen to form a reactive C4a peroxy-
flavin intermediate. The reactive C4a peroxy-flavin intermediate delivers oxygen to the 
substrate and the product is released. 
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structure bound to aklaviketone, we hypothesize that the BexE substrate will bind in an active 

site pocket formed by the middle domain. Additionally, upon substrate binding, the FAD will 

move from the “in” position to the “out” position for reduction and subsequent peroxy-flavin 

generation.  

 BexE 

Crystallization 0.1 M MES pH 7.0, 0.2 M ammonium sulfate, 
30% PEG 3350 

Crystallographic Data  
Wavelength (Å) 1.0000 

 
Space Group C2 

Cell Dimensions (a, b, c) (Å) 150.672, 80.379, 105.079 

 !="=90° 
#=126.191° 

Resolution (Å) 50.00 - 2.65 
No. of observations 218698 

No. of unique observations 29488 
Completeness %  100.00 (99.8) 

I/$(I)  21.6 (3.9) 
Rmerge % 8.4 (46.9) 

Redundancy 7.4 
Refinement  

Resolution (Å) 50.00 - 2.65 (2.74 - 2.65) 
No. of protein atoms 7162 
No. of ligand atoms 121 

 
No. of water atoms 58 

 
Rfree % 24.56 (35.29) 
Rcrys % 19.62 (29.89) 

Geometry  
RMS bonds (Å) 0.005 

 
RMS angles (°) 0.960 

 
Ramachandran Favored (%) 96 
Ramachandran Allowed (%) 3.58 

Ramachandran Dissallowed (%) 0.42  
Average B-factors (Å2)  

Protein 58.20 

 
Water 55.80 

Ligands 48.10 
Table 5-2. BexE crystallographic data collection and refinement statistics.  
*Numbers in parentheses denote the highest resolution shell.  
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5.4 Conclusion 

 The crystal structure of the oxygenase BexE was solved to 2.65 Å. It reveals a large 

active site pocket adjacent to the FAD cofactor, which is positioned in the “in” conformation that 

has been observed for other FAD/NADPH oxygenase crystal structures in the absence of 

substrate. Because BexE is part of a large number of enzymes involved in BE-7585A 

biosynthesis, the identification of its true substrate is a challenging task. Attempts at developing 

a BexE functional assay with late-stage tetracyclic type II PKS intermediates eliminated many 

potential BexE substrates and helped establish the substrate tolerance of BexE. Additionally, 

contrary to other oxygenases, we found that BexE cannot catalyze a reverse reaction using 

angucyclic polyketides, which supports the unique activity of BexE. We did observe NADPH-

dependent BexE activity when BexE was incubated with the lysate of Streptomyces galilaeus 

(ATCC 31615), which produces aklaviketone. The Streptomyces galilaeus (ATCC 31615) lysate 

was fractionated and a single peak was identified as the BexE substrate. Importantly, BexF, the 

putative 4th ring cyclase that is hypothesized to provide the BexE substrate during BE-7585A 

biosynthesis, was found to increase BexE product formation in our assay. To gain insight into the 

structure of the BexE substrate, we conducted molecular docking studies on possible 

biosynthetic intermediates using a homology model of BexF and the crystal structure of BexE. 

Our docking results suggest that the substrate of BexE may be 12-deoxy-aklaviketonic acid. We 

are actively pursuing structural determination of the BexE substrate and products. When BexE 

was compared with the related type II PKS oxygenase RdmE, we gained insights into how 

substrate binding may induce conformation changes in the middle domain and regulate catalysis. 

Together, these results offer an initial glimpse into the complex oxidation reactions that occur 

during BE-7585A biosynthesis and lay a framework for engineering oxidations in type II PKSs. 
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5.5 Materials and Methods 

5.5.1 Expression and Purification of BexE 

The pET-28b (Novagen) derived DNA plasmid encoding a cleavable N-terminal His-

tagged BexE (BexE/pET28b) was provided by Dr. Hung-Wen Liu. BexE/pET28b was 

transformed into E. coli BL21(DE3) competent cells and plated on LB-agar plates containing 

kanamycin (50 !g/mL). The plates were incubated overnight at 37 °C. A positive transformant 

was transferred to a 5 mL starter culture of Luria-Bertani (LB) broth containing kanamycin (50 

!g/mL). The starter culture was grown overnight at 37 °C with shaking. The culture was used to 

inoculate two liters of LB with kanamycin (50 !g/mL). The culture was grown at 37 °C until the 

A600 reached 0.4 – 0.6. The cells were cooled to 18 °C and 0.1 mM IPTG was added to induce 

protein expression. After 12-18 hours of incubation at 18 °C, the cells were harvested by 

centrifugation at 5000 rpm for 15 minutes. The cell pellets were flash-frozen in liquid nitrogen 

and stored at -80 °C. The frozen cell pellets were thawed on ice and re-suspended in lysis buffer 

(50 mM Tris pH 8.0, 300 mM NaCl, 15% glycerol, 10 mM imidazole). The cell suspension was 

lysed using sonication (8 x 30 s cycles), and cell debris was removed by centrifugation at 14000 

rpm for 45 minutes. The lysate was incubated with 5 mL Ni-IMAC resin (BioRad) at 4 °C for 

one hour. The resin was poured into a fritted column and the flow-through fraction was 

collected. The resin was washed with 100 mL of lysis buffer then eluted with lysis buffer plus 

increasing amounts of imidazole (20-500 mM). The elutions were analyzed using SDS-PAGE, 

and elutions containing the protein of interest were combined and dialyzed overnight into 

crystallization buffer (50 mM Tris pH 8.0, 300 mM NaCl, 15% glycerol). The dialyzed protein 

was concentrated to 5 mg/ml and frozen in liquid nitrogen. The appearance of the elutions was 

bright yellow due to the presence of the FAD cofactor bound to BexE. The theoretical molecular 
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weight of BexE (including the His-tag) is 53589 Daltons, which was confirmed using SDS-

PAGE. 

 

5.5.2 BexE Crystallization 

Frozen aliquots of BexE were thawed on ice and filtered with a 0.22 !M spin filter prior 

to crystallization. 1.7 !L of BexE (5 mg/ml) was mixed with 1.7 !L of well solution (30 % PEG 

3350, 0.2 M ammonium sulfate, 0.1 M MES, pH 4.5) and allowed to equilibrate with 500 !L of 

well solution using the sitting drop vapor diffusion method. Medium sized clusters containing 3D 

blades formed over 1 week at 4 °C. The clusters were broken and single blades were used for 

diffraction experiments. 

 

5.5.3 BexE Data Collection, Model building, and Refinement 

Crystals of BexE were flash frozen in liquid nitrogen before data collection. X-ray 

diffraction data using monochromatic X-rays (1.0 Å) were collected for BexE crystals to a 

resolution of 2.65 Å at the Advanced Light Source (ALS) on Beamline 8.2.1. The diffraction 

data was processed using HKL2000(36). BexE crystallized as one homodimer per asymmetric 

unit in the space group C2.  Initial phases were determined using molecular replacement 

(PHENIX Phaser) with the structure of the aromatic hydoxylase PgaE (PDB ID: 2QA1) as a 

search model(37). A preliminary model was built (PHENIX AutoBuild) and this model used for 

iterative rounds of model building (COOT) and refinement (PHENIX refine)(34, 38, 39). After 

one round of refinement, clear electron density for the FAD cofactor was observed in both BexE 

monomers. Once all side chains were correctly placed, FAD was inserted into each monomer and 

included for all subsequent rounds of model building and refinement. Clear electron density was 
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located near multiple arginines and three sulfates were modeled and refined in these areas.  BexE 

was refined to yield an Rwork of 19.62% and an Rfree of 24.56%. Data collection and refinement 

statistics can be found in Table 5-1. The following residues could not me confidently place in the 

BexE model due to missing electron density: Ile190-Glu192, and Ala445 (monomer A), M189-

Glu192, and Gly399-Arg401 (monomer B).  

 

5.5.4 BexE Molecular Docking 

 Putative substrates for oxidation were drawn using ChemDraw and converted to PDBs 

using the NCI SMILES converter server (http://cactus.nci.nih.gov/translate/). The putative 

substrate PDB files were energy minimized and converted to .mol2 files using Chimera(35). The 

BexF homology model was generated using HHPred based on the crystal structure of TcmI. The 

BexE and BexF PDBs were converted to .mol2 files and waters were removed using Chimera. 

GOLD docking was used to dock the putative substrates in the BexE active site within 15 Å of 

the FAD C4a carbon(40). For BexF, substrates were docked within 15 Å of the bottom pocket 

arginine Arg39. 
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Chapter 6!

Structural Studies of Protein-Protein Interactions in the E. coli Type II Fatty Acid 

Synthase Using Mechanism-based Crosslinking and X-ray Crystallography!

!

6.1 Abstract!

! The acyl carrier protein (ACP) plays a central role in both primary and secondary 

metabolism. In E. coli, the type II ACP (AcpP) is responsible for transporting a nascent fatty acyl 

chain during biosynthesis. In different biosynthetic pathways including fatty acid (FA) 

biosynthesis, AcpP interacts with at least 12 enzymes while it delivers intermediates into 

different active sites. The interactions between AcpP and its partner enzymes are transient, which 

has hampered efforts to gain structural knowledge of how AcpP interacts with its partner 

enzymes. In order to gain a better understanding of how AcpP interacts with the ketosynthase 

(KS) FabB and dehydratase (DH) FabA during E. coli FA biosynthesis, enzyme-specific 

mechanism-based crosslinking strategies were used to isolate stable, crosslinked AcpP=FabB 

and AcpP=FabA complexes. These complexes were purified, crystallized, and their crystal 

structures solved to 2.4 Å and 1.9 Å, respectively*. The AcpP=FabB structure is the first 

structure of an ACP/KS complex and reveals important residues for complex formation. This 

work represents a major breakthrough in understanding type II FA biosynthesis and provides a 

structural basis for engineering the production of pharmaceuticals and biofuels in E. coli.!

!

*The AcpP=FabA crystal structure was published in Nature in 2014, and this study was 

primarily completed by Dr. Chi Nguyen and our collaborators in Dr. Michael Burkart’s 

laboratory. I am a co-author on this publication and aided in crystallizing the AcpP=FabA 
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complex and in solving the crystal structure of the complex. This structure will be briefly 

reviewed in section 6.3.1 by adapting a portion of the text and multiple images from our 

published work. However, experimental details are not included in the material and methods of 

this thesis. For a more detailed discussion of the AcpP=FabA crystal structure, NMR studies, and 

molecular dynamics simulations, please refer to reference 14. !
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6.2 Introduction 

The type II acyl carrier protein (AcpP) plays a central role in transporting starting 

materials and intermediates throughout the fatty acid biosynthetic pathway before incorporation 

into lipogenesis (Figure 6-1A)(1-5). In E. coli, AcpP interacts with at least 12 enzymes involved 

in fatty acid biosynthesis, plus seven other enzymes from disparate biosynthetic pathways 

(Figure 6-1A)(6-10). AcpP has been demonstrated to sequester growing metabolites in an 

interior hydrophobic cavity, presumably to protect these intermediates from non-selective 

reactivity, and selective protein-protein interactions are believed to be a prerequisite for the 

delivery of an ACP-bound substrate into the appropriate catalytic partner(11). Given the 

importance of ACP-protein interactions in both metabolic and regulatory processes, such a 

“switchblade mechanism”!is a highly attractive hypothesis, though conclusive evidence remains 

elusive due to the inherently transient nature of ACP-partner complexes (Figure 6-1C)(12, 13). !

 In order to gain a better understanding of protein-protein interactions in the E. coli type II 

FAS, we applied mechanism-based crosslinking to generate stable protein complexes for 

structural and spectroscopic studies. Here we present the crystal structures of the AcpP=FabA 

and AcpP=FabB complexes, which reveal molecular details about the specificity of protein-

protein interactions between these enzymes(14). We hypothesize that knowledge of the 

differential AcpP interactions between distinct enzymes in type II fatty acid biosynthesis can be 

used to engineer this pathway to produce altered fatty acid profiles in vitro and in vivo. By 

manipulating FAS protein-protein interactions, we aim to control the chain length and saturation 

level of fatty acids, which will advance the field of biofuel production. Our initial studies on the 

AcpP=FabA complex will be presented, followed by the analysis of the AcpP=FabB complex, 

and concluded with a structural comparison between both complexes.!
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Figure 6-1. E. coli AcpP and crosslinking strategy. (A) AcpP is a small, acidic protein 
comprised of four !-helices that interacts with at least 21 catalytic enzymes, 12 of which 
belong to the type II FAS (10 shown here). The apolar interior of helix II (!2) and helix III 
(!3) form a hydrophobic cavity that sequesters the growing metabolite attached to the 
phosphopantetheine (pPant) prosthetic group. (B) A native substrate of FabA (top) and 
modified AcpP with targeted sulphonyl-3-alkynyl crosslinking probe (middle), derived from 
the crosslinking pantetheinamide analogue 1 (bottom). (C) Proposed mechanism of FabA. 
Protein–protein interactions between AcpP and FabA induce release of the sequestered 
substrate from AcpP into the active site of FabA, where dehydration is catalyzed. (D) 
Crosslinking strategy to form the AcpP=FabA complex with mechanism-based crosslinking 
probe 1. 
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6.3 Results and Discussion 

6.3.1 AcpP=FabA Structural Determination and Analysis!

We recently deployed synthetic probes to study AcpP-protein interactions, including a 

sulfonyl-3-alkyne based probe (1) designed to capture AcpP in a functionally relevant 

association with FabA (3-hydroxyacyl-ACP dehydratase) with demonstrated specificity between 

the E. coli AcpP and FabA (Figure 6-1B-D)(15-17).  Probe 1, when loaded onto the AcpP in 

place of the natural pPant, creates a uniformly crosslinked species (AcpP=FabA) that forms 

reproducible crystals in the tag-free form. No crystals form without 1, demonstrating the 

necessity of applying probes such as 1 to capture the ACP in its association with partner 

enzymes. !

The AcpP=FabA crystals were diffracted to 1.9 Å, and the AcpP=FabA crystal structure 

was solved by molecular replacement using the apo-FabA dimer (PDB ID: 1MKA) and a 

butyryl-AcpP (PDB ID: 2K94) as search templates. Final refinement revealed the AcpP2=FabA2 

complex structure (Figure 6-2A), consistent with protein sizing data in solution. The dimeric 

FabA forms a “double hotdog”!topology, with two anti-parallel!“hotdog”!helices surrounded by 

the combined 14-stranded !-sheet (Figure 6-2A)(18-20). The two AcpP monomers adopt the 

four-helix bundle fold and dock helices II and III ("2 and "3) with the !5-6 loop of FabA (Figure 

6-2C). The interface area is small (597 Å2 and 512 Å2 for the two interfaces), consistent with the 

transient nature of AcpP-partner interactions. AcpP has a negatively charged helical cleft 

between helices II and III, which interacts with a positively-charged arginine-rich patch (the 

“positive patch,”)! (Figure 6-2C)(3). AcpP=FabA interactions are mainly electrostatic but also 

include conserved, hydrophobic residues (Figure 6-2D). The high sequence conservation of 
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residues at the AcpP=FabA interface is consistent with previous reports of ACP-partner complex 

structures, strongly supporting the conserved nature of the positive patch in ACP partner 

proteins(7, 21-24). !

 
Figure 6-2. The structure of crosslinked AcpP=FabA. (A) X-ray crystal structure of 
AcpP=FabA at 1.9!Å. (B) The molecular surface mapped with calculated vacuum electrostatic 
potential of AcpP=FabA. Blue shading indicates electropositive and red shading indicates 
electronegative protein surfaces. (C) Rotation of (B) by 90° at the interfaces between each 
AcpP=FabA to visualize electrostatic pairing. (D) Expanded view of both interfaces in 
AcpP=FabA, indicating salt bridges and hydrophobic interactions between helix II (!2) and 
helix III (!3) of AcpP and the “positive patch” of FabA. (E) Comparison between 
hydrophobic cleft of AcpP with sequestered substrate (top, from PDB 2FAE, with long 
interior hydrophobic cavity outlined with dashed line) and AcpP1 in AcpP=FabA (bottom, 
reduced interior cavity). (F) The interior cavity of 2FAE labeled with the hydrophobic 
residues labeled. The contraction of these hydrophobic residues collapses the interior cavity in 
AcpP=FabA. 
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While only Arg137 of FabA shifts between the two FabAs, many residues of helix III 

move extensively between AcpP1 and AcpP2 (Figure 6-2D), resulting in different topology near 

the contact interface between helices II and III (Figure 6-2C). Thus, the first AcpP=FabA 

interaction represents a snapshot when AcpP completes its docking with FabA, resulting in less 

movement of AcpP1. The second AcpP=FabA interaction represents a snapshot of AcpP in 

transition, where extensive movement of helix III is necessary in order for AcpP2 to bind or 

dissociate from FabA.!

The natural FAS substrates contain both the phosphopanthetheine (pPant) and acyl chain 

moieties (Figure 6-1B). The application of probe 1 helps visualize both pPant and substrate 

binding. Probe 1 covalently connects the active site Ser36 of AcpP and His70 of FabA, and it 

binds a highly conserved cavity of FabA. Unlike acyl-AcpP structures that contain a hydrophobic 

interior pocket to sequester the acyl chain, the AcpP in the AcpP=FabA complex structure 

contains no interior pocket (Figure 6-2B) and closely resembles apo-AcpP, because five 

conserved hydrophobic residues between helices II-III move inward and collapse the interior 

pocket (Figure 6-2F)(13, 25). This drastic change reflects a dynamic AcpP moving from the 

sequestered-substrate state to the open switchblade state to position the substrate within partner 

enzyme FabA (Figure 6-1C-D). In summary, the crystal structure of the AcpP=FabA complex 

was solved and elucidates how AcpP binds and releases a sequestered substrate into the FabA 

active site. Additionally, residues at the AcpP/FabA binding interface were identified and can 

now be compared to other AcpP/target enzyme interfaces for use in the rational engineering of 

protein-protein interaction in the E. coli type II FAS. A comparison of the AcpP/FabA interface 

to the AcpP/FabB interface will be discussed in section 6.3.6.!
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6.3.2 AcpP=FabB Crosslinking!

! To visualize the protein-protein interactions between AcpP and FabB, we sought to 

obtain a high-resolution crystal structure of an AcpP=FabB complex. In this work, we applied a 

similar strategy as in the case of the AcpP=FabA crosslinking and structure determination 

described above. A previously described chloroacryl pantetheine analogue (2) has been loaded 

onto various acyl carrier proteins and shown to be a mechanism-based crosslinker that targets the 

active site cysteine of KS enzymes (Figure 6-3 and Figure 6-4)(26-34). The crosslinker 2 was 

previously used by our lab to investigate ACP-KS interactions in a fungal type I polyketide 

synthase; however, a high-resolution crystal structure could not be obtained in this study(34). In 

the current study, crosslinker 2 was loaded onto AcpP from the E. coli type II FAS and incubated 

 
Figure 6-3. The forms of AcpP in vivo and FabB crosslinking strategy. AcpP is post-
translationally modified with phosphopantetheine (pPant) to form holo-AcpP. The growing 
polyketide is linked via a thioester bond to the thiol of pPant. AcpP has been shown to 
sequester, or protect, the growing intermediate during biosynthesis. Apo-AcpP can be purified 
and chemoenzymatically loaded with pPant analogues that contain specific chemical groups 
that crosslink AcpP and target enzymes. 
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with FabB to generate a stable AcpP2=FabB2 complex that readily crystallized (Figure 6-5). A 

high-resolution crystal structure of the AcpP=FabB complex was solved, revealing important 

residues for protein-protein interactions between AcpP and FabB (Figure 6-6).!

 
 
Figure 6-4. An overview of crosslinker synthesis and the FabB crosslinking mechanism. (A) 
Protected pantetheine amine is coupled with chloroacryl acid and the deprotected product 
yields the chloroacryl pantetheine analogue (3), which can be chemoenzymatically loaded 
onto AcpP using enzymes from the CoA biosynthesis pathway (CoaA, CoaD, and CoaE), and 
the phosphopantetheinyl transferase Sfp. (B) The active site cysteine of FabB attacks the 
thioester of acyl-AcpP to form a tetrahedral intermediate, which collapses to transfer the acyl 
group to the active site cysteine of FabB. The FabB acyl-enzyme intermediate is then 
elongated by decarboxylative addition using malonyl-AcpP as a substrate. (C) The active site 
cysteine of FabB is proposed to attack the alkene of the chloroacryl-based crosslinker 
resulting in the formation of an enolate. The oxyanion of the enolate collapses to cause double 
bond migration and expels a chloride anion, which results in a stable crosslinked species.                 
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6.3.3 AcpP=FabB Overall Structure!

! The AcpP=FabB complex is composed of two AcpP molecules and two FabB molecules 

(Figure 6-6). The AcpPs (AcpP1 and AcpP2) are both covalently bound to the active sites of the 

two FabB monomers (FabB1 and FabB2) (Figure 6-7E). The structures of FabB1 and FabB2 in 

the AcpP=FabB complex are very similar to previously determined FabB crystal structures(35-

40). FabB1 and FabB2 retain the same thiolase fold in the AcpP=FabB complex when apo-FabB  

(PDB ID: 2VB7) is overlaid with the AcpP=FabB complex. The structures are nearly identical 

with an RMSD of 0.245 Å. In the AcpP=FabB complex, both AcpPs are highly dynamic, 

displaying elevated B-factors and many side chains with poorly defined electron density (Figure 

6-6B-C and Figure 6-7A-B). However, helix III of AcpP1 is slightly more disordered, and FabB1 

has elevated B-factors relative to FabB2. Therefore, the interface between AcpP1 and FabB1 

(interface 1) is termed the “destabilized interface”!and the interface between AcpP2 and FabB2 is 

termed the “stabilized” interface. AcpP1 interacts with both FabB1 and FabB2 with interaction 

surface areas of 139.8 Å2 and 451.1 Å2, respectively. AcpP2 also interacts with both FabB1 and 

FabB2 with interaction surface areas of 445.8 Å2 and 149.5 Å2, respectively. Therefore the total 

interaction surface areas are very similar with values of 590.9 Å2 for AcpP1 and 595.3 Å2 for 

AcpP2. The differences between these two interfaces will be discussed in detail in the following 

section. 

 

6.3.4 Comparison of the Crosslinked Active Sites of FabB1 and FabB2 in the AcpP=FabB 

Crystal Structure!

The monomers FabB1 and FabB2 in the AcpP=FabB complex overlay well with an 

RMSD of 0.132 Å. The active site of FabB consists of Cys163, His297, and His333. When 
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FabB1/AcpP1 and FabB2/AcpP2 are overlaid, the active site residues overlay with little 

deviation. The crosslinker is bound in the same orientation with respect to Cys163, His297, and 

His333. Additionally, Thr300 and Thr302 make hydrogen bonds to an amide carbonyl of the 

crosslinker (Figure 6-7E). However, moving towards the AcpPs, the crosslinkers adopt different 

conformations. Significantly, the dimethyl moiety from AcpP1 is shifted upwards moving out of 

the hydrophobic pocket formed by Pro272, Met204, Val240, and Phe392 of FabB1, and Leu37 in 

AcpP1. Although this slight difference is present in our model, the electron density in this area 

can accommodate multiple conformations of the crosslinker. Therefore, conclusions drawn from 

analyzing the conformations of the crosslinker must be corroborated by other methods. However, 

 
Figure 6-5. AcpP=FabB crosslinking optimization and purification. (A) SDS-PAGE gel 
analysis of a time course crosslinking experiment with different buffer conditions and 
additives such as DMSO and DTT. Condition 2 gave the highest amount of crosslinking 
therefore this condition was further optimized and scaled up to produce the AcpP=FabB 
complex. (B) Gel filtration chromatogram of a scaled up AcpP=FabB crosslinking reaction 
showing clear separation of excess AcpP and the AcpP=FabB complex (top). SDS-PAGE 
analysis showing ~95 % pure AcpP=FabB complex is obtained after gel filtration. 
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the electron density for the middle section of the crosslinker is weaker in AcpP1 than in AcpP2 

(Figure 6-7C-D). This suggests that there is more disorder in the AcpP1 crosslinker and that the 

two AcpPs may be in different interaction states with the FabB dimer.!

 

6.3.5 Comparison of the AcpP1/FabB1 and AcpP2/FabB2 Interfaces !

! The two AcpPs (AcpP1 and AcpP2) are not identical in the AcpP=FabB complex crystal 

structure. However, the majority of protein-protein interactions are between negatively charged 

residues on AcpP1 and positively charged residues on FabB2 (Figure 6-8A-B and Table 6-1). 

 
Figure 6-6. The overall structure of the AcpP=FabB complex in cartoon (A-B) and B-factor 
putty representation (C-D).  
*Jake Milligan assisted in crystallization optimization, data collection, and refinement of the 
AcpP=FabB complex.  
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Figure 6-7. The SA-omit maps of AcpP1, AcpP2, and the crosslinkers in each FabB active 
site. (A) The SA-omit map of AcpP1 showing clear electron density for the protein backbone 
with missing side chain density for some residues. (B) The SA-omit map of AcpP2 showing 
clear electron density for the protein backbone with missing side chain density for some 
residues. (C) The SA-omit map of the crosslinker attached to AcpP1 extending into the FabB 
active site. (D) The SA-omit map of the crosslinker attached to AcpP2 extending into the 
FabB active site. (E) An overlay of AcpP1/FabB1 with AcpP2/FabB2 (top left) and an 
overlay of the crosslinkers in both FabB1 and FabB2 actives sites showing molecular 
interactions with specific side chains. 
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These interactions are the same for AcpP2 and FabB1. AcpP primarily interacts with the surface 

of the FabB dimer via its helix II and helix III. However, Lys63 and Arg62 form hydrogen bonds 

with two main chain carbonyl groups of helix I of AcpP. The interactions between the two 

AcpPs with the FabB dimer are very similar; however, helix III of AcpP1 is disordered, whereas 

helix 3 of AcpP2 is ordered (Figure 6-8A-B). Helix III has been hypothesized to be involved in 

recognition of AcpP interaction partners and helping to deliver the AcpP-sequestered substrate 

into the active site of the target enzyme(3, 14). Therefore, the presence of a disordered helix III 

 
 
Figure 6-8. The AcpP interactions in the AcpP=FabA and AcpP=FabB complexes.  
(A) Interactions between AcpP1 and FabA1 in the AcpP=FabB complex crystal structure.  
(B) Interactions between AcpP2 and FabA2 in the AcpP=FabB complex crystal structure.  
(C) Interactions between AcpP1 and FabA1 in the AcpP=FabA complex crystal structure.  
(D) Interactions between AcpP1 and FabA1 in the AcpP=FabA complex crystal structure. 
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in AcpP1 and ordered helix III in AcpP2 suggests that AcpP1 represents a more stable binding 

mode than AcpP2. This phenomenon is also observed in the AcpP=FabA complex crystal 

structure. Interestingly, no residues from either FabB monomer interact with the negatively 

charged phosphate on the phosphopantetheine moiety. In summary, the majority of interactions 

between AcpP1 and AcpP2 with the FabB dimer are very similar; however, the conformation of 

helix III is different between the two AcpPs. Therefore, helix III may play a role in enzyme 

recognition and in transfering a growing intermediate from AcpP to the FabB active site.!

 

6.3.6 Comparison the AcpP Residues at the AcpP/FabA and AcpP/FabB Interfaces!

! The residues at the interface between AcpP1 and AcpP2 in the AcpP=FabB crystal 

structure are similar. However, when comparing the AcpP interacting residues between the 

AcpPs in the AcpP=FabA and AcpP=FabB structures, clear differences become apparent. In the 

AcpP=FabB structure, helix I of both AcpPs interacts with FabB. This interaction is completely 

absent in both AcpPs in the AcpP=FabA crystal structure (Figure 6-8). There are a common set 

of residues that AcpP uses to interact with both FabA and FabB: Asp56, Glu47, and Glu41. 

However, residues Asp35, Asp38, Gln14, and Gly33 are unique for AcpP binding to FabB, 

whereas Glu60, Thr39, and Glu53 are unique for AcpP binding to FabB (Table 6-1). 

Additionally, Arg137 in FabA1 of the AcpP=FabA structure contacts the phosphate moiety of 

the phosphopantetheine crosslinker. No residues in the AcpP=FabB complex interact with the 

corresponding phosphate. In summary, the AcpP has a subset of residues that are used for 

interacting with both FabA and FabB, which can be visualized in the AcpP=FabA and 

AcpP=FabB complexes. However, the AcpP also has distinct interacting residues for each target 

protein. The interactions between AcpP and FabA are different that the interactions between 
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AcpP and FabB. Therefore, rational mutagenesis can be applied to alter AcpP interactions 

favoring or disfavoring specific interaction partners. !

!

6.3.7 Comparison and Analysis of B-factors in AcpP=FabA and AcpP=FabB Crystal 

Structures!

! In the AcpP=FabA crystal structure, AcpP1 has higher B-factors than those of AcpP2 

(Figure 6-9A). This suggests that AcpP1 and AcpP2 are dynamically different in the 

AcpP=FabA crystal structure. We hypothesize that in the AcpP=FabA crystal structure, we have 

caught a snapshot of two different binding states of AcpP. The ordered AcpP2 is in a stable 

binding mode, while AcpP1 is disordered and may represent an associating AcpP or dissociating 

AcpP binding mode. In the AcpP=FabA crystal structure, two AcpPs are covalently tethered to 

the two FabA active sites. This is possibly not a natural state of the FabA dimer in vivo; 

therefore, one active site may be able to transmit information to the other active site and 

 
Figure 6-9. Side by side comparison of B-factor putty representations of the AcpP=FabA and 
AcpP=FabB crystal structures. (A) AcpP=FabA B-factory putty representation. (B) 
AcpP=FabB B-factory putty representation. 
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influence catalytic turnover by forcing an AcpP-linked product out of the opposing active site 

once catalysis is complete. This scenario matches well with the observation that AcpP1 is in a 

disordered state while AcpP2 is in an ordered state.!

 In the AcpP=FabB crystal structure, both AcpPs have elevated B-factors. However, 

FabB1 has elevated B-factors relative to FabB2. Similar to the AcpP=FabA complex, the 

AcpP=FabB contains two AcpPs that are covalently linked to the FabB active sites, and this is 

most likely not a natural state in vivo. The two AcpPs in the AcpP=FabB crystal structure have 

almost twice as many molecular interactions when compared to the AcpPs in the AcpP=FabA 

crystral structure (Table 6-1). Therefore, the interactions between the AcpPs and FabB may be 

stronger than the AcpPs and FabA. Similar to our hypothesis for the AcpP=FabA binding 

AcpP1 FabB1 FabB2 
Distance 

(Å)  AcpP2 FabB1 FabB2 
Distance 

(Å) 
 D56 R45   3.1  D56   R45 3.0 

E47   K127 3.1  E47 K127   3.1 

E47   R124 2.4  E47 R124   3.2 

D35   R66 2.9  D35 R66   2.9 

D38   R66 3.3  D38 R66   3.2 

D38   R62 2.6  D38 R62   4.1 

D38   K63 3.6  D38 K63   3.0 

Q14 (C=O)   R62 3.3  Q14 (C=O) R62   3.7 

G33   K63 2.7  G33 (C=O) K63   3.3 

         

AcpP1 FabA1 FabB2 
Distance 

(Å)  AcpP2 FabA1 FabB2 
Distance 

(Å) 
D56   N135 (NH) 2.9  D56 N135 

(NH) 
  2.9 

E60   R136 2.8  E60 R136   2.9 

T39 (C=O)   R136 3.3  T39 (C=O) R136   3.3 

E41   K161 3.7  E41 K161   2.7 

E47   R132 2.8  E47 R132   2.8 

     E53 R132   3.5 

     pPant (P-O) R137   3.4 

 
Table 6-1. Residues that interact at the interfaces of the AcpP=FabA (bottom) and 
AcpP=FabB (top) complexes. “C=O” corresponds to protein backbone carbonyls, and “NH” 
corresponds to protein backbone amide protons. “P-O” corresponds to the phosphate oxygen 
of the AcpP-linked pPant analogue. 
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interactions above, we hypothesize that in the AcpP=FabB crystal structure, AcpP1, which has a 

disordered helix III and weaker electron density for the crosslinker 2, represents an unstable 

binding mode. This mode may represent an associating or dissociating AcpP, while AcpP2 

represents a stable binding mode. Additionally, the elevated B-factors in FabB1 may be the result 

  AcpP=FabB 
A. Crystallization 0.1 M sodium acetate pH 5.6, 0.2 M 

ammonium acetate, 18% PEG 4000 
B. Crystallographic Data   

Wavelength (Å) 0.9999 
Space Group P21 

Cell Dimensions (a, b, c) (Å) 59.33, 103.92, 83.40 
  !="=90°, #=110.61 

Resolution (Å) 50.00-2.40 
No. of observations 134614 

No. of unique observations 37095 
Completeness % (last shell) 99.95 (99.97) 

I/$(I) (last shell) 7.02 (1.64) 
Rmerge %  9.8 (43.0) 

Redundancy 3.6 
C. Refinement   
Resolution (Å) 50.00 - 2.40 

No. of protein atoms 7131 
No. of ligand atoms 50 
No. of water atoms 109 

Rfree % 21.70 (32.88) 
Rcrys % 18.61 (29.65) 

D. Geometry   
RMS bonds (Å) 0.005 
RMS angles (°) 1.05 

Ramachandran Favored (%) 93 
Ramachandran Allowed (%) 4.9 

Ramachandran Dissallowed (%) 2.1 
 Average B-factors (Å2)   

Protein 62.00 
Water 54.50 

Ligands 75.60 
 
Table 6-2. AcpP=FabB X-ray data collection and refinement statistics. *Values in 
parentheses represent values from the highest resolution shell. 
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of a long-range interaction that is relayed from FabB2, because the occupation of the FabB2 

active site with the covalently tethered AcpP2. !

 

6.3.8 Proposed “Switch Blade”! Mechanism for AcpP-Mediated Substrate Delivery and 

Catalysis by FabA and FabB !

! The molecular details of how AcpP interacts with and delivers substrates to the correct 

partner enzymes at the right times during FA biosynthesis are unknown. AcpP is capable of 

carrying a variety of substrates that differ in chain length and levels of saturation, and it guides 

these intermediates to specific active sites of different enzymes. Our working hypothesis is 

termed the “switch blade”! mechanism, where AcpP carries the growing substrate inside its 

internal hydrophobic cavity and releases the substrate into a target enzyme active site upon AcpP 

binding. This process may be influenced by the substrate itself. Specifically, we hypothesize that 

the sequestered substrate relays structural information to surface residues of AcpP, and this 

structural relay modulates the affinity of AcpP for different target enzymes. This mechanism 

allows AcpP to regulate the timing of catalysis based on the substrate inside its internal cavity. 

We predict that helix II and helix III of AcpP are the most important structural elements for this 

process. However, other areas of AcpP, such as helix I, are also involved in protein-protein 

interactions. Based on these results, we are starting to develop a structural picture of how AcpP 

interacts with different enzymes in the type II FAS pathway.  

!

6.4 Conclusion!

 We have solved the crystal structures of the AcpP=FabA and AcpP=FabB complexes 

from the type II FA biosynthesis pathway in E. coli. This work proves that mechanism-based 
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crosslinking can be used as an effective tool to crystallize transient protein complexes and gain 

insight into the molecular details of how AcpP interacts with different partner enzymes. The 

AcpP=FabA structural studies reveal two dynamically different AcpPs representing two different 

binding modes. The two observed binding modes reveal insights into the involvement of helix III 

in the proposed “switch blade”!mechanism of substrate delivery during dehydration in fatty acid 

biosynthesis. The AcpP=FabB crystal structure reveals, for the first time, a snapshot of an ACP 

in complex with a KS and allows for critical comparison between two AcpP/target enzyme 

complexes from the type II FA biosynthesis pathway. In the AcpP=FabB structure, the AcpPs 

have more molecular interactions with the target enzyme FabB than the AcpPs in the 

AcpP=FabA crystal structure. The differential interaction between AcpP and these target 

enzymes provides a snapshot of how AcpP mediates specific interactions with different targets. 

We are currently using this knowledge to alter residues on the AcpP surface with the aim of 

modulating the affinity of AcpP for target enzymes. !

 

6.5 Materials and Methods!

*The description of materials and methods corresponding to the AcpP=FabA crystal structure, 

NMR studies, and molecular dynamics simulations can be found in reference 14.!

 

6.5.1 FabB Protein Expression and Purification!

A pET-28b (+) (Novagen) derived DNA plasmid encoding a N-terminal cleavable His-

tagged FabB (FabB/pET-28b) was transformed into E. coli BL21(DE3) competent cells and 

plated on LB-agar plates containing kanamycin (50 !g/mL). The plates were incubated overnight 

at 37° C. Positive transformants were transferred to a 5 mL starter culture of Luria-Bertani (LB) 
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broth containing kanamycin (50 !g/mL) and grown overnight at 37° C with shaking. The 5 ml 

starter culture was then used to inoculate two liters of LB with kanamycin (50 !g/mL) and 

grown at 37 °C until the A600 reached 0.4 –!0.6. The cells were then cooled to 18 °C, and 0.1 mM 

IPTG was added to induce protein expression. After 12-18 hours of incubation at 18 °C, the cells 

were harvested by centrifugation at 5000 rpm for 15 minutes. The cell pellets were flash-frozen 

in liquid nitrogen and stored at -80 °C. The frozen cell pellets were thawed on ice and re-

suspended in lysis buffer (50 mM Tris pH 8.0, 300 mM NaCl, 10% glycerol, and 10 mM 

imidazole). The cell suspension was lysed using sonication (8 x 30 s cycles), and the cell debris 

was removed by centrifugation at 14000 rpm for 45 minutes. The supernatant was incubated with 

5 mL Ni-IMAC resin (BioRad) at 4 °C for one hour. The resin was poured into a fritted column 

and the flow through fraction was collected. The resin was washed with 100 mL of lysis buffer 

then eluted with lysis buffer plus increasing amounts of imidazole (20 - 500 mM). The elutions 

were analyzed using SDS-PAGE, and elutions containing the protein of interest were combined 

and dialyzed over night into storage buffer (50 mM Tris pH 8.0, 300 mM NaCl, 10% glycerol, 

and 2 mM DTT). The dialyzed protein was concentrated to 10 mg/ml by centrifugal filtration 

using a 30 kDa MWCO concentrator (Millipore) then flash frozen in liquid nitrogen and stored at 

-80 °C for further use. The theoretical molecular weight of N-terminal His-tagged FabB is 44835 

Daltons, which was confirmed using MALDI-TOF mass spectrometry (data not shown). !

 

6.5.2 AcpP Protein Expression and Purification!

A pET-28b (Novagen) derived DNA plasmid encoding N-terminal His-tagged AcpP 

(AcpP/pET-28b) was transformed into E. coli BL21(DE3) competent cells and plated on LB-

agar plates containing kanamycin (50 !g/mL). The expression and purification of AcpP was 
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accomplished as described above for FabB with a few minor differences. To obtain apo-AcpP, 

cells were grown at 37 °C until the A600 reached 1 and then induced with 0.1 mM IPTG and 

grown for an additional 4 hours at 37 °C. Cells were harvested, and AcpP was purified as 

described above for FabB with minor differences. After Ni-IMAC purification, the elutions were 

analyzed using SDS-PAGE. The elutions containing the protein of interest were pooled and 

dialyzed overnight into storage buffer (50 mM Tris pH 8.0, 100 mM NaCl, 10% glycerol). 1 unit 

of bovine thrombin (Sigma) per mg of AcpP was added to the combined protein elutions prior to 

dialysis to cleave the N-terminal His-tag. Following the dialysis, AcpP was incubated with Ni-

IMAC resin and passed over a fritted column to remove any uncleaved AcpP, and the flow 

through was analyzed by MALDI-TOF MS to confirm cleavage of the His-tag (data not shown). 

The flowthrough was directly applied to a Hi Trap Q column (GE Healthcare), and AcpP was 

eluted with 25 mM Tris pH 7.5, 300 mM NaCl, and 5% glycerol. AcpP was concentrated to 10 

mg/mL, flash frozen in liquid nitrogen, and stored at -80 °C.!

 

6.5.3 AcpP Crosslinker Loading and Purification of Chloroacryl-AcpP!

Purified apo-AcpP (400 !M) was incubated with CoaA (5 !M), CoaE (5 !M), CoaD (5 

!M), Sfp (5 !M), MgCl2 (5 mM), ATP (8 mM), and the chloroacryl pantetheine analogue 2 (800 

!M) in 50 mM sodium phosphate (pH 7.5) for 2 hours. Loading of the pantetheine analogue was 

confirmed using MALDI-TOF MS (data not shown) to generate the chloroacryl-AcpP (3). The 

final reaction volume was 5 mL. Chloroacryl-AcpP was further purified using a Hi Trap Q 

column. The AcpP loading reaction was directly applied to the Hi Trap Q column, and 

chloroacryl-AcpP was eluted with 25 mM Tris pH 7.5, 300 mM NaCl, and 5 % glycerol. 
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Chloroacryl-AcpP was concentrated to 0.8 mM, flash frozen in liquid nitrogen, and stored at -80 

°C.!

 

6.5.4 AcpP=FabB Complex Generation and Purification!

The chloroacryl-AcpP (400 µM) was incubated with FabB (100 µM) for 16 hours at 37 

°C for the generation of FabB=AcpP complex. Reaction completion was verified by SDS-PAGE. 

The AcpP=FabB complex was purified and buffer exchanged into crystallization buffer (25 mM 

Tris, pH 7.5) using a Superdex 200 gel filtration column (GE Healthcare). Fractions were 

analyzed by SDS-PAGE, and fractions containing the pure FabB=AcpP complex were 

combined, concentrated using a 30 kDa MWCO concentrator (Millipore) to 12 mg/ml, then flash 

frozen in liquid nitrogen, and stored at -80 °C for further use.!

 

6.5.5 AcpP=FabB Complex Crystallization!

Frozen aliquots of the AcpP=FabB complex were thawed on ice and filtered with a 0.22 

!M spin filter prior to crystallization. 1 !L of AcpP=FabB (12 mg/ml) was mixed with 1 !L of 

well solution (18 % PEG 4000, .2 M ammonium acetate, 0.1 M sodium acetate, pH 5.6) and 

allowed to equilibrate with 500 !L of well solution using the sitting drop vapor diffusion 

method. Large, rod-shaped crystals formed over 1-2 days at room temperature. !

!

6.5.6 X-ray Data Collection, Processing, and Refinement!

Crystals of AcpP=FabB were flash frozen directly in liquid nitrogen before data 

collection. X-ray diffraction data using monochromatic X-rays (0.9999 Å) was collected for an 

AcpP=FabB crystal to a resolution of 2.4!Å!at the Advanced Light Source (ALS) at beamline 
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8.2.1. The data was indexed, integrated, and scaled using HKL2000(41). AcpP=FabB 

crystallized as one dimer per asymmetric unit in the space group P21, and the initial phases were 

determined using molecular replacement (PHENIX Phaser-MR) using the structure of apo-FabB 

(PDB ID: 2VB7) as a search model(42). A preliminary model was built (PHENIX AutoBuild), 

which was then used for iterative rounds of manual model building (COOT) and refinement 

(PHENIX Refine)(43-45). Well-defined electron density of the crosslinker was observed in the 

active site tunnel of each monomer that was connected to Cys163, corresponding to the covalent 

linkage of the AcpP-linked chloroacryl moiety. Structural parameters and restraints for the 

chloroacryl ligand were generated using PHENIX Elbow(46). The crosslinker was manually 

built in the electron density in the active site tunnels of both monomers. A parameter file was 

used to link the terminal alkene of the phosphopantetheine crosslinker to the FabB active site 

Cys163, and the terminal phosphate was linked to Ser36 of AcpP!

Well-defined electron density for helix II of AcpP was observed near the entrance to the 

active site in both FabB monomers. Attempts at ensemble molecular replacement using models 

of FabB and AcpP failed. Therefore, the AcpP from the AcpP=FabA crystal structure (PDB ID: 

4KEH) was extracted and manually placed as a rigid body in using the electron density for helix 

II as an initial starting point using COOT. After AcpP was placed at the active site entrance of 

both FabB monomers, iterative cycles of modeling and refinement were carried out to yield a 

final model with Rfree and Rwork values of 21.7 % and 18.6 %, respectively. Data collection and 

refinement statistics can be found in Table 6-2.!
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Chapter 7 

Conclusions and Future Directions 

 

7.1 Conclusions 

 Polyketides and fatty acids play important roles in many cellular processes. Polyketides 

are ecologically relevant secondary metabolites that have been used as potent pharmaceutical 

compounds and leads in drug discovery(1). Fatty acids are essential for life, and recently fatty 

acids have been used to develop advanced biofuels, which are necessary to strengthen our 

national energy security, as well as address the growing concerns about fossil fuel 

dependence(2). 

These two classes of molecules are linked evolutionarily and share many common 

enzymatic components during their biosynthesis. The work presented in this dissertation 

provides insights into the structures and functions of enzymes involved in fatty acid and 

polyketide biosynthesis.  

   

7.1.1 ARO/CYCs (Chapter 2) 

 To understand cyclization and aromatization of reduced and non-reduced poly-!-ketone 

intermediates during type II polyketide biosynthesis, the structures and functions of the di-

domain ARO/CYCs BexL and StfQ were solved. BexL aromatizes a reduced substrate and StfQ 

cyclizes/aromatizes a non-reduced substrate, despite the same domain arrangement and fold 

present in both structures. BexL and StfQ both consist of two mono-domains, which look nearly 

identical with each other, as well as with previously characterized mono-domain ARO/CYCs(3-

5). Type II minimal PKS functional assays and mutagenesis studies revealed that the N-terminal 
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domain for BexL is responsible for its aromatase activity, whereas the C-terminal domain of 

StfQ is responsible for cyclization and aromatization. The C-terminal domain of BexL and the 

N-terminal domain of StfQ were found to have no catalytic activity; however, they may be 

important for overall protein stability. This work is important because we present the first 

molecular view and functional analysis of two di-domain ARO/CYCs with different substrate 

specificities and we are currently finalizing the manuscript for submission to PNAS. 

 

7.1.2 DpsC (Chapter 3) 

 DpsC is a unique bi-functional acyltransferase/ketosynthase that installs a three-carbon 

starter unit during daunorubicin biosynthesis(6, 7). Several interesting features of DpsC activity 

have remained unknown since its initial characterization, such as the molecular basis for the bi-

functionality of DpsC, as well as the substrate specificity of DpsC for propionyl-CoA. In order to 

unravel these mysteries, we solved the crystal structures of five forms of DpsC, including the 

apo-DpsC structure, multiple acyl-DpsC structures, and a DpsC co-crystal structure with a 

phosphopantetheine analogue. Crystallographic studies of DpsC revealed a nucleophilic active 

site serine juxtaposed to an oxyanion hole and hydrophobic acyl-binding region. Furthermore, 

we used a pantetheine analogue to induce a complex formation between DpsG (the Dps ACP) 

and DpsC. Combined with functional assays done by our collaborator Prof. John Crosby at 

University of Bristol, this work sheds light, for the first time, on a unique ketosynthase that is 

also an acyltransferase. This work is significant because the combined structural and functional 

studies of DpsC will allow for the engineering of starter unit specificity in type II PKSs. We are 

currently finalizing the manuscript for submission to PNAS. 
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7.1.3 AuaEII (Chapter 4) 

 AuaEII initiates a novel priming strategy for an unusual starter unit during aurachin 

biosynthesis through the conversion of anthranilic acid into anthranoyl-CoA. Subsequently, 

anthranoyl-CoA is then integrated into type II polyketide biosynthesis(8). The crystal structure of 

AuaEII was solved bound to an anthranoyl-AMP intermediate, which allowed for identification 

of the aryl-binding region. A homology model of the anthranoyl-CoA:ACP acyltransferase 

(AuaE) was generated to gain insight into how AuaE has evolved to possess acyltransferase 

activity, despite having a CoA ligase fold. By structure and sequence comparisons of AuaE to 

other know CoA-ligases, we hypothesize that AuaE may catalyze acyl-transfer the reaction using 

a nucleophilic active site residue such as serine or cysteine. This work is significant because it 

improves our understanding of starter unit selection in type II PKSs, which will allow for the 

generation of new bioactive natural product analogues. We are currently finalizing the 

manuscript for submission to Chemistry and Biology. 

 

7.1.4 BexE (Chapter 5) 

 BE-7585A is a unique type II PKS angucyclic natural product with multiple oxygenases 

in its gene cluster. Initial studies on BE-7585A biosynthesis suggested that a novel oxidative 

rearrangement occurs, and the oxygenase BexE is hypothesized to play an important role in this 

process(9). To elucidate oxidation steps during BE-7585A biosynthesis, we solved the crystal 

structure of BexE and conducted preliminary structural analysis, supplemented with molecular 

docking studies. Our collaborators in Jurgen Rohr’s lab at the University of Kentucky have 

recently developed an in vitro assay for BexE, and we are in the process of structurally 

characterizing the true substrate and product of BexE. This work is significant because a 
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thorough understanding of oxidative tailoring in type II PKSs will allow for the engineering of 

new bioactive angucyclines. We are currently finalizing the manuscript for submission to 

Chemistry and Biology. 

 

7.1.5 AcpP=FabA and AcpP=FabB (Chapter 6) 

 A long-term goal of our lab is to understand the role of protein-protein interactions in 

biosynthesis. We used the model type II fatty acid synthase from E. coli to gain insight into how 

the acyl carrier protein (AcpP) interacts with the dehydratase (DH) FabA and ketosynthase (KS) 

FabB(10). We applied mechanism-based crosslinking, NMR, and molecular dynamics to better 

understand how AcpP delivers substrates into the FabA active site for catalysis(11). In this work, 

we captured a snapshot of dehydratase activity by solving the crystal structure of the 

AcpP=FabA crosslinked protein complex. Dr. Chi Nguyen primarily did this work and I assisted 

in protein crystallization and structural determination of the AcpP=FabA complex. As a logical 

extension of this project, we applied mechanism-based crosslinking to obtain an AcpP=FabB 

crystal structure. This allowed for the direct comparison of AcpP interactions with different 

enzymes in the E. coli type II FAS. This work has a high impact because the AcpP=FabB crystal 

structure represents the first ever structure of an ACP in complex with a KS and provides a 

rational basis for engineering protein-protein interactions in the versatile E. coli type II FAS, 

which is used for the production of biofuels. We will submit the final manuscript to Nature. 
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7.2 Future Directions 

7.2.1 Gaining a Picture of Cyclization in Action   

 Thus far, the crystal structures of three mono-domain ARO/CYCs (TcmN, WhiE and 

ZhuI) and two di-domain ARO/CYCs (BexL and StfQ) have been solved(3-5). These structures 

have revolutionized people’s understanding of cyclization and aromatization in type II PKSs. 

Nevertheless, we do not have substrate-analogue bound co-crystal structures of ARO/CYCs with 

different cyclization patterns. Recently, Tim Valentic solved multiple crystal structures of the 

C9-C14 mono-domain ARO/CYC WhiE bound to substrate analogues of varying length to 

address this concern. His work revealed that only substrates of the appropriate length can adopt 

the proper conformation for cyclization. However, our current set of substrate analogues contain 

conformationally restricted isoxazole rings, and could only be co-crystallized with the WhiE 

ARO/CYC. Accordingly, we are developing more flexible polyketide mimics that can elucidate 

cyclization in not only WhiE but also other ARO/CYCs with differing cyclization patterns.  

 

7.2.2 Structural Studies on a Putative C9-C14 ARO/CYC From a Reducing PKS 

 Towards the end of my graduate career I noticed that a recently discovered type II PKS 

natural product class named the arixanthomycins may contain a C9-C14 mono-domain 

ARO/CYC that acts on a C11-reduced substrate (Figure 7-1)(12). This pathway is novel for two 

reasons: a C9-C14 ARO/CYC that acts on a C11-reduced substrate has never been characterized 

and the system contains an atypical C11-ketoreductase. I drafted a letter and initiated a 

collaboration with Dr. Sean Brady, the head of the lab at Rockefeller University who discovered 

the arixanthomycins. Consequently, we acquired the arixanthomycin gene cluster in its entirety, 

and initial cloning of the putative ARO/CYC and ketoreductases genes has been carried out by 
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Tim Valentic. We would like to crystallize the novel ARO/CYC and do a structural comparison 

to other know ARO/CYCs to understand aromatization of C11-reduced, C9-C14 cyclized 

intermediates. Additionally, the arixanthomycin minimal PKS enzyme can be expressed and the 

assayed with the putative C11-ketoreductase and ARO/CYC to verify enzyme activity in vitro. 

This work is in accordance with our previous ARO/CYC studies and will shed light into how 

reducing ARO/CYCs are able to recognize their substrates. 

 

7.2.3 Engineering DpsC to Accept New Substrates  

 The DpsC structural studies are part of an ongoing collaboration with Dr. John Crosby’s 

laboratory at the University of Bristol in the United Kingdom. Dr. Crosby’s laboratory has been 

conducting functional studies on DpsC substrate specificity and kinetics. In addition to the DpsC 

structural determination, I generated a series of single, double, and triple mutations aimed at 

rationally engineering the substrate specificity of DpsC based on comparative sequence analysis. 

Ultimately, the goal of this project is to gain a complete understanding of the KS and AT activity 

of DpsC in addition to directing substrate specificity. 

 

!
Figure 7-1. Proposed biosynthesis of arixanthomycin. The minimal PKS synthesizes a 26-
carbon poly-!-ketone intermediate, which undergoes several regiospecific reductions. The 
reduced intermediate is cyclized between carbons C9 and C14 by Arx19, the putative 
ARO/CYC. Arx19 is also proposed to aromatize the terminal ring C9-C14 ring. The cyclized 
intermediate is then processed by additional Arx enzymes to yield arixanthomycin. 
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7.2.4 Using an Anthranoyl-CoA Analogue to Induce AuaE Crystallization 

 Despite extensive efforts, the anthranoyl-CoA:ACP acyltransferase AuaE could not be 

crystallized. This is most likely because of the high conformational flexibility of the C-terminal 

domain. I hypothesize that a substrate analogue is needed to stabilize the C-terminal domain and 

aid in crystallization. Alex White synthesized an anthranoyl-pantetheine analogue that can be 

enzymatically converted to a non-hydrolyzable anthranoyl-CoA analogue (Figure 7-2). As a last 

attempt to crystallize AuaE and determine the structural basis for its AT activity, I propose to co-

crystallize AuaE with the anthranoyl-CoA analogue.  

 

7.2.5 Identifying the True BexE Substrate  

 Our collaborators in Jurgen Rohr’s laboratory developed an in vitro assay for BexE. At 

the present time, this work is still in progress and we are waiting for structural characterization of 

the substrate and products from this assy. We plan to co-crystallize BexE with its substrate and 

products to gain insight into its oxidation reaction and engineer BexE to accept other substrates. 

!
Figure 7-2. The design of an anthranoyl-CoA analogue for AuaE co-crystallization. (A) The 
proposed AuaE acyltransferase mechanism employing an active site serine for transacylation. 
(B) The synthesized anthranoyl-pantetheine analogue and conversion into an anthranoyl-CoA 
analogue using CoA biosynthesis enzymes. (C) The anthranoyl-CoA will interact tightly with 
AuaE but will not be able to undergo transacylation. 
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7.2.6 Modulating Fatty Acid Production by Altering Protein-Protein Interactions  

 Ultimately, the goal of the AcpP=FabA and AcpP=FabB complex study is to use the 

knowledge gained in our structural studies to modulate the fatty acid profile in vivo in a 

predictable manner. We plan to mutate surface residues of AcpP and target enzymes to change 

the affinity of protein-protein interactions while AcpP carries the growing substrate through 

rounds of fatty acid biosynthesis. To our knowledge, this strategy has never been tested. Jake 

“The Snake” Milligan has already expressed and purified all the type II FAS enzymes and will 

follow a previously described protocol for reconstituting the entire FAS in vitro (13-15). Once 

the in vitro assay is mastered in our lab, we will begin to evaluate AcpP and target enzyme 

surface mutants for their ability to generate altered fatty acid profiles relative to the wild type 

enzymes. Depending on the results of the in vitro experiments, we plan to take interesting 

mutants into an in vivo setting in E. coli and evaluate the fatty acid profiles in cells. We 

hypothesize that altering protein-protein interactions in vivo will be an effective strategy to 

produce shorter fatty acids, which can be diverted into pathways for short-chain alkane biofuel 

production. 
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